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The nature of response of & moving-cwil galvanometer o an exponentally decronsing
input voltage pulse in & VI'VM circuit has been theorotically aualysed. The cutput
pulse, as revealod by the galvanometor deflection consists of tho following two compo-
nents :

(1) firsl. component decrcases exponentiully with time;
(1) second component varies mmnusoidally with time, having constant anphiude, pro-
vided the effect of galvanomoter damping 18 negligible  However, when the demping

18 effective, the amphitude of the oscillatory componont decrcases exponent wlly with
time

These findings have been oxpermentally veified as far us practicable.

INTRODUOTION

It 1% customary to use a high-impedance device for measuring voltage and a low
mpedance device for measuring current  However, for measurement of very
small voltages and currents. just the reverse is true, since power is required to
operate the instrament  For example, if the number of turns per unit cross-section
is changed in a galvanometer coil, the quantity that is held constant for a given
deflection is the power (4 e J2R or E*[R). Hence Jugh current sensitivity requires
a Tugli-resistance coil, and high voltage sensitivity requires a low-resistance coil.

For the most sensitive galvanometer made the power per unit. deflection is
approximately 10-19W. Thus the best voltage sensitivity is about 10707 (for
R = 10 ohms) and the best current sensitivity is ahout 10-* amp (for R = 1000
ohimg)

For measurements of currents smaller than about 1071 or 10-1! amp, a galvano-
meter hecomes impractical, and an clectrometer. which j& cssentially a voltage
measuring instrument with a sensitivity of the general order of 1 mv per scale
deflection. can be used in conjunction with a shunt resistor of 102 ohms to obtain
a sensitivity of 10-2¢ amp. Alternatively, a simple nonfeedback type electronic
amplifier consisting of an electrometer type tube with a scnsitive galvanometer
as the plate load may bo used The grid current for large bias voltages is made
very small for proper tube design and may be about 10~ amp for the bert tubes
The fundamental circuit, is a single-tube de amplifier, in which the ionisation
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current ov photo-electric current passes through a grid-leak resistance (~- 10
ohms) and the resulting voltage alters the grid potential of the electrometor
tube The consequent change in plate current is read on the galvanometer,
Montgomery & Montgomery (1940) have discussed the circuit diagram of a vacuum
tube electrometer when used in conjunclion with an Ionization Chamber. Swann
(1946) has published the replica of a cosmic ray nuclear burst as recorded by such an
arrangement. Weisz & Ramsey (1942) have used a more elaborate arrangement
to study tho ionizing capacity of individual particles of cosmic ray ionization.
The charge produced by each discharge in a proportional counter is converted
into a voltage pulse, which is amplified by a three stage linear amplifier and fed
into a vacuum-tube voltmeter consisting of a type-38 tube. Finally the pulse
is recorded photographically by the amount of deflection of a galvanometor,
whonever a ray passes through a path in the proportional counter tube which i
defined by three trays of GM counters in a telescopic arrangement.

Detailed analysis of the influence of the time-constants of various coupling
stages of a linear amplifier has been worked out by Wilson (1941) and Chatterjee
(1944) Lewis (1942) has also indicated the distorted form of an ionization chamber
pulse, after three-stage amplification by a R-C coupled linear amplifier.

Tt may be noted. however, that in almost all the cases cited above, the galvano-
meter has been used merely as an indicating instrument, whose deflectitn has
been assumed to be proportional to the amplitude of the input pulse. No account
has been taken of the influence of the galvanometer constants in influencing the
size and the wave-form of the output pulse. These factors have now been taken
into consideration in determining the nature of response of a moving coil galvano-
moter in a vacuum-tube circuit whose input is a transient pulse simulating an
lonization Chamber pulse  The relevant circuit is actually that of a valve tube
voltmeter (VIVM). Since a voltage sensitive galvanometer is essentially a low
resistance instrument,it cannot be used in a high impedance circuit. And so &
single-stage dc electronic amplificr is used to amplify the signal and to match
a high input impedance to that of a sensitive d’Arsonval iype galvanometer.
In our present set up, the galvanometer has been transformer coupled to the plate
load of the vacuum tube in order to avoid the balancing of plate-current for zero

adjustment.

THEORETIOAL CONSIDERATIONS

A galvanometer has been transformer coupled to the plate load of the vacuum
tube (triode) as shown in figure 1. A transient voltage pulse,

€=¢€ e=tit

where ¢ = time and 7 = time-constant of the grid-system, has been appliod
between the grid and the filament of the triode,
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Figure 1. Basic vacuum tube eircwt.

Assuming that plate current 7, and plate voltage v, represent changes from
steady current conditions,

ip= Y24 ME )
where 1, = plate resistance of the tube and g = amplification factor.

The plate of the triode consists of a protective resistance r in serics with the primary
of an air- core transformer, while the secondary is coupled to a moving coil galvano-
meter,

(a) Basic equations

Now, if L be the co-efficient of self-inductance of the primary and L, that of
the galvanometer circuit and M the mutual inductuce, then the governing
equations are the following -

dip dig . -0
L 7_.4.M ar +riptvy . (2)
s, dip | pr _
and L, 3t +MU - +Riy=0 - (3)

where 4, = current in the glvanometer circuit, R = tctal resistance in the galvano-
meter cirouit,
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Eliminating dip/d¢t between the equations (2) and (3) and then substituting v,
by the value as obtained from equation (1)

(LL,—M?) ”dL; LR ig— M(r-rp)ip = —Mucge-tl" . @

Differentiating equation (4) and then eliminating dip/di with the help of equation

3),

A.%+B. ‘fl’_'?+0i,= ifﬁ et e ()
where
A —= LL,—M?*
B = LR+(r+rp) . L,.
C=(r4rp). R

(b) Solution for i, with large plate resistance rp

T4 will, at this stage. be desirable to make such approximations as will apply
to tho present casc. The quantity 7, is of the order of 105 ohms. There is no
need for 7 to have more than a protective significance. 1In view of this large value
of rp, the auxiliary equation of the equation (5) will have the roots

— B gna— _tjlllﬁ

] L__L_
7

while the dominant term in the denominator of the particular integral will be
rp(R7:—LyT)

Thus, determination of complementary function and particular integral under
the above specification leads the solution of equation (5) into the form :

rpt

_B o
O 7-,',(_12%%L,})' [e_w'“" o Mg e T ] . (6)
and
; _Bt "
%‘—‘ iﬁlnglieoL}j’ . l:_e::/’_a f, o L —B r,;m e Lg J )
-1,

At t=0, ip=0 and ip=0

Henee from equation (6)

1+a+p=0. . 8
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and from the equations (4) and (7,

iy ) _ Mpc, _. Mpue, 1 aR fryp
(“a 0 LL,— M ;,,(Trr_‘L,)[ =7 'L,,‘*l-‘ |
-
~ —- Mpe, .- _/J:— ; (approximately)
Rr—1L,
L-—---
L,
sinee 1y is lavge.
Therefore,
Rr
=211
Ly
_ __ Ir .
and a = —(f+1) = — I by equation (8).
“y

Substituting these values of a and £ in equation (6)

Mpe, [,.-t/r_ T .c—R‘/L"4-(—%L

_ —1\g—Lot ptl(Zg— 1a2)
‘o rp(RT— L) 0 )e ]

v
()]
(c) Galvanometer deflection with negligible damping

Due to the curront #,. the galvanomecter,coil would be deflected through an
angle 8. If R be large enough so that the damping in the galvanometer cireuit
is negligible, then the differential equation giving 6, 18

- %0 JGE. Mpe [ oy BT _myL Rr ) —rpLgt(LL -M’)]

K 0 == 0 gyt 2T, 7 A | oLy v
LRty Ay 0 LR A +( L)

(10)

wheve K = moment of inertia of the suspended system and JG! galvanometor

constant.

Solving this oquation (10) under the initial conditions vz,

dy

=0
dt

b t=0, 0=0 and

° " L . .
and introducing the quantity 74 defined by 7p == R”’ the doflection ¢ is,
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T 0-‘/"’0 in 2mt —¢ \

S W U s si (T 1)

Togm | L T VT T

g Vg (1)
T . 2mt

LeEe]
( L )}

+41r21’,,

where 7' = free period of the galvanometer,

2nr 2
tan ¢, = T tan 6, = - 9
_ 4n® . JGY . Mue,
and W= " Or@r—Ly

The solution (11) has heen written on neglecting the term which involves the large
quantity 7,? m the denominator. The equation (11) gives 0 as a function of time
t; its maximum occurs when

7.e. when

L.e-—t/‘r _],_ (z) e-—!['r,
T ‘+‘fg ol .
T2 T2

' g

2m 2t 2nT 2mt
? cos ( —T-—‘ —¢]) 'TT’ cos (T '—¢2)

S T R T \F =
(el (et
In view of the complexity of the expression, it is probably betier to:)bt,ain the
maximum by plotting 6 against 1.
Now
w JGV . Mue,

i = Orp(Br—1Ly)

Since G represents the resistance of the galvanometer coil and B the resistance of
the secondary of tho traunsformer,

R = R.+G
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and 80

W = J.pey . G M
4n* oryT R +6 Ly
© —

Also for a given coil space in the secondary and a fixed primary, Lg is proportional
to the square of the number of turns and so to R,; hence Ly/7 becomes equal to
¢Re, whore g is the constant of proportionality.

Also M is proportional to Rt Thus for a given resistance R, of the
primary coil, @ = Ry(1—g) for o maximum and the maximum is proportional to
R/Rc. and so, isindependont of B, Of course, 0 involves @ and R, other than
ilrough W. However, the importance of G and R rclationship lies in W.

Now, JGi is the coofficient of current in the expression for couple per unit
angle of twist. Hence for a deflection 86 duc to a current dig,

030 = JG* . 8i.

If o be the current sensitivity of the galvanometer, then

80 JGt
o= _ = —
3i0 Jig c
and so
W oM
i

rpRT ( 1—11‘_'—)

This looks as though 0 tonds to become mfinite as 7y approaches 7; but it may be
notod also that as 7, approaches 7, the quantity inside the square bracket in
equation (11) tends to become zero. It is of interest to inspeet the order of

o Mue,
rpRT

If o be of the order of 10°, x = 10% and ¢, =105, thus remembering that ry) = 10°
and 7 = 10-, it may be seen that

oMpcy 10°X 102X 10 M _ o000 M
raRT 105 101 R

=

() Galvunometer deflection after « long wnderval of time

It is interesting to note the amplitude of oscillation long after the meident
pulse had been applied to the input terminals é.e. at t = .
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At t = oo, as follows from equation (11),

Voo = M—[( —JE— - —yL/w. )-—!-( _lz' - 1/_12 )] sin ({—g)

2 -2 -
%RT(I_T,) 142 14-y 142 |3
1 ylx

! 1422 l:i:y"

where tan ¢ z— - i
e TR
T _ I _ 2mt
=¥ T 21y’ $=—-

and Yy_T
x T,

(x and y are constants but ¢ varies with time ¢).

Hence the amplitude of 6, is

[0g] = . OMpey 1L 9)2* o (8+y/w) 2)] (12

rofir (1 ',«)L T Y ey

It is of interest to mvestigate |Og | for differcnt values of y and x.
Case 1

Lot y/x = 14y, such that 9* is negligible. If y =1, the result is indeter-
minate. Substituting this in cquation (12) and remombering that # is small,

9 ( @ 1 ) .

2\l — = — :

aMpuey l+:a:2 4= ]

O = — -
R 7 T+at

The radical vanishes, as 1t should, to the first order.

Case 11
Let yfx =10, z2=2, y=20.
Substituting these in equation (12)

_ oMpe, |1, 100 _ 2(400--10)
101 = o8y |5 T (17400) ~511400) i
oM e,

= -0 [0.24-0.25—-0 4)} ; .
rpR7(0.9) [0.240.25—0 4)t  approximately
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Therefore
101 _ 223
M pey 9
rpRT

Furthermore, let yjr = 10, 2 = 4, y = 40

In this case, by substitution in equation (12)

0| = IMiew 1 1600 2(1600 +40/4)

rpRT(09) 17 T T6(TF 1600)  (1--16)(1-F 1600)

~ oMpey 1Y imatoly
1R (0.9) ( Tai ) approximatoly
Hence
16] _ 0.625
oMue, 9
rpRT

Hence it is important to have x not so large. Remembering that where 7' = free
period of the galvanometer and 7, the time-constant of the grid system, it is ad-
vantageous to have the free period of the galvanometer to be small and the time
constant of the grid system correspondingly large.

Note : By making y/z very small, the quantity inside the square bracket
in equation (12). may be approximated to [1(1+22)]!  This is reasonable hecause
it 15 equivalent to lengthening 7 to some extent although the external factor
| —7,/7 is admittedly affected

te) Conclusion

The expression for 6 1n equation (11) suggests that the galvanometer deflection
18 & consequence of two components. (i) One of these decreases exponentially
with time, and (iz) the other varies sinusoidally with time, provided the galvano-
meter damping factor is negligibly small.

The exponential component dominates so long as the time ¢ is comparable with
the time constant of the grid system and also with the time constant of the
galvanometer ocircuit.

After a long interval, only the sinusoidal component persists. The ampli-
tude of this component depends upon the following :

(4) time constant 7 of the grid system
(43) free period 7' of the galvanometer
(#4%) time constant 74 of the galvanomoter-circuit.
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The amplitude may also be increased by decreasing the quantities T'/2a7 and 7/r,
Since 7' is fixed for a given galvancmeter, it is advantageous to increase both
7 and 7, to got a larger amplitude. Furthermore, it may be seen that the quantity
nside the square bracket in equation (12) is maximum when 7' = 2777 2 ¢
when the frec-period of the galvanometer is 27 times the geometric mean of the
time constants of the grid system and the galvanometer circuit.

It has been mentioned earlier that an increase in 7, 18 an advantage. This
can be done by decreasing the resistance I in the galvanometer circuit. However,
if R be diminished beyond a cortain limit, the damping factor in the galvanometer
will prevail which will nullify the equation (10) governing the galvanometer motion
(f) Solution without approximaiions

Tn the foregoing derivation, the solution for the galvanometer deflection
has been obtained under the following assumptions :

(7) the plate resistance r, of the vacuum tube is large m comparison with

similar elements in the circuit;
and (i¢) the damping factor in the galvanometer circuit is negligibly small,
Those approximations have heen removed in the following steps For the sake
of simplicity it will be convenient to adopt the following notations :
M2
LL,

9 =1—

w2 @mma)

= =74
T = time constant of grid system, 7, = Ly/R, Tp = Lf(r+7p).
T, = time constant of galvanometer circuit with L, coupled to L as in usc.
T' = damped galvanometor period divided by 2.
T = undamped galvanomector period divided by 27.
In terms of these notations, the solution of the equation (5), under the initl

conditions, v1z.;
'

diy ) = — Mpe,
£=0

at t=0, iy = 0, ip=0, and (717 goLLg

s ig= llgl/fe_o[e—f/f Ta.eth -m.e—*lh] ()
0
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where hy, = R(r+ry)r [1_ "1:+ "p"a' o '|’
_ 1 1
o = ’\n( TR ll,),
_ 1_1y\_

h
hr = 0 .
qoLLy
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Taking into consideration the damping of the galvanometer. the deflection

0 arising due 1o ig, satisfies the differontial oquation

df2 +bd0+ 6 — "G')'lM"“c[e—‘/’+a ) e—c//\,_}_ﬂ.e—LIt\,.]
0

where JG! is the co-efficient of 7, in the expression of couple and b. a constant.

In view of the relations

7% = Kfc, and b = 2K —ucg.

T, T,
the above equation of motion becomes
a0 , 2 do JGt M,u.e,,[ T —t[Ay _(/,\,]
@ tratnt = o
This equation when solved under the initial conditions viz.,

a0
= = —_— == O
at {=0, 6=0 and it

gives the solution

__oMue —tfs T T —tTsgin b _o—tT100s -
0—._.# e +(? _fl_).e lsmT, cosl,

¢~ A4 ( T TI ) . e~ UT gin %,—e—t/T‘ o8 -;T,

1 .
+a 12 T
AlTl Alz
~thy (T _T'\ =Ty . &t —4Ty t
¢ +(I;-T;)e ! sin e cosz,L
A e T -

AT, AP

(14)
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provided 7'y > 7',

i

where o = 'I_E! = Litgi, 0 gf- = galvanometer sensitivity,
’ 9
1 _ 1 711 1_{ 1 1 2—4g0}ﬂ]
4 24, ["a +r,, T v 7ot * Ty '
1 _ 1 711 1 1 2—4g, }a]
A, 29, ['r,, l_'r,,_l_{ Tg* + Tp® 1 TpTg

1t may be observed that the quantitics Ay, A, A, are practically always concerned
with the ratios such as 7'/A,, cte., and so should be calculated in these terms.

Thus,

_ 1 ™, _ T Vi
= g e+ St 400, |
and so on

The expression for 0 in equation (14) shows that the galvanometer deflection
consists of two components : .

() one decreases exponentially with time,

and (49) the other is damped during an oscillatory motion.

In the earlier analysis where the damping has been neglected, the oscillatory
component persists and exhibits a steady amplitude. But in the present case,
where damping effect dominates, the amplitude of the oscillatory component
decroases exponentially with time. As the damping of the galvanometer is de-
creased by increasing the total resistance R of the galvanometer circuit, the rate
of decrease of the amplitude of deflection of the coil diminishes.

EXPERIMENTAL ARRANGEMENT

Figure 2, is a diagrammatic representation of the experimental n,rr.':ngement.
Initially the key K is closed and a negative voltage (—v), equal to PD across the
potentiometer wire, is applied to the grid terminal of the triode vacuum tubo. The
condenser @, is also charged to the same potential (—v). When the koy K is
opened, the condenser C; discharges through the resistance E, and the grid volt-
age rises exponentially towards zero with a time constant 7 = R,C, = 10 milli-
seconds approximately. The shape of the voltage pulse, recorded with a Tek.-
tronix CRO is shown in figure 3A.

Due to the exponentially varying input voltage applied to the grid, the primary
ourrent in the transformer varies with time. Consequently an emf is induced
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in the transformer secondary and a current flows in the galvanometer circuit.
The shape of the current pulse as revealed by the voltage drop acrosstheresistance
R in the secondary circuit is shown by the oscillogram pattern in figuro 3B. Tt
may be noted that the output current pulse does not correspond with the sharp
cxponential incident voltage pulse pattern. The complexity of the nature of the
yalvanometer current pulse has already been discussed in an earlier section.

K
<
Osufo 1'
Figuro 2. BSch tic experi tal ar t

Figure 3A Oscillogram of mput voltage pulse.

The actual experimental set up for recording the galvanometer deflections
is schematically represented in figure 4. Light from a straight-filament lamp
is focussed by means of an adjustable system of lenses so that after reflection
at tho galvanometer mirror, a luminous vertical lino is formed on the cylindrical
lens. The latter focusses this light on a narrow horizontal slit behind which a
sonsitivo photographic paper is smoothly drawn at constant speed.
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Figuro 3B. Ouoillogram of ourrent pulse in tho galvanometer.
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Figuro 4. Galvanomoter deflection recording arrangement.

Figure 5A, is a photographic record of the resultant deflection when the
galvanometer is slightly underdamped, while figure 5B represents the case
when the damping factor is reduced by increasing the total resistance in the
galvanometer circuit. The oscillatoiy motion of the galvanometer spot of light
associated with its Jogarithmic decrement is recognizable in figure 5B.
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- . e e s
Figure BA. Photographic record of ‘slightly underdamped’ galvanometer deflection.
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Figure 5B, Photographio record ‘undamped’ galvanometer deflection
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Finally, the total rosistance of the galvanometer circuit is made equal to its
critical damping resistance. The galvanometer deflections can now be easily
recorded. Figure 6 represents the calibration curve for transicnt pulses measured
m our experimental set up. It may be noted that the calibration curve is no
longer a straight line as the input pulse is increased in magnitudo. This may
he due to the distortion introduced by transformer coupling and the consequence
of attonuating factors enunciated in earlier equations.

PC437230 s3avMOPTAIY B

T ¥ r -3

cmio velrnos =

Figure 6. Calibration curve for lransient mput voliage pulses.
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