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THE PULSE AMPLIFIER

in
THEORY AND EXPERIMENT

Introduction

In the field of radiocactivity and nuclear physics,
most processes and reactions are studied by means of ion-
izing particles accompaﬁang them. These particles are, in
general, photons, electrons, or atomic nuclei, and they may
be detected by a variety of methods. The pulse amplifier or
as it is sometimes called, the linear amplifier, is an inst-
rument for the detection of particles which produce relativ-
ely large ionization such as atomic nuclei, and this invest-
igationis an attempt to improve it through a detailed study
of its operation.

The two most commonly observed atomic nuclei that pro-
duce a density of ionization large enough to be detected
with this instrument are the nuclei of hydrogen and helium,
usually called protons and alpha particles respectively.
Such particles, with sufficient energy, ionize the gas
through which they pass, and these gas ions are swept to
the electrodes maintained at fixed potentials. The passage
of these ions to the electrodes constitute a minute
electrical current which is amplified through the use of
several ordinary vacuum tubes. The pulse of ionization
due to an alpha particle is roughly four times as alrge

as that due to a proton, so that these may be distinguished
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if care is taken in the experiment. Purthermore, the

above two particles may easily be distinguished from photons
or electrons passing through the gas since the ionization
pulses due to these particles is of the order of one one-
hundredth that of the proton or alpha particle. Thus, alpha
particles and protons may be detected in the presence of con-

siderable photon or electron activity.

Historiecal

The first type of recording instrument for this
purpose was the electrometer. Due to its inherent period,
it is in general difficult to record particles which pass at
intervals of less than, say, five seconds. In many experiments
this is a distinet disadvantage especially when strong
sources of radiation are available giving thousands of
particles per hour. When such great numbers of particles
are incident and it is necessary to actuate an oscillograph
or a counting device with a low resolving time, a particle
must be made to give a signal of such power that one of these
instruments will record it. If an ionization chamber of the
type with simple ccllecting electrodes is used, no such

® conceived that the voltage

power is available. Greinacher
rulse formed by the collection of the ions in the chamber
could be impressed upon the grid of a vacuum tube and the
voltage amplification of the tube used to operate a less

sensitive instrument than the usual electrometer. Several

years later Ortner and Stettefg constructed a multistage

amplifier and presented curves showing the effects



of transformer and condenser coupling without, however,

stating the manner in which these results were obtained.
j Wynn- Williams and Waré@énd M.C.Henderson were the first
to construct amplifiers of practical design. The best

designed amplifier as well as the most satisfactory dis-

cussion of the problem is presented by Dunning .

The Problem

As 1t presents itself today, the limit of observation
by means of the linear amplifier is determined by the
necessity of using a resistance to impress
the voltage across the ionization chamber upon the grid
of a vacuum tube. This resistance may be an external one
or as is more usual in the case of the linear amplifier
it is the internal grid resistance of the tube. J.B.John-
soé@discovered that after all external sources of inteference
were removed, there remained a "noise" in a high gain
amplifier which could be attributed only to the input
resistance of the first tube. As might be inferred, the
"noise" is due to a random fluctuation of voltage with a
specific frequency spectrum dependent on the input imped-

@

that this "noise" may be attributed to the random thermal

ance of the amplifier. Theoretical considerations™ showed

agitation of the electrons in the resistance., Hence the
input circuit itself generates a signal and any voltage
change to be observed must be greater than the random input
signal voltage. Wiéh a view to reduce the relative value

of this random input "noise", an investigation of the

fundamental properties of the amplifier and ionization



chamber is presented.

The Pulse

In the simple Wynn-Williams type

é9oﬂecfor

of chamber there is a high collecting AW
I

voltage impressed across the plates
of a parallel plate condenser which

serves to collect the ions and the
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resulting impulse of voltage is

impressed upon the grid element of a vacuum tube as shown
in the diagram. The effective resistance fc ground is R
and the effective capacity to ground of the grid, chamber
and leads is C . The collection of the ions is assumed to
be equivalent to the passage of a current through the
capacitor i = Q/T where Q is the total collected charge and
T is the time of collection. This assumption of the passage
of a uniform current is not wholly Jjustified for several
reasons, First, the original column of ions is not of
uniform density for a particle ionizes according to the fam-
iliar Bragg ionization curve fér a single particle; sec-
ond, the positive and negative ions formed are not of the
same mobility so that there are strictly speaking two ion
columns of non-uniform density (ions per unit length)

which are collected at different rates; third, there is

the point of recombination since the ions last collected

have a greater chance of recombining. Since it is easier

to handle analitically, it will be assumed that the ion



column is of uniform density, speed, and collection prob-
ability. Bearing these conditions in mind,the following is
carried out in the usual manner . If eg be the grid voltage
at time t, thenj;

£ Q4 = 6’3/?? + C deg /gt

dtp = de/( 6/~ ey /7)
integrating from time O to t and voltage O to eg;

B »
egzﬁ(l-—;,m) oftsT.
At time t =« T there 1s a discontinuity in the current for
all the ions are collected and i drops immediately to zero

and from the above relation the grid vcltage 1is

Rra -I '
o B(-oR), W
Since the current is gzero the differential eguaticn becomes:
_ € _ o dey
% gy

and integrating this from time T tc time t and the voltage
R ;
\from ?_—r-q(l-' @ /Rc) T ey !

ORI £ 7% T Pt S (=)

d
Now the assumed form of the pulse is known explicitly
and it is only necessary to determine a frequency distribu-
tion. To employ a Fourier series has the disadvantage that
a definite period must be assumed, however the Fourier
integral requires no period and is alsoc an exact sclution
hence the analysis will be in the form of a Fourier integral.
The conditions of the problem sbBate that the voltage on the

grid is zeroc up to zerc time and from then on the voltage

is described by the above expressions. For such an event it



it is necegsary to use both parts of the integral for the
specific condition is that the function is zero at zero time.
In some problems one part may be neglected for the time

axis may be arbitrarily shifted. The form to be used 1s:

P = [ [AG cowt + B adwwt] du €)
By = L [° @h) eow wt di ()
Alw) = T—'r-j_': ¢(&) e wt dt . (5

@) 1s explicitly eg. Substituting the expressions for

eg 1,()into the integral to determine Alw) it is found that:

o -t
Alw) = -R_;?Qf [ 'LD ox aimuwtdt 4 f: coowt dt —LTCAJ?W* 2
Yy
# fT'O(L%é_c)M)w'f r) e Jl‘JZ
-%/e § 3
R ; W{‘_ gl (e = wt : Wf)
= ﬁ{[—ﬂr'ﬁ,"_ wf'+il;c‘(12¢w i g ]o
_t/re 1 %
+ (&T/“—l) :f?:, (’ %ﬂwwhww{)lrj}
- .
s o b )
Gy AT W w‘*'/p‘c‘
_ =i e d ) ]
(e —t)l o e ity g
RQ SR R SO Thidh el l
oy E pre wl  Ro(ge ol vwpiew’ 1
LA} B Vo by Wy L

PR Wi

: 3 il
wmu)i +

1 (l-wwﬂ} (6)

Moy K9 {fﬁw L 5

TTT w” whe -
Ter



Log,

In a similar manner B{w) is found. &ﬁﬁs the same

as are the limits of integration. Hence:

b R a3 i el
<t/re -
T enwt oy on de s
- it :% (—w )]
((R—" I ( lﬂzvm.uf me{)]T j
‘c
- Tre '
= %[ I*Cjw'},’. sl s le. (Mw%c +w@;wT) .
wt -f%?-.cx Gty v
L VoA wt L
+[ fre Ji;::iglc (@iiy— w e {X}
B(W) {t__c_’.n_i)l— e ypcmwT +wmwT fw] (7)
WT {01*'4ncx ‘

The substitution of these Fourier coeficients into
the expression for Q(f) (3 would give the input pulse, but
this is not of greatest interest for all that is seen is
the output of the amplifier. This means that the coefficients
must be weighted by a function whichgives the relative
respon se of the amplifier as a function of the frequency.

Let this function be Y(w). The output voltage is therefore
Oold) = [2 V(W [ AW et + Blw) ain wil dw. (3)

To integrate this directly would be, in general, extremely
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difficult. Fortunately, the time t at which we are Inter-
ested in the pulse is the time at which it 1s a maximum.
An examination-of the first form of ?Fﬂ l.e. eg shows
that it has a definite maximum at t = T. However this may
not be true of 30.,(*) but by plotting the derivitive of the
input pulse with respect to frequency for many values of
RC, it was found to be a maximum for almost sll values of
Ww at time t = T and hence its integral @a)is also a
maximum., Further the final working range of w selected was
found to lie in the regionwherefggg) was a maximum at
t = T. This is demonstrated in figure() . Since this

is self consistent it will be assumed a correct sclution.

Input resistance "noisen
The Johnson effect mentioned befcre may be stated

explicitly in the following manner:

}E = Lllch folo 'R(w) nyw)’l clu) (c‘)

@% is the average value of the square of the "noisen"

voltage across the terminals of the resistance R.whose real
‘component of impedance is R(w). k is Boltzman'!s constant and
To is the Kelvin temperature, Y(w) is the amplifier

function as before. In the case under consideration

TR K .
ne b0 R S
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Ratio of Input Signal to Input "Noise" at
the Output of the Amplifier

Let the ratio of the input signal to the input

dolt)

"noise" be defined as Pz s— . Since only the voltage at
Iz

time £t = T is to be considered

00 [ L) T s oT]de]
P2 T T kT [ R Y d

The Amplifier Function Y(w)

In the construction of a linear amplifier it has been
customary to use interstage coupling of the resistance-
capacity type rather than transformer coupling as Ortner
and Stetter have shown that the latter introduces & relax-
ation pulse. In the following analysis only the resistance
capacity case will be considered. Schematically the inter-

stage coupling is as shown

in the figure. Ry 18 the C—— MWW 1} M
internal plate resistance, RP o J_ 03

P Pl. R}
Cp is the interelectrode 1 r

plate capacity plus any
external capacity, Ry is
the plate load reistor, Cy is the coupling capacity and Rg
igs the grid resistance. The grid capacity is neglected as

Note: I am indedted to Mr.CM Neitzert for the reistance-
capacitance network analysis for the interstage coupling.
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it is small enough to have an Iimpedance much larger than
Rg. If there is a voltage generated at the plate E, of
frequency w then the ratio of the transmitted grid voltage

Eg to E, 1s given by:

E K.Cy w
T:_AP: _J_H?‘C‘j;&ﬂn?‘c‘w" 62)
o Cp 79
where Ro = RpR1 / ( Rp+ R1). The amplifier function is
determined by the number of stages since each stage will pass
only a certain fraction of the impressed voltage. If the
Capacities and resistances for each network is known the
complete function is the product of the separate ones.
It is readily seen that to use the above expression

as YG»),even in the simple case of one stage ,will be difficult.
By trial it was found that Y(w) could be reasonably described

by the general expression
—dw

Y(w) = ;‘*’; Lo (1)

Comparitive graphs are opresented showing this form, the
exact expression 0?) , and an experimental determination in

rigure (2) .

The Determination of /@
By combining expressions (2), (6), and (7) the value

of the input pulse at time T is found to be
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This function has a maximum value when w . 2/« and from

the relation between & and T,it is seen the frequency of
maximum response 1is L?a/oq. In cycles per second the

value of the peak of response is )C= i%";-’ 2750 Cps.

The Determinatich of p Continued

The following functions of Y(w) will be demonstrated
briefly and they will be so normalized that the relative

merits of the functions may easily be determined:
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It is now seen that a variation in the characteristics
of the amplifier does not seriously affect the limit of
observation as determined by . This is expressed by
szz,f) ':Pzn) :P;;f) £3-1,08 1 1;88 3:1380. '‘An inspectioh of
expression (228) shows that the experimenter has at his
disposal only the two variables T and R,which are related
ta g by P‘ = constant x R/T. R is controlled by the
particular tube chosem and there are no tubes available
with a high enough input resistance as well as low plate
noise. T is controlled by the collecting space field
and the nature of the gas. It may be increased until the
breakdown voltage of the gas is reached or by allowing the
the particles to enter the chamber parallel to the plates

instead of the usual practice of normal incidence.

The Input Resistance R

Apparently there is no simple method described in
the literature for the determination of the input resistance
R of the floating grid. Since the "noise" component of the
resistance is the the factor of interest, it may be determined
in the following manner. Usually the grid "noise" resistance
ig of the order of 10g ohms or greater and its floating

i

input capacity is about 6 x 10~ % farads. If the taverage!

frequency of the amplifier is about ten-thousand then RCw



o

is the order of 60 and K C'w is in the region where it is

very much greater than one. On the other hand if the grid

is grounded through a one meg-ohm resistor, C is about

10“11 farads due to the added capacity of the resistance and

now B Cw* is in the region where it is much less than one.
If the amplifier output voltage is measured with the

megohm resistor in place, equation (9) may be written:
o 0 V()
ko= 4kToR [ V(W) dw

Removing this resistor and allowing the resistor to the
grid to be the internal reistance of the grid then equation

(9) becomes:

PR [ Y &2
A ¢ ‘

R

Taking the ratio of these two "noise" voltages, it is

found that:

95 J[ e )
v Yw) dw
_"_:-R“' = Rl R\. Cl (; y
B % dw
v Ry I) y (w) e
Suppose Y(w) is given by i?_lj'“w then the ratio is:
q
ool o9 ok
Vo 2L a*
oL R]_ = 2 ui A LR' (2'7)
TR, V3
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Tube "Noise"

Unfortunately there is no extensive study of tube
"noises" in the literature. . Pearson‘D gives some experimental
values for a selected list of tubes; a tube similar to the
%8 has less noise at higher audio freguencies than at lower
frequencies. This would indicate that the higher frequencies
are the best from the standpoint of general tube '"noise"
which is fortunate since this is the conclusion of the
earlier part of this paper.

PearsonﬁD has also studied grid shot noisesand in
general they are small compared to the input resistance
noise. Qualitatively, the effect of grid currents on the
observational limit may be considered as follows. Suppose
the grid current, positive and negative, is of the order of
10_11 amperes which corresponds to about 6 x 107 electrons
per second. In an observaticnal interval of .0002 seconds,
about 12,000 electrons will arrive at the grid(strictly,
half will be positive ions). The statistical fluctuations
in this number of particles will be its soare-root ,110.

For a pulse of ions to be observed above this variation, it

must contain at least several hundred ions.

Selection of the Tubes

Since standard tubes are to be used in the amplifier,
the type 38 is probably the best. Johnson and Neitzert C?

have given the optimum operating characteristics of this



for operation at low levels of '"noise", The conditions given
are 300,000 ohms plate lcad resistance, -1.5 volts grid

bias, 6 volts screen potential and 28% volts plate supply.
Under these conditions they reported a plate current of

60 micro-amperes while a dozen 19836 38-tubes gave an average

of 80 micro-amperes under the same conditions.

The Cirecuit

With the assumed network and the 38 tube operating
under the above conditions, the circuit design of the
amplifier is fairly well defined. The complete circuit is
shown in figure (3) and it is to be noted that the last
two tubes are in parallel. The reason for this particular
arr&iné@ent is that two different observaticns of the pulse
may be mdde at the same time quite independent of each

other,

The Collecting Chamber

The first consideration in the design of the chamber
is that its capacity should be a minimum. Although the
capacity of the chamber does not enter into the calculated
value of @', a high value of the capacity will contribute
"noise" on small pulses for the amplification must be so

high that second order noise effects enter.
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A second important point is that the background count
of the chamber should be asg small as possible for this
determines the limit of observation in number of particles
per unit time, Experience in the operation of a large ares

@

ionization chamber has shown that it is desirable to

have the chamber lined in such a manner that the surfaces in
the chamber which may eject contamination particles may be
easily removed and cleaned. The best method of cleaning

appears to be a rinse in concentrated nitric acid.

Amplifier Housing

The general principles of amplifier design require
complete shielding of each stage from each other and from
the outside. This "is accomplished by the use of copper
interstage shielding throughout. The internal copper
shield is insulated from the external aluminum cabinet
which gives double shielding. ©Since the first stage is
separated from the main body of the amplifier, it is nec-
essary to transmit energy to the first stage and pulses
back. This 1s acccmplished by the use of double shielded
high quality cable provided through the kindness of Mr.
Stoddard of the Simplex Wire and Cable Company. The total
‘capacity of the plate return lead,which is two meters long,
is about 46 micro-micro farads at 1000 c.p.s. The external
cable shields are bolted to the cablinet and the internal
ones are soldered to the internal copper shield. When the

amplifier was constructed it was not know whether or nct it

was necessary to shield the filament storage battery. To
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to determine its relative importance the battery terminal
is suddenly disconnected and grounded while the amplifier is
in operation. Since this does not change the noise level
by an observable amount, the heater type tubes having
enough thermal inertia to keep up the emission for a short
time, it is unnecessary to shield the battery.

The output high voltage condensors for the
collecting potential are non-inductive; each leaf is
ﬁéught out and scldered to its neighbor instead of being

coliled and having leads ﬁbught out by occasional tabs.

Auxiliary Boguipment

At present a cathode ray oscillograph is the only
available direct reading instrument. An attempt to
measure "noise" voltages by the oscillograph clearly dem-
onstrates the futility of estimating the voltage. It is
evident that an indicator giving the RNMS of the AC output
is essential. The usual method is to couple a transformer
and thermal meter to the outrut tube. Since neither of
these are available,ranother type of recording meter is used.
The only available AC meter is a two milliampere rectifier
type meter and the following circuit is used coupled with
this meter. As shown in figure (4) it is a balanced triodg
amplifier using a type 53 with two triodes in the same

envelope and a 53 twin amplifier inverter. In operation this
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device proves to be surprisingly linear and its sensitiveness
immediately suggestes another use besides the general
standardization of the operation of the amplifier with
standard resistances as sources of constant AC potential.

At times it is desirable to record alpha rays in an
intense beta or gamma ray background and to know the wvalue
of this background. Since the latter givet rise to a current
through the chamber which is statistical in nature, it is
possible to measure the current. The statistical variation
in the cﬁrrent which is propoetional to the square root of
the number of particles is a measurable AC component. The
meter reading is proportional to the sguare root of the
number of particles and therefore a resistance is an ideal
standard for the meter reading is also proporticnal to

the square root of the resistance.

Experimental Results
It is unfortunate that the shop was so busy that they
were unable to complete this apparatus in time to present
the present theories to experiment. However the amplifier
proper was constructed in time to make a spectrum analysis
and a "noise'analysis, the former is shown in a comparative

graph ( figure (2)) and the latter is summarized as follows.

_With one meg-ohm on the first grid, atypical reading on

the "noise™ meter is 1.6, with the grid grounded the reading
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is .3 and when it is allowed to float it is .6. 1In the

first case with the grid at ground and tha one meg-ohm
resistor, the meter reading is proportional tc the square root
of the grid resistance which indicates a grounded grid

"noise " equivalent to about 30,000 ohms. In the second,
case with the use of equation (27) and a value of alpha

of ,000085, the noise due to the first tube with floating
grid is equivalent to a resistance of about four thousand

meg-ohms .,

Conclusions

The results of this present analysis indicate that
the amplifier frequency characteristics do not affect the
signal to "nolse!" ratio very critically and that the peak of
response of the amplifier is determined by the collection time.
The only available method at the control of the experimenter
in increasing this ratio,aside from improving the character-
istics of the first tube as outlined,appears to be that the
collection time should be dscreased.

The assistance of many in the Physigcs department

is greatly appreciated. In particular,Messers Shremp and
sehiff helped oo in the analytical work, Mr Robes ablyy

constructed the apparatus, Dr. Gingrich helped edit the

thesis,and Professor Evans suggested the problem and criti-

cized it in its developement.



L

References
(1) Greinacher Zeit f Phys 36, 364 (1926)
(2) Ortner and Stetter Zeit f Phys 54, 449 (1929)

Phys Zeit 28, 70 (1e2%)

(3) Wynn-Williams

and Ward P.R.8. 151, 391 {18s1)
(4) M.C.Henderson Mimeographed Notes

| (5) J. Dunning R.8.I. ‘ 5 387 (1934)

(8) J.B.Johnson Phys Rev 32, 97 (1828)
(7) Nyquist Phys Rev 32, 110 (1928)
(2) Pearson Physics 5, '35 (1954)
(8) Pearson Bell Lab Rec 14 (Oct 1934)
(10) Johnson and

Neitzert R.8.1. 5 198 (1924)
(11) Finney and Evans Phys Rev 48 503 (1935)
(12) E.A.Johnson N.Y. Meet. Amer Phys Soc

Feb 1936 abst, 6

Note:the last paper is covered by an abstract which
was published during the course of this work and appears to
cover much the same ground, however no details are presented.






+0

X

S0dg

1

F

§ o
Ordingfes are .0

apper Curve
d ¢()

of W

Lower Curve:
Jd¢(3)
dw |

/g 800 21 000 23060

-

-




(il

T

—ize

|

H

1

.

Hh
RAP
WYV AR

Eoi

EHIEE

(ot

n




H:_c,-;‘; Voh‘age Lead
Amplifier Circuit

DPashed lines indicate &hield.

No #filamen] leads are shown

F/gure 3.

Ouffu'f 2

R = 3x/0°n ; Ry: 2x10° N = &
=2x/0°n variable
4= J000JL + 10,000 11 yariable
C, = 000/ puf. ; C,=.00c2 ¢
C3=.00/p¥. : Cy= 50y,
Cs= 2 M¥ rioni-inductive



D

A
—

o50 Yolts

&
Input
(®)

THE "NOISE" METER

The input of this circuit is fed by a conventional
type 53 twin amplifier. The meter 'M' is a two milliampere
rectifier type meter. It may be standardized by placing
at the input a ccrnstant AC potential or better by

connecting a rough standard cell across R3z.

The constants of the circuit are:
R1 = 1000 ohms, Rg = 10,000 ohms , Rz = 200,000 ohms,
R4 = 600 Ohms, C may be most anything depending on the

desired low frequency cut off, the present value is .01pMf.

Figure 4
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