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ABSTRACT 

This report describes the development and design 
details of an instrument that meaaures current in 
the range 10-6 to ~o-13 a. amI indicates or 
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LOGARITHMIC ELECTROMETER 

ENGINEERING DEPARTMENT 

Serial No. DPEX-R30 

DEVELOPJvIENT ENGINEERING DIVISION 

ENGINEERING RESEARCH LABORATORY 

I. SUMMARY 

A. PROBLEM UNDER INVESTIGATION 

It is frequently desirable to measure a wide 
range ot low current values without range SWitching. Since 
no instrument with such characteristics is commercially 
available, this stud¥. was made to determine whether or not 
the Beckman Model "VI Micromioroammeter could be modified 
to provide a logarithmic response. 

B. RESULTS 

1. S1mple mod1f1cations permit the Beckman Model V 
Microm1croammeter of the type that is employed at the 
Savannah River Plant, to be made logarithm1c over a§ many 
as six decades in the current range of 10-13 to 10-6 a. 
Instabilities and drifts 1n the modified 1nstrument are less 
than one per cent of full scale meter movement. 

2. Beckman Instruments, Inc. has agreed to supply the 
modified instrument at a Qoat of $975. The standard linear 
MicrOmicroamm8ter costs $550. 

3. A period meter that operates in conjunction with 
the logar1thmic instrument was developed and will be des­
cribed 1n another report. 

C. RECOMMENDATIONS 

The feasib11ity of operating this instrument over 
six decades ot input current has been demonstrated. As 
many as seven decades can be accommodated if a slight non· 
linearity in the lowest decade is tolerable. This non­
linearity is insignifioant in most applioations. Fewer 
decades with increased readability and precision can also 
be obta1ned. 
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Since range changing is not necessary when using 
a logarithmic instrument, and no errors due to applying 
the incorrect range to the meter reading can occur, a 
logar1 thm1c 1nstrument p:::oov1des a '.lHe!'u:L service in many 
appl1ca tions • It is re,~ ommended that logaL-i thmic Beckman 
micromicroammeters be used as follows: 

1. A 6-decade instrument in reactor areas Where 
wide range 1s required and period (easily obtained from a 
logarithmic instrument) is a useful measurement. 

2. A 2 or 3-decade instrument in 200 Area operations 
where measurements over this range are common and freQuent 
range changing may present serious problems. 

Prepared by: Submitted by: 

l(}J(ltnffl 
~~. M. MorriS, E.R.L. H.C.Vernon, Asst. Dir. AE,ERL 
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II. DISCUSSION 

REASONS FOR INVESTIGATION 

Since many of the Savannah River Plant operations 
require the measurement of ion-chamber currents over a range 
that is too great to be measured on a single linear ocale, 
it is necessary either to provide a large number of ranges 
on the measuring instrument or to compress the scale so that 
an indication proportional to some function of the current 
can be seen over the entire operating range. For h:1.ghest 
accuracy of measurement a range changing switch is provided 
on the Beckman Model V Micromicroammeter, the standard ion­
chamber current measurIng Instrument at the Savannah Plant. 
The output indication or recording does not reflect the 
range setting of the input of the instrument so that it is 
possible to make errors by noting the incorrect instrument 
range. Furthermore, when ranges are changed, transients 
are produced which can be objectionable if the output of the 
instrument operates satety circuits. 

., 
It therefore appeared deSirable to accept a 

sacrifice in preciSion by eliminating range changing and by 
provIdIng a compressed scale of the logarithmic type to 
avoid possible errors of range setting and to eliminate 
the tranSients that are produced by range changing. Further­
more, the output from a logal'l !'hmic meter can be dlfferentiated. 
electronically to obtain a period measurement which is very 
desirable for the control ot the reactor. 

Since a number of logarithmic instruments may be 
employed in both the reactor and separations buildings it 
was deSirable to create a source of supply. The circutts 
and techniqueS described in this report were transmitted to 
the Beckman Instrument Company which is now in a pOSition 
to supply these instruments. 

COURSE PURSUED DURING INVESTIGATION 

A( )LOGARITHMIC TRANSFORMATION TECHNIQUES: It has been 
shown I that for currents less than 200 ~a •• the current 
in a thermionic diode whose anode is negative with respect 
to its cathode 1s 

where I is the saturation current (in which T 
only var£able), V is the anode potential, 6 is 
on an electron, k is BoltZmann's constant, and 
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is the 
the charge 
T is the 



absolute cathnde tempe~atu~e. Eq. (1) 

Yf.: 

Taking logarithms 

- kT . 

ln I = In I _ ~ V 
o kT 

may also be w~itten, 

(2) 

If the voltage proportional to In 10 is bucked out, a 
voltmeter whioh measures anode voltage oan be oalibrated 
directly in terms of the logarithm of 9.nndA cu~~ent. The 
above equation is not valid for currents greater than about 
200 ~a. because the effect of space charge becomes appreciable. 
At ourrents in the order of 3 x 10-1~ a. internal leakage of 
the diode sets a practical lower limit to the logarithmic 
relationship. . 

In logari th1)!~~ circuits the 9004 aCOl'n-type dIode has 
been uSedsuccessfully~ ) in the past because of its low 
internal leakage. This is important because leakage con­
tributes an error in measured voltage which is proportional 
to anode current. Figure 1 shows the current-voltage re­
lationship in a 9004 at different filament potentials. The 
~raph indicates that with varying cathode temperatures 
(filament voltages) the slope of the line varies only slightly, 
whereas the intercept varies appreciably. This indicates the 
importance of maintaining a well-regulated filament supply. 
From the l:!)L'aph it a11lo can be seen that the impedance of the 
diode varies from lOb to 1013 ohms throughout the operating 
range. This impedance variation is insignificant when the 
current Source is a phototube or an ionization chamber, both 
of which have high internal impedances. However, if the 
current source does not have an impedance at least as large 
AS that of the diode, considerable er~or will resu~t since 
part of the total current flow will be determined by the 
diode impedance. For a discussion of the effect of source 
impedance see Exhibit A in the Appendix. 

B. DEVELOPMENT OF INSTRUMENT 

1. Reasons tOor seleoting Model V Beckman Meter: A 
voltmeter which measures diode anode voltage can be calibrated 
directly in terms of the logarithm of anode current provided 
the internal leakage of the diode is low, the source impedance 
is high, and the impedance of the voltmeter is high. In 
Project 25606, "Electrometer Evaluation", undertaken by this 
laboratory to evaluate commercially available e1ectrometero, 
the Beckman Model V Micromicroammeter, a vibrating-capacitor 
electrometer, was selected for use at the Savannah R1ver 
plant because of its simplicity. low cost, and good per­
formance. This instrument was therefore selected for the 
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logarithmic circuit so that field maintenance problems 
would not be unduly complicated by an additional type of in­
strument. 

~_QR~ra..1;..:l,on of Beckman Model V Mlcromicroammeter: () 
The circuit principles of the Beckman Model V Micromicroammeter ' 
are shown in the block diagram of Figure 2. The current to Qe 
measured flows through the input resistor (whose value is 107 -
1013 ohms depending upon the current range) and produces a 
voltage drop across it. Since the feedback resistor is 
relatively small (500 - 10,000 ohms), the voltage developed 
across it by the Signal current does not contribute a 
measurable error. The Signal voltage across the input re-
Sistor is converted to a.c. by the vibrating capacitor, is 
then amplified and demodulated, T'f!Ault:tng in a d.c. output 
current proportional to the input signal current. This 
current flows in such a direction that the voltage drop which 
it produces in the feedback reSistor equals the signal voltage 
except for an error of about 1 mv. in 100 - 3000 mv. depending 
on the feedback reSistor. This feedback current is indicated 
on the instrument meter which is calibrated in terms of 
input current and it aleo provides a slgnal for a 50 mv. 
recording potentiometer by means of a suitable voltage dropping 
reSistor. Range on the instrument is changed by switching 
input reststors, and voltage sensitivity is changed by switching 
feedbaok reSistors. The full scale current range of the in­
strument is determined by Ohm's law, I = E/R where E is 
the voltage sensitivity of the instrument and R is the input 
resistor. 

2. Logarithmio Modifications; The conversion of 
\'he 11.near mult1range l.nstrument to one having an indication 
proportional to the logarithm of the input current was 
achieved by making the following changes: 

a. The input resistor was replaced with a 
9004 diode mounted on a Teflon support inside the isothermal 
housing in the instrument. 

b. The diode was biased to buok out the 
constant term In 10 in EquatiOn (2). 

c. The diode filament was operated with d.c. 
to prevent hum pickup in the high-impedance input circuit. 

d. The diode filament was operated at a 
reduced voltage of 3.5 volts to reduce anode photoemission. 

e. A feedback reSistor was selected to give 
a six-decade current range. 

Initially the 6.3 volt winding on the built-in 
constant voltage transformer was used with a full-wave bridge 
rectifier to provide regulated d.c. at 3.5 volts for the 
diode filament. 
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The proper size feedback resistor for a six-decade 
current range was found by trial and error to be 9500 ohms. 
This was done by observing the meter deflection with ourrents 
of 10-12 and 10-6 amp. for different values of feedback 
reSistor. 

At this stage of the development, the instrument 
oscIllated in portions of its measuring range. In the 
standard Beckman instrument stability is achieved by in­
serting a phase-correcting network in the fe~dback loop to 
critically damp the high-gain loop to prevent o~cillatlon. 
Different phase-correoting networks are used for the various 
ourrent ranges. Since there is no range change in the 
logaritltmic instrument, one network must suffice for the 
entire range. Phase oorrection with a time constant that 
varies with current level was aohieved by shunting the diode 
with a 150 ~~f. polystyrene capacitor, which in conjunction 
With the variable resistance of the diode, pro~ided a varying 
time constant of the proper amount to prevent oscillation. 
To increase the damping further so as to provide a wider 
margin of 13tability, a 1500-ohm relSletol' (RD In FlguL'e 3) 
was inserted in the demodulator circuit to increase its time 
constant. This change increased the full-scale response time 
of the instrument from one second to about three seconds. 
Since six decades of current are covered, however, the 
response of the logarithmic instrument is still faster than 
that of the standard instrument. 

The clrcuit should be adjusted by positioning the 
50-ohm rheostat untll 3.5 volts is applied to the diode 
fllament. The lOOO-ohm potentlometer is then adjusted until 
small (about 10°) ohanges in the 50-ohm rheostat setting 
cause no change In meter or reo order indication. Slnce 
appreciable time is required for the diode filament to reach 
a new temperature when Its voltage is changed. it is neoessary 
to delay the compensation correspondingly. The time constant 
of the 3000 \.Lt'. capacitor 1n conjunction with the source im­
pedance of the compensating network is apprOXimately that of 
the thermal inertia of the cathode so that compensation is 
supplied at the same rate that the zero tends to shift. The 
zeroing potential of 5 volts Is obtained from polnt "e" on 
the regulated series fllament string. 

C. DYNAMIC CHARACTERISTICS OF INSTRUMI£NT: '!'he response 
of the instrument to sudden step-changes in the input current 
Is shown in Table I. It can be seen that, for posltive 
changes, the instrument res~onde rapidly. However, for 
negative step-changes of 10 the response is slow. This is 
because the cable and input capacitles oharge negatively from 
the feedback circuit and the diode cuts off so that the only 
discharge path is through the leakage reSistance of the d10de. 
On pOSitive step-changes of input current thls effect does 
not appear because the d10de conducts at all tlmes. In plant 
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use the slow response to large negative changes will never 
b~ ~ncountered since the current can never decrease by a 
factor of more than 100 over the period of one second. 

D. AVAILABILITY OF INSTRUMENT: The Bockman Inotrumcnt 
Company will furnish these instruments according to the 
specifications supplied by this laboratory. As supplied, 
the instrument will include calibration check pOints which 
introduce standard current values in the input circuit. The 
meter face is calibrated logarithmically and the instrument 
can be supplied with ranges of from one to six decades. 
F1gure 4 1s a diagram of a six-decade instrument sup~'lied 
by Beckman. 

E. ACCESSORY EQUIPMENT. A period meter and alarm 
circuit was developed In conjunction with the logarithmic 
micromicroammeter and will be described in another report. 
A log~~ithmic count-rate meter was also developed and will 
be deScribed separately. 
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TABLE I 

DYNAMIC RESPONSE OF LOGARITHMIC MICROMICROAMlV1ETER 

INPUT CURRENT CHANGE 

10-8 -10-10 10-1°_10-12 :1.0-8_10-12 
Capac1t~ ~Pos. Neg. Pos. Neg. Pos. Neg. 

o ~~r. 4 sec. 3 sec. 4 sec'. 15 sec. 8 43 sec.* 
250 ! .. I.! .. l.! .. 4 SQC.* 4 sec."" 5 seo.*' l5 scc. 8 56 aec .. * 

2000 ~j.l.f. 5 sec. 15 sec.* 7 sec.* 16 sec. S 8 min.* 

* Overshoot in form of underdamping 
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ANALYSIS OF MICROMICROAMMETER 
(R~f~r to Figure 2) 

AMume R!1'B« RM 

o = EFB 
E - IR 

I = E + EFB 
H + ~ 

EFB ; G [ (~ : ~~B) RM - EFB] 

Elo'B (R + RM) = GRM(E + EFB) - GEFB(R 1 1\1) 

EFB ~R 1- RM) + G(R + RM) - ORMJ .. ORME 

.b: '" E ORM 
FB R + RM + OR 

Einput .. IRM - EFB .. RM -
I I 

from (4) and (5) 

R + RM 
R+RM+ OR + 1 

ORM 

( 1 ) 
'I+lr 
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( 1) 

(2) 

(4) 

(6) 



Exhibit A-2 

E - ...lL 
R R+Rin .. 1 - R 

'" R~~~n (7) 
g R-rRln 

but Error .. 

R 

Error .. 

(7) 1 
RM{ l+G) 

'" RM .. . 1 ( 8) 
R + ~(l;G) R(l+G)+RM R (lTG)Tl 

RM 

from (6) and 

But G varies from about 2000 to about 70 dependIng upon 
the feedback resistor used. If.the tolerable error is 1% 
and the gain is 70 

R > 1 ., 1 
RM 0.01(71)+1 1.71 

or ~ > 0.59 
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