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SUMMARY 

This paper presents the requirements of a nuclear amplifier of short 

resolving time, designed to accept pulses of widely varying amplitudes. Data 

are given which show that a proportional ionization chamber loaded with a 

1,000-ohm resistor develops pulses of 0.5 microsecond duration and several 

volts amplitude. Results indicate that seven basic requirements are imposed 

on the amplifier when counting soft beta and gamma radiation in the presence 

of alpha particles, without absorbers. It should, (l) have a fast recovery 

time, (2) have a relatively good low frequency response, (3) accept pulses of 

widely varying heights without developing spurious pulses, (4) have a Limiting 

output stage, (5) preserve the inherently short rise time of the chamber, (6) 

minimize pulse integration, and (7) have sufficient gain to detect the weak 

pulses well below the chamber voltage at which continuous discharge takes 

place. The results obtained with an amplifier which meets these requirements 

is described. 

A formula is derived which indicates that redesign of the propor­

tional ionization chamber might eliminate the need for an amplifier. This 

may be possible if the radioactive particles are collimated parallel to the 

collecting electrode. 

DEFINITIONS1 

"Ionization - The act or the result of any process by which a neutral 

atom or molecule acquires a charge of either sign, or by which electrons are 

liberated. 

"Radiation - Electromagnetic or corpuscular radiation. 
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"Ionizing Event - Any event in which ionization is produced, such as the 

passage of a charged particle through the counter. 

"Primary Ionizing Event - The ionizing event which initiates the pulse. 

"Pulse - A change in voltage of the central wire system of the counter. 

This change in voltage is usually abrupt and is a result of the collection of 

ions produced in the gas of the counter. 

"The Characteristic Curve of a Counter - The curve of the counting rate 

plotted against voltage, all pulses counted being greater than a certain 

minimum size, determined by the sensitivity of the detecting circuit. 

"Plateau - The more or less horizontal portion of the characteristic 

curve of a counter. 

"Threshold Voltage for Geiger Counting Action - The lowest voltage at 

which all pulses produced in the counter by any ionizing event are of the 

same size, regardless of the size of the primary ionizing event. 

"The Gas Amplification in a Counter - The number of additional ions 

produced by each electron that is produced in the primary ionizing event as 

it travels to the central wire. 

"The Proportional Region - The part of the characteristic curve of the 

counter in which the pulse size is proportional to the number of ions formed 

in the initial ionizing event. In this region, amplification is constant for 

all pulses at any one voltage. 

"The Region of Limited Proportionality - The part of the characteristic 

curve of the counter in which amplification depends on the number of ions 

produced in the initial ionizing event, and also on the voltage. 
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"The Geiger Region - The part of the characteristic curve of pulse size 

versus voltage in which the pulse size is independent of the number of ions 

produced in the initial ionizing event. 

"Resolving Time - The minimum time interval between counts that can be 

detected. The word may refer to an electronic circuit, to a mechanical 

recording device, or to a counter." 

Continuous Discharge - A rapid series of continuous pulses which occur 

in the ionization chamber because of a high field intensity. 

Tau - The figure of merit used to describe the ability of a counting 

system or its separate units, to distinguish between successive pulses 

occurring close together. For this report, a two-sample method of determining 

Tau was used. Sample 1 (cc-j_) is counted alone, then Sample 1 and Sample 2 

(CC2) are counted together. Then Sample 2 is counted alone. Tau is computed 

as follows: 
ccl + cc2 - ccl+2 Tau = 2 2 2 (cc1+2) - (ccx) - (cc2) 

Coincidence Correction - The number of counts which must be added to 

the count of an unknown sample to obtain the true number of ionizing events. 

The relationship between Tau and coincidence correction is as follows: 

_ _ Ionizing Events - Recorded Counts _ Coincidence Correction 
(Recorded Counts)^ (Recorded Count) 
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INTRODUCTION 

Counting soft beta particles and gamma-induced electrons in the 

sensitive volume of a proportional ionization chamber, when in the presence 

of alpha particles, poses some unique problems in design. It was necessary 

to design an amplifier to avoid overloading and double pulsing. The main­

tenance of a short resolving time also presents a problem. The solution of 

these problems are treated in this paper. 

The proportional ionization chamber2 is widely used for counting the 

disintegrations of radioactive materials. This chamber usually consists of 

a small center wire mounted concentrically within a circular or rectangular 

metal case. The Gas Flow Simpson Proportional Ionization Chamber used in 

our research allows the passage of a gas through it. This gas is used to 

prevent recombination of ions and to suppress the too rapid rise of gas 

amplification due to positive ion bombardment of the cathode. The chamber 

is constructed with a slide holder to permit insertion of a radioactive 

sample into the sensitive volume. When this sample is inserted in the chamber, 

its disintegration produces ionization of the gas. High voltage applied 

between the center wire and shell of the chamber, rapidly draws the electrons 

to the center wire while the positive ions drift toward the shell. When the 

chamber voltage is high enough, the electrons acquire sufficient velocity to 

knock other electrons from the gas, causing a multiplication of electrons 

collected. These electrons develop a negative pulse which is detectable with 

a suitable nuclear counting system. As the chamber voltage approaches the 

region where the pulse height is independent of the type of ionizing radiation 

(Geiger region), gas amplifications of 10*+ are readily obtainable. 
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Commercially available counting systems have proven satisfactory for 

use with proportional ionization chambers for non-critical work, i.e., the 

detection of one type of particle at a time. However, when we attempted to 

count beta particles in the presence of alpha radiation we did not succeed. 

Therefore, a project was initiated to determine the factors which limited the 

use of these scaling units. Our study was divided into three parts, as follows: 

(1) the coupling system between the ionization chamber and amplifier, (2) the 

amplifier, and (3) the trigger pair coupling between the amplifier and the 

scaling circuits. This report is concerned with the first two parts of this 

investigation. 

Early research convinced us that Studies 1 and 2 could be grouped 

together into one problem. This involved the reduction of the pulse attenu­

ation and integration, by achieving a maximum possible decrease of the shunt 

capacity across the ionization chamber. Capacitive reduction can be accom­

plished in one of two ways, (l) the use of a cathode-follower mounted at the 

ionization chamber, or (2) the design and construction of a miniature ampli­

fier to be mounted at the chamber. In either case the amplifier is necessary 

and the problem then becomes one of amplifier design. 

The results of research on the amplifier has led to seven basic 

conclusions regarding its design for use with a proportional ionization 

chamber. The amplifier should have the following characteristics: 

1. A fast recovery time. 

2. A relatively good low frequency response. 
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3. A dynamic range sufficient to accept pulses of widely varying heights 

without developing spurious pulses. 

4. A limiting output stage. 

5. Inherently the same short rise time of the chamber. 

6. Minimum pulse integration. 

7. Sufficient gain to detect weak pulses well below the chamber Voltage 

at which continuous discharge begins. 

This paper presents data and results which bear out the above con­

clusions. A theoretical analysis of the effect of the chamber load resistance 

on the chamber output voltage is also presented. This analysis shows that 

even though the chamber load resistance is small, the pulse voltage at the 

chamber terminals can be made to approach the generated voltage. This 

phenomenon occurs when the electron collection time is short compared with 

the time constant of the external network. Calculations and experimental 

results show that this voltage may exceed 20 volts. It is shown that the 

maximum chamber voltage recorded against load resistance for given circuit 

parameters, forms a straight line on sfimi-logarithmic paper. A tabulation 

has been made of the effect of chamber load resistance on pulse duration. 

From observed data, it is speculated that pulses of short duration 

and sufficient amplitude to operate a trigger pair, could be developed in 

the ionization chamber. 

An amplifier was developed which met the seven conditions outlined 

and has proven satisfactory for counting beta-gamma radiation in the presence 

of alpha particles. This amplifier is an experimental model and is not 

intended for use for routine operation. 
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BASIC PRINCIPLES 

The end r e su l t desired in the ana ly t i ca l counting of radioact ive 

materials i s accuracy. Lewis-^ has shown tha t accuracy i s a function of 

resolving time (the a b i l i t y t o d is t inguish between two successive pu l ses ) . 

- [pr (i>] 
where: 

r = P - [pr (i) | (11 

r = Number of recorded pulses per second. 

p = Mean rate of random pulses per second. 

— = Minimum resolving time of the system in seconds. 

As the resolving time i approaches zero the number of recorded pulses approaches 

the mean rate of random pulses. This equation can be expressed in terms of 

percentage error as follows: 

Per Cent Error = ant i log 
1 

log r + log i + 2 | (2) 
1 J 

For a given counting rate tiis shows that we should expect a 10-fold decrease 

in error if the resolving time is decreased 10-fold. It is obvious that a 

short resolving time is highly desirable for relatively fast counting rates. 

One reason the proportional ionization chamber is used is because 

it is capable of producing strong pulses of short duration. The pulses are 

short because it is possible to obtain the maximum percentage of the ioniza­

tion current by electron collection. Nicodemus^ has worked out a formula 

whose solution gives the value of ionization current to be expected from a 

a cylindrical chamber. 
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-r—_ • i-—*-— o> 
I + I 2 log b /a 

where: 

I" = Electron flow. 

I + = Ion flow. 

b = Inner radius of chamber. 

a = Radius of col lect ing electrode and b >) a. 

The Simpson proportional chamber which has been used i n a number of 

our experiments wi l l col lect approximately the following percentage of the 

t o t a l ionizat ion current developed i n the chamber: 

b = 0.626 inches. 

a = 0.001 inches. 

= 1 
I + + I " 2 log ^ 6 

* x o g 0.001 

I +
 + I-

+ 
I + I 

1 - 0.179 = 0.821 

= 82.1 per cent of t o t a l current . 

This example shows the most of the energy of the pulse voltage i s derived 

from the col lec t ion of e lec t rons . This i s desirable as i t allows us t o 

obtain pulses of short duration. 
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AMPLIFIER PROBLEMS 

One very good way of testing the amplifier of a nuclear counting 

system for proper operation is to obtain data for drawing a plateau curve. 

When the amplifier and counting system are in good operating condition an 

alpha sample of monomoleeular thickness (no absorption) should produce a 

horizontal plateau. If this plateau has zero slope, a change in chamber 

voltage due to poor power supply regulation will have little effect on the 

accuracy of counting. If a sample registers within ±1 per cent of its true 

count for each chamber voltage setting along the plateau 90 per cent of the 

time, its slope is considered zero, when a precision of 99 per cent is 

acceptable. For routine counting the chamber voltage is adjusted to the 

center of the plateau to count unknown samples. A graph of a plateau curve 

is shown in Figure 1. The data for this curve were obtained using a gas 

flow Simpson proportional ionization chamber, P10 gas (90 per cent argon 

and 10 per cent methane), and a commercial scaling unit. This is a typical 

curve. Even though the data were taken with a pure alpha sample in the 

chamber, the counting rate continued to rise above the plateau, through the 

point where continuous discharge begins. This made it impossible to obtain 

a beta plateau when a beta sample was placed in the chamber alongside the 

alpha sample. 

Experimentation showed that this rise in counting rate was caused 

by spurious pulses which developed in the amplifier. These pulses were 

caused by overloading of the amplifier, poor recovery time of the amplifier, 

and poor low-frequency response. The effect of a modified commercial 
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amplifier on strong pulses from the ionizat ion chamber i s shown in Figure 2. 

(The modification consisted of increasing the mid-frequency gain from 0.6 to 

4 megacycles. The low-frequency response of the amplifier was unchanged and 

began to drop at 0.1 megacycle.) I t i s to be noted that a phase reversal 

exis ts i n the 3rd and 4th tube of the chain-of-two inverse feed back ampli­

f i e r and tha t i t s output contains a spurious pulse which occurs approximately 

four microseconds a f te r the main pulse . The effective phase reversal in 

these tube c i r c u i t s i s caused by non-linear amplification of the very strong 

pulses with t h e i r overshoot which occur when alpha pa r t i c l e s are present i n 

an ionizat ion chamber whose gas amplification i s very l a rge . The amplitude 

of the spurious pulse i s suff ic ient to t r i p the t r igger pa i r , thereby causing 

a count t o be reg is te red . A spurious pulse i s caused by an overshoot of the main 

pulse when the recovery time and low-frequency response of the amplifier are 

poor. The theory of overshoots has been thoroughly covered by Valley and 

WaLLman.̂  

The main problem now becomes one of l imit ing the overshoot regardless 

of the input vol tage. Since the maximum sens i t i v i t y of our t r igge r pa i r i s 

approximately 100 mi l l ivo l t s and the gain of the amplifier i s approximately 

300, the overshoot was l imited t o 0.33 m i l l i v o l t s . This l imi ta t ion may be 

achieved by designing an amplifier with a fast recovery time and a r e l a t i ve ly 

low frequency c h a r a c t e r i s t i c . The amount of overshoot tha t can be to lera ted 

i s inversely proportional to the gain of the amplifier . 
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PROPORTIONAL IONIZATION CHAMBER OUTPUT PULSE 

Next to the problem of overshoots was the problem of amplifier over­

loading. As a prelude t o t h i s problem the maximum input voltage to be expected 

was computed and ver i f ied by experiment. 

V = - § - (4) 

where: 

V = Vol ts . 

Q = Charge in coulombs (charge of electron = 1.59 x 10 9 coulombs), 

C = Capacity in farads. 

A value of 23 x 10~x<c farads was used for C as t h i s was the capacity of our 

experimental setup which included a Nucleometer ionizat ion chamber (two inches 

in diameter), c i r cu i t wiring, and oscilloscope input . The method of connection 

i s shown i n Figure 3 . 

For the purpose of computation, we assumed that the primary alpha 

ionizing event forms an average of 4 x lO^ ion pai rs (Pu2->9) in one centimeter 

of t r a v e l . 

Therefore, 

Q, = (1.59 x lO"1 9) x (4 x 10^) = 6.36 x 1 0 - 1 5 coulombs 

V = 6.36 x 10- = 0 < 2 ? 6 x 1 Q-3 = 0 # 2 76 mi l l ivo l t s 
23 x 1 0 - 1 2 

Assuming a gas amplification of 10 , 

0.276 x 10-3 x IQ4 = 2.76 volts/cm. 
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Assuming an alpha sample with a maximum range of approximately 3-68 centimeters 

(Pu 2 3 9 ) , 

V ( to t a l ) = 2.76 x 3.68 = 10.2 v o l t s . 

To check our calculat ions the maximum pulse output of the ionizat ion 

chamber, jus t under the voltage of continuous discharge, was measured with a 

iifodel 511AD Telstronix oscilloscope (10-megacycle bandwidth). The pulse voltage 

obtained across 10? ohms was 20 vol t s which i s of the same order of magnitude 

as the calculated value. Since V = Q/C a reduction of C from 23 t o 12 micro-

microfarads (capacity of c i r cu i t wiring and ionizat ion chamber) should ra i se 
n 

V from 20 to approximately 40 volts across 10 ohms. From these data it can 

be seen that large pulses may be expected from an ionization chamber if the 

gas amplification is high, the capacity low, and if the ionizing event is 

initiated by an alpha particle. This pulse of 20 volts amplitude was obtained 

across 10? ohms which in conjunction with the circuit capacity produced a 

pulse 400 microseconds long. Since this pulse was too long, we checked the 

effect of the load resistance, R^, on the pulse height and duration. The 

results are shown in Table I. Pulse height versus load resistance is plotted 

as a straight line on semi-logarithmic graph paper in Figure 4. 

Since the change in output voltage versus load resistance, RT, is a 

logarithmic function, the maximum voltage dropped from 20 to 1.5 volts as the 

resistance was decreased from 10 megohms to 1,000 ohms. The pulse duration 

when using this load resistance of 1,000 ohms was 0.3 microsecond. This 

duration was caused by the short time constant of the external circuit of 

the ionization chamber. 
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THE 

Table I 

DEPENDENCE OF PULSE HEIGHT AND PULSE DURA-
TION ON THE IONIZATION CHAMBER LOAD RESISTANCE 

I o n i z a t i o n 
Chamber Voltage 

(Vol t s ) 

4,000 

4,000 

4,000 

4,000 

4,000 

4,000 

4,000 

3,000 

3,000 

3,000 

I o n i z a t i o n 
Chamber Load Res i s t ance 

(Ohms) 

1,000 

4,700 

10,000 

47,000 

100,000 

470,000 

10,000,000 

1,000 

10,000 

470,000 

Pulse Durat ion 
a t Base 

(Microseconds) 

0.3 

0 .6 

1.0 

4 .0 

6.0 

50.0 

400 

0.3 

0 .6 

30 .0 

Maximum 
Pulse Amplitude 

(Vol ts ) 

1.5 

4 .5 

7 .0 

10.0 

11.0 

15.0 

20.0 

0 .6 

2 .0 

4 .5 

Since the output voltage of the ionizat ion chamber was not a simple 

function of load res i s tance , we decided to derive an equation which would 

show the re la t ionship between the generated voltage and the various c i rcu i t 

parameters across the chamber. The equivalent c i r cu i t of the ionizat ion 

chamber and i t s network i s shown i n Figure 5. From t h i s c i rcu i t the f o l ­

lowing equation was derived: 

Kt l 2a sin,. 
Ê  Ta2 

a 
,J2 O 

402 

(5) 
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where: 

K = ER2R3C2 

'i = (C2C3+ 0-^2+ C-jCj) r ^ R ^ 

^ = r 1R3(C 2 + C3) + r 1 R 2 ( C 1 + C2) + ^ 3 ^ 2 + c3^ 

/ = r x + R2 

E = Equivalent generated voltage 

r-j_ = dt/CQ 

C = C1C2 + Glc3 + C2C3 
G2 + C3 

E- = Output voltage of network 

Example of E3 = J(t) 

The following values were substituted in the equation for the deter­

mination of E- and t : 

E = 13 volts 

C„ = 12.6 x 10"12 farads 

C 

o 

x = 4.6 x 10~12 farads 

C2 = 10"10 farads 

C3 = 8 x 10 -12 farads 

rx = t/C0 

R2 = 107 

3 
A graph of network output voltage,•E^ , versus electron collection time, t , 

was plotted as shown in Figure 6. A study of this graph indicates that Eo 

approaches the generated voltage as the electron collection time approaches 
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zero. This study helps to explain the reason the voltage E-, changed from 20 to 

1.5 volts, a factor of approximately 13, while the load resistance changed from 

10' to 10-* ohms, a factor of 10,000. In the above analysis, r-j_ is a variable 

resistance which is a function of time £±t. The method of computing r̂_ is 

described below. 

In the circuit of Figure 7, r-, represents the equivalent resistance of 

an ionization chamber as ihe charge is collected. When the collection time is 

zero, the current, q/t, is infinitely large, the equivalent resistance is zero, 

and the full voltage is developed across C instantaneously. When the collection 

time is finite, a retarding element is assumed to be present, and the voltage 

across C does not reach a maximum until some finite time after zero. 

where r-, is the equivalent resistance of the ionization chamber for the incre­

ment of Z^t considered, e is the instantaneous voltage across the capacity C, 

and i is the instantaneous current which produces the voltage e. In other 

words this analysis says that the maximum voltage is built up in an ionization 

chamber when the instantaneous charges are collected faster than they can 

leak off. 

The pulse height from the network will approach the voltage generated 

in the ionization chamber when the electron collection time is relatively 

short. Therefore, it may be possible to develop sufficient voltage to operate 

a trigger pair by collimating the particles so that their path is parallel to 

the center wire of the chamber. Collimating the particles might be done 
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magnetically or electrostatically. However, because of the large fields that 

would be required to eollimate alpha particles in these ways, collimation by 

geometric means would probably prove most satisfactory for strong alpha samples. 

Since the maximum voltage expected from the ionization chamber loaded 

with 1,000 ohms of resistance was 1.5 to 3.0 volts depending on the shunt 

capacitance, our next step was the determination of the minimum pulse to be 

expected. By varying the "Sync" voltage control of the test oscilloscope we 

found that the spread of alpha pulses was at least 50 to 1. Based on a three-

volt maximum pulse the minimum should be approximately 30 millivolts which 

allows a safety factor of 2 to 1. The literature indicated that a Pu2^9 alpha 

of 5.16 million electron volts developed a total ion pair formation of 1.47 x 

Kr in 3.68 centimeters" representing an average of 40,000 ion pairs per centi­

meter. In contrast to this a medium velcoity beta particle forms 100 ion 

pairs' per centimeter. This represents a spread of 400 to 1 when the chamber 

is operated in the proportional region. For design purposes a somewhat smaller 

spread can be figured since advantage may be taken of the tendency toward pulse 

equalization which occurs in the limited proportional region of the ionization 

chamber, where beta particles may be readily counted. Because of pulse equal­

ization less gain is needed to bring the pulse height to 0.25 volts, the 

sensitivity of our trigger pair. As shown later our amplifier with a gain of 

300 worked satisfactorily. This does not mean that this gain is the ultimate 

but it is sufficient to illustrate the points we are emphasizing in this paper. 
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IESim OF THE AMPLIFIER 

With the accumulated data on hand it became apparent that the design 

of a useful amplifier should incorporate the following features: (1) a fast 

recovery time, (2) a relatively good low frequency response, (3) the ability 

to accept pulses of widely varying heights without developing spurious pulses, 

(4) have a limiting output stage, (5) the ability to preserve the inherently 

short rise time of the chamber, (6) minimum pulse integration, and (7) have 

sufficient gain to detect weak pulses well below the chamber voltage at which 

continuous discharge begins. 

The experimental amplifier designed to accomplish this is shown in 

Figure 8. For an amplifier in a counting system it has several unique features: 

(l) a low input resistance of 1,000 ohms, (2) a remote cutoff input pentode, 

(3) direct coupling, and (4) a voltage output limiter. The 1,000-ohm resistor 

allows a pulse of short rise time and short duration, the remote cutoff pentode 

accepts pulses of widely varying heights, direct coupling allows a fast 

recovery time, eliminates parts, and allows the second tube to be operated 

near zero bias for maximum mutual conductance, while voltage limiting pre­

vents overloading of the trigger pair coupling circuit. A cathode-follower 

output stage allows the amplifier to be mounted at the ionization chamber, 

thereby keeping the pulse integration and attenuation to a minimum. The 

dimensions of the amplifier are 4 1/4 x 3 x 2 inches. Two views of it are 

shown in Figures 9 and 10. 
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The output of the amplifier i s l imited to 7.5 vol t s when pulsed with 

5 vo l t s from a pulse generator. However, 4 vol ts was the maximum output 

obtained when the amplifier was pulsed with the maximum signal from a Simpson 

proportional counter. 

RESULTS OBTAINED WITH NEW AMPLIFIER 

The effect of the 1,000-ohm input r e s i s t o r on the pulse shape i s 

shown i n Figure 11A. Figures 11B and 11C show the effect of other r e s i s t o r s 

on the pulse shape. The frequency response of the amplifier i s shown in 

Figure 12. Figure 13 shows a graph of counts per minute versus chamber voltage 

obtained with a plutonium sample when using the experimental amplif ier . (Pu2^" 

i s an alpha-gamma emitter with some internal-conversion e lec t rons . ) There 

are two d i s t inc t p la teaus , one an alpha plateau and the other an alpha plus 

gamma plus internal-conversion electron plateau. I t seems log ica l t o assume 

tha t no detectable amount of spurious counts are developed when an alpha and 

alpha plus gamma plateau i s obtainable, otherwise the counting r a t e would 

continue t o r i s e instead of level ing off. The effect of spurious counts are 

i l l u s t r a t e d in Figure 1. 

To further t e s t our amplifier a pure alpha emitter was placed i n 

the ionizat ion chamber and a graph drawn from the data obtained. The r e s u l t s 

are shown in Figure 14. This curve should be compared with tha t of Figure 1 

to judge the effectiveness of the experimental amplif ier . This plateau has 

been increased from 300 to 1,000 vo l t s i n length and i s l eve l up t o the 

voltage where continuous discharge begins. 
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U N C L A S S I F I E D FIGURE 12 MLM-488 
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U N C L A S S I F I E D FIGURE 14 MLM-488 
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We were unable to obtain accurate data on the resolving time of this 

amplifier as no equipment was available which had a trigger pair with a resolving 

time short enough to allow an accurate check of Tau. A check of Tau using a 

standard scaling circuit and the experimental amplifier was made and was found 

to be 6.39 x 10 which is comparable to that obtained with the Simpson pro­

portional counting system now in use. A comparison of the pulses of Figure 15A 

and 15B would indicate that a shorter resolving time should be possible with 

the experimental amplifier when used with a scaler whose resolving time is 

short enough to allow an accurate test. 

APPENDIX 

To derive Equation 5, four equations were set up as follows (refer 

to Figure 5): 

E = ( i x + i 2 + i 3 + i 4 ) T± + - i - J i2 dt 
u l 

0 = i2R2 - - i - fij dt 

0 = -R2i2 + -—- J U3 + i^) dt + 13R3 c2 

0 = _i3E3 + J=_ JH dt 

From the use of the La Place Transform^ 

e"st F(t) dt = f (s) L 
the following equations were obtained: 

E/s = TI/C-LS + v{\ I± + r x I 2 + ^ 1 3 + r ^ 

0 = [~ - 1/CTS 1 I-|_ + Eglg + 0 + 0 
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0 = 0 - R2I2 + [l/C2s + R3J I3 + [l/G2s j I4 

0 = 0 + 0 - R313 + rvc2s 1 I4 

Using determinants I3 is found to be: 

__E R2G2 
X3 

a s 2 +ns + V 

when 

■X = (c2
c3 + c l c 2 + c l c 3 ) r l R 2 R 3 

/3 = rxR3 (C2 + C3) + rxR2 (C^ + C2) + R2R3 (C2 + C3) 

7 = rj. + R2 

Referring to t ab le of Transform p a i r s 1 0 

h 
E R?C9 £ " 2a t sin \ JL - -£L- t 

a J l 1 v — - t £ Z 

^ t . , / 7 - 2 

E3 = ijR^ 
E R2R3C2 ' 2 a s in ^ - i - - ^ t 

a v^-ii2 
a 4 a 2 
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