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I. INTRODUCTION

The theory of the galvanometer, when used under the critically

damped condition as a detector of constant voltage in a circuit of

fairly low resistance, is given in papers by White x and Jaeger 2
,

published about 10 years ago. In these papers some of the equa-

tions which we shall use are given. However, we wish to consider

sensitivities to current and voltage impulses as well as to steady

current and voltage, and in order that the matter may be pre-

sented as a unit, the theory, in so far as it is needed in the design

of such galvanometers, will be given here. That is, we shall show

the relations between those constants of a galvanometer with

which the user is concerned and those constants with which the

maker is concerned.

1 Physical Review, 19, p. 305; 1904.

2 Zeitschrift fur Instrumentenkunde, 23, p. 261 and p. 353, 1903 ; and Annalen der Physik, 326, p. 64, 1906.
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The user is concerned with the period, the resistance which

must be put in series or parallel in order to give critical damping,

and the sensitivity to the quantity the galvanometer is used to

detect or measure. These will be referred to as the operation

constants. The maker is concerned with the inertia constant, the

damping constant, the restoring constant, the dynamic constant,

and the resistance—constants which depend upon the kind of

material used, the number of turns, the intensity of magnetiza-

tion, and the size and the proportions of the parts of the galvano-

meter. These will be referred to as the intrinsic or construction

constants. These two sets of constants are necessarily interde-

pendent, and a knowledge of the relations existing between them
is necessary for an understanding of the subject of galvanometer

design. We shall, therefore, show in what manner each of the

operation constants depends upon the intrinsic constants.

These relations will then be used in establishing a procedure for

finding a set or sets of values for the intrinsic or construction con-

stants, such as will give previously selected or specified values for

those of the operation constants which pertain to the class of

work in which the galvanometer is to be used. The finding of

some set of values for the intrinsic constants which may be real-

ized in the construction without unnecessary difficulty, and which

will give the specified values for the operation constants, consti-

tutes what we call the general design of a galvanometer. The
matter will be considered primarily from the standpoint of the

design of moving coil galvanometers of high sensitivity, though

much of the discussion will apply equally well to the less sensitive

galvanometers with pointers and to galvanometers of the moving

magnet type. The way in which particular values for the intrinsic

constants may be realized, and other matters pertaining to what
we call the detail design, can not be considered in this paper.

II. THEORY
1. THE OPERATION CONSTANTS

,

Galvanometers are used critically damped in four distinct

classes of measurements, in each of which the quantity to be

detected or measured is different.

In the first (which we shall refer to as class A) it is the current,

or change in the current, in a circuit including the galvanometer.

The measurement of insulation resistance by the direct deflection

method using a fairly high voltage is an example of this class of
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measurements. Here the sensitivity which should be considered

is to current.

In the second (or class B) it is the change in the voltage in the

circuit in which the galvanometer is connected which is to be

detected or measured. The change in voltage in the galvano-

meter circuit, on reversing the test current through a bridge

which is not exactly balanced, is an example of this class of

measurements. Here the sensitivity which should be considered

is to voltage. 3

In the third (or class C) it is the quantity of electricity suddenly

passed through the circuit, including the galvanometer, which is

to be detected or measured. The comparison, of the capacities of

condensers by the ballistic throws given, when they are charged

to the same voltage and discharged through the same galvanometer,

and the comparison of capacities by the method of mixtures, are

examples of this class of measurements. Here the sensitivity

which should be considered is to impulsive rush of a quantity

of electricity q=\idt through the circuit including the galva-

nometer.

In the fourth (or class D) it is the time integral of the electro-

motive force in the circuit. Examples of this class of measure-

ments are the comparison of magnetic fields by the ballistic

throws they give, when a coil connected in series with the galva-

nometer is suddenly removed first from one field and then from

the other, or the comparison of two mutual inductances by
connecting their secondaries differentially in series with the gal-

vanometer and simultaneously reversing the currents in their

primaries, adjusting the ratio of the currents so as to make the

ballistic throw zero. Here the sensitivity which should be con-

sidered is to the fedt, where e (the voltage) is negligibly small

except for a very short time.

Besides the sensitivity to the quantity to be detected or meas-

ured the user of a galvanometer is concerned with the time

between the change which causes the deflection and the instant

when the deflection may be considered to have reached a constant

value; or, in the case of an impulse, the instant when the deflection

has reached a maximum value and must be read. We shall refer

to the first as the deflection period and the second as the ballistic

period.

3 Under any defiinite conditions the voltage sensitivity is equal to the current sensitivity divided by
the resistance. It, therefore, is not necessary to introduce the idea of a voltage sensitivity as distinct from

the current sensitivity. However, for those cases in which it is the voltage rather than the current which

is the quantity to be measured or which is the independent variable, the operation of the galvanometer

is much more readily understood if we refer to its voltage sensitivity rather than to its current sensitivity.
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In all cases the user of a galvanometer is concerned with the con-

ditions which give critical damping; that is, the conditions which

make the motion of the moving system just aperiodic (or just

deadbeat) . The damping often depends to a very marked degree

upon the resistance of the circuit into which the galvanometer is

connected. The resistance of the circuit (not including the resist-

ance of the galvanometer) in which the motion of the moving

system is critically damped will be referred to as the external critical

resistance. In most cases it is an important operation constant

of the galvanometer. If the apparatus with which the galvanom-

eter is being used has a resistance between the terminals to which

the galvanometer is connected different from the external critical

resistance, critical damping can be
t

brought about with most gal-

vanometers of the moving coil type and with some of the moving

magnet type. In some cases it is done by putting resistance in

series with the apparatus and galvanometer, and in other cases

resistance is put in parallel across the terminals to which the gal-

vanometer is connected.

Sometimes it is desired that the galvanometer be approximately

critically damped without special adjustment for all readings or

settings of the apparatus with which it is used, when the resistance

of the apparatus between the terminals to which the galvanometer

is connected varies with the setting through wide limits. This

condition is usually easily brought about by the use of two resist-

ances, one connected in parallel and the other connected in series

with the galvanometer. By a proper choice of the resistances, the

damping can be made very nearly critical regardless of the resist-

ance of the apparatus with which the galvanometer is used, but

to do so necessarily reduces the sensitivity very materially. It is

also possible to design a galvanometer so that, without a shunt or

parallel resistance, it will be approximately critically damped
when used in circuits of almost any resistance. This is accom-

plished by the use of suitable air dampers or by the use of an

auxiliary winding closed upon itself. Sometimes the winding of a

moving coil galvanometer is placed on a metal frame which serves

also as the auxiliary closed circuit winding. The use of an auxil-

iary winding makes the construction of a galvanometer to have a

high sensitivity to voltage or voltage impulse and a short deflec-

tion period much more difficult.

For general laboratory use it is desirable that the rate of change

of the damping (or, more specifically, the rate of change of the

deflection period) with the change in resistance of the external
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circuit shall be small. Its value, or something equivalent to it,

might be considered as one of the operation constants. However,

where a high or fairly high sensitivity is required it is better to

make the adjustments necessary to give critical or approximately

critical damping. Where this is done, the rate of change of the

damping with change of the external resistance is of but little

importance.

The operation constants with which the user of a galvanometer

may be concerned, and the symbols here used to represent them,

are as follows

:

R = the external critical resistance,

Td = the deflection period, •

Tb = the ballistic period,

Si = the current sensitivity,

Se = the sensitivity to voltage in a circuit having a resistance

giving critical damping,

S' e = the sensitivity to voltage in a circuit of resistance exceeding

the critical resistance,

Sq
= the sensitivity to quantity or Jidt,

Sn =the sensitivity to jedt in a circuit having a resistance giving

critical damping, and

S'n = the sensitivity to jedt in a circuit having a resistance in ex-

cess of the critical resistance.

For any one of the four classes of measurements we need con-

sider only the appropriate period and sensitivity, and usually the

resistance of the apparatus between the terminals to which the

galvanometer is connected, or the external critical resistance of

the galvanometer.

2. THE INTRINSIC CONSTANTS

As has been pointed out above, the values of the operation con-

stants necessarily depend upon the size, shape, and arrangement

of the parts of the galvanometer ; the kind of material used in the

construction; the intensity of magnetization, etc. That is, they

depend upon the values of the intrinsic or construction constants.

The intrinsic constants and the symbols here used to represent

them are as follows

:

K = the inertia constant (the moment of inertia)

,

D=the damping constant (the ratio of the drag or retarding

torque on the moving system to its rate of displacement,

with the circuit open)

,
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£/ = the restoring constant (the ratio of the restoring torque to

the displacement)

,

G = the dynamic or displacing constant (the ratio of the dis-

placing torque to the current) , and

Rg
= the resistance of the galvanometer.

Other symbols used and the quantities which they represent are

as follows

:

e = the voltage impressed in the circuit in which the galvanom-

eter is connected,

i = the current in the circuit in which the galvanometer is

connected,

$ = the angular displacement of the moving system,

/ = the time,

s = the resistance of the shunt across the galvanometer terminals,

r = the resistance in series with the galvanometer,

R' =the resistance in series with the galvanometer if in excess of

the external critical resistance,

r' = the resistance of an auxiliary closed winding,

g = the dynamic constant of an auxiliary closed winding,

V =the damping constant with the auxiliary winding open, and

j, I, m, n, and p= constants defined by equations (66), (72),

(49). (50), and (83).

3. OPERATION CONSTANTS IN TERMS OF INTRINSIC CONSTANTS

The equation generally accepted as representing the motion of

the moving system of a galvanometer 4
is

K%+D
tt
+ue = Gi «

where i is the current in the winding or coil. This equation,

however, is not in a convenient form, since as galvanometers are

generally used the current, *, is affected by the motion of the

moving system and so is not known. The current may, neverthe-

less, be expressed in terms of the impressed voltage, that is, the

voltage having its seat in the apparatus with which the galvano-

meter is used, the voltage generated' by the motion of the moving

system and the constants of the circuit.

As is well known, especially to those who are familiar with the

principles of operation of dynamo-electric machinery, that part

of the electrical power supplied to the galvanometer which is

converted into mechanical power is i times the generated or back

4 Gray, Absolute Measurements in Electricity and Magnetism, 2, Part II, p. 392.
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voltage. Also the mechanical power is the torque, Gi, times the

angular velocity, -77* Since these two quantities must be equal it

df)

follows, therefore, that the generated voltage is — G-rr- Conse-

quently, if r+Re is the resistance of the circuit and e is the im-

pressed voltage,

._ e G dB
l ~r+Re~7+Rs ~di

(2)

This value of i substituted in equation (1) gives as the equation of

motion of the moving system

G2 V0 , ™ Ge
-dt
+ue =TrR

s
(3)

If, for any reason, the galvanometer is shunted by a resistance, s
y

the current which would flow through the coil in case the impressed

€S
voltage onlywere effective, is—

, p , p anc* in case the generated

voltage only were effective, is —==—;

—

tt ~37* Where Re is the& J rs-rrRg + sRs dt s

resistance of the galvanometer and r is the resistance of the appa-

ratus with which it is used, or which is in series with the galva-

nometer, and in which there is the impressed voltage, e. Since the

current through the coil is equal to that which would flow as a

result of the impressed voltage only, plus that which would flow as

a result of the generated voltage only, it follows that for this case

the equation of motion is

Kd2° Jn 1

g(j + r)
\
de

1 no
Gse

1a

These may be considered the general equations for the motion of

the moving systems of galvanometers, excepting in those cases in

which it is necessary to take into consideration either the effects

of self or mutual inductance or of capacity. That the relations

are at least approximately correct has been verified by numerous
checks between values for constants found by using these relations

and those values found by other means. It must not be presumed,

however, that they are correct to a high order of accuracy, and
it is not necessary for the purpose of this paper that they should be.

Equations of the type of (3) and (4) are considered in elementary

textbooks on differential equations and in their solution there is

obtained the auxiliary equation

a2
} + ag +h=o
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in which /, g, and h are the coefficients of -r^'-jr and 6. The form

of the solution will depend upon whether

g
2> 4fh , g

2 = 4fh or g
2< 4fh

as well as upon what function e is of t. When some change is

made in the apparatus with which the galvanometer is used so

that e suddenly assumes a new constant value, or when the moving

system of the galvanometer is released from a deflected position,

the moving system takes up the new position in the minimum
time (and the motion is said to be just aperiodic or critically

damped) if the two roots of the auxiliary equation just referred

to are equal. That is, if

G2

r + R,

or if

+D = 2^KU (5)

The particular value of r which satisfies equation (5) is the

external critical resistance of the galvanometer and is designated

as R. Therefore it follows from equation (5) that

R - iwki5 -*• w
If the resistance of the apparatus with which the galvanometer

is used (measured between the terminals to which the galvanometer

is connected) is less than the external critical resistance, then

critical damping may be brought about by connecting the proper

amount of resistance in series with the galvanometer. If the

resistance of the apparatus with which the galvanometer is used

is more than the external critical resistance of the galvanometer,

critical damping may usually be brought about by connecting a

resistance, s, of suitable value in parallel with the galvanometer.

In this case the value of s must be chosen so that

sR'/(s +R')=R (7a)

where R' represents the resistance of the apparatus.

If the galvanometer is critically damped without the use of a

parallel resistance, it follows from equations (3) , (5) , and (7) , that

Jgg+2Vg^ +^- (aVgg" P)<
(8)
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If a parallel resistance is used to bring about critical damping, it

follows from equations (4) , (6) , (7) , and (7a) that

K^+2^Kudjf
+ ue^G2 - 2R^+DR^

(9)
at at K Lr

and if conditions are such that the galvanometer has no appre-

ciable effect upon the magnitude of the current, i, in the main

circuit, then

K^ +^mde +ue ^(P- 2RgmJ +DRg)i

dt2 dt G

Here, since the galvanometer is shunted, i is not the current in its

winding or coil.

Equations (8), (9), and (10) are the general equations for the

motion of the moving systems of critically damped galvanometers

and are the equations on which the work which follows is based.

Equation (8) applies in case critical damping is brought about with-

out the use of a shunt, and the impressed voltage is the independent

variable. Equation ( 1 o) applies in case the galvanometer is shunted

to bring about critical damping, and the current may be consid-

ered the independent variable. Equation (9) applies in case it is

necessary to use a shunt to bring about critical damping and

when the impressed voltage, rather than the current, must be

considered the independent variable. Equation (9) applies in the

cases which are intermediate between those to which equation (8)

applies and those to which equation (10) applies.

Following a change in the value of the voltage or current from

one steady value to another, there results a change in the steady

deflection. If the change in voltage is Ae, or current is At, and the

resulting change in the steady deflection is A0, the ratio of Ad

to Ae, or to Ai, is the sensitivity. Since, when the deflection

d29 do
becomes steady, both -^ and -r? are zero, inspection of equations

(8), (9), and (10) shows that

„ 2^KU-D
5e= GU (II)

G2 -2Rg^KU +DRg
* 9

~
R'GU U;

c G2 -2Rg^/KU+DRg ,Si= qU (13)

50239°—16 4
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where Si is the sensitivity of the galvanometer to current when
connected in a circuit of high resistance, Sc is the sensitivity of the

galvanometer to voltage having its seat in apparatus of resistance

equal to the external critical resistance of the galvanometer, and

S' e is the sensitivity of the galvanometer to voltage in appa-

ratus having a resistance R' in excess of the external critical

resistance of the galvanometer, so that the galvanometer must be

shunted to bring about critical damping.

If, instead of the voltage or current assuming a new constant

value, it assumes a fairly large value for a very short time, after

which it becomes zero or assumes its former value, an impulse is

given to the moving system. If the time of the impulse is very

short in comparison with the time of throw, during the impulse

the second and third terms of the left-hand members of equations

(8), (9), and (10) are very small in comparison with the first, so

may be neglected. Then by a single integration over the time of

the impulse it follows that

de 2^/KU-D C ,

.

'

,

—J
edt (14)

dt G

dB G2 -2Re^/KU +DR

and

7
M G2 - 2Re-jKU +DRg C ;yK
dt G J

** (l6)

While here no consideration is given to self-induced voltage,

which may during a part of the impulse be of the same order of

magnitude as e, it may easily be shown that no appreciable error

is introduced on this account, unless the self-inductance is so large

that the electrical time constant of the circuit is appreciable in

comparison with the time of the throw of the moving system.

After the impulse the right-hand members of equations (8),

(9), and (10) are zero, so that for each of the three cases the

equation of the motion of the moving system is

:

*S +2V^S+W =° (17)

The solution of this equation (which is a special form of equations

(3) and (4) considered above) is as follows

:

e = C1
e-^uWt + C2

te-^uirt (jg)

where C\ and C2 are constants of integration and e is the base of

the Naperian logarithm. Here C1 is zero, since at the end of the



Wenner] Galvanometer Design 221

impulse both 6 and t may be considered zero. Differentiation of

equation (18) gives

-^L -C2
t^U]Ke-^^jKt + C2

€--yTm t

(19)

from which it follows that is a maximum when t — ^KjU or

that

Th = ^/K/U (20)

where Tb is the time of throw 5 or the ballistic period. It also

d6

dt
follows that C2 is equal to the value of -77 when t = o, which is the

value of -7- as given by equation (14), (15), and (16). The sub-

stitution of these values for C2 and t in equation (18) gives

e _ij d 1

fedt eGL
2 KU\S* = T^J+ = 7ri\ 2 -WTT\ (2i )

_e_ G2 -2i?gvS » = fedt= eR'G^KU K*2)

_e_ g>-2ReJku+dr9
Sq =

Jidt = T^jWu
(23)

where is the maximum value of 6 or the magnitude of the

ballistic throw, and Sn , S'n , and Sq are the sensitivities to voltage

and current impulses.

From equation (18) it will be seen that the deflection reaches a

maximum and then becomes zero after a long time. However,

when t = (27r + i)^KIU the deflection has passed and is then only

a little more than 1 per cent of its maximum value. Since, in

returning from the deflected position, the motion follows the same

law as when e is suddenly changed from one constant value to

another, the system accomplishes nearly 0.99 part of its final

steady deflection in a time equal to 2ir^/K/U. For most purposes

one is not concerned in reading deflect-ions to as close as 1 per cent,

so we shall consider that

rd = 27rVx7Z7 (24)

where Td is the deflection period. That is, we shall consider the

deflection period to be the same as the complete undamped period.

5 The effect of damping, especially critical damping, upon the time of throw or ballistic period and upon
the ballistic sensitivity is discussed by Stewart, Physical Review, 16, p. 158, 1902. The effect of the damp-
ing by the current in a circuit of low resistance resulting from the voltage generated by the motion of the

moving system is discussed by Jones, Proceedings of the Physical Society, 26, p. 75, 1914.
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Collecting the equations representing the relations 6 between

operation and intrinsic constants gives

R __&-Rs{2jKU-D)
2^Jku-d

5J

Td = 27njK/U (26)

t^tJk/u (27)

Se =^f^ (38)

&-Rg(2jKU-D)a e_ Wgu K29)

Si
^-Rg (

2(

VKU-D)
(3o)

u
"J2-"7^T7l (31)

eG[_ -y/KU.

G>-Rg(2^KU-D)
•bn_ eG^KUR' (32)

G*-Rg(2TJKU-D)

It may be of interest to note that in case D is very small in com-

parison with ^KU
*> Ik

S° =G\U (34)

and

and in case D = 2^KU

Si =~ (36)

S«
=^m (37)

that is, the relations are much simpler than in the corresponding

equations above.

6 It should be understood that the magnitudes of the operation constants are to be expressed in th«

system of units in which the intrinsic constants are expressed and not in the units usually employed.
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4. RELATIONS BETWEEN OPERATION CONSTANTS

The fact that a galvanometer has but five intrinsic constants is

evidence that all of the relations given by equations (25) to (33)

can not be independent and that there must be some relations

between the operation constants. An inspection will show that

there is a simple relation between the ballistic and deflection

periods, and between the four sensitivities. Expressing the other

operation constants in terms of R, Td , and S gives

S'e=-g}S e (39)

Si =RS e (40)

Sn=—jT- (41)
el d

c , _ 27rRS e R r , x

* n ~R'T d e -R'** U2)

2irRS e

ei d

These equations show what should be expected from a galvano-

meter intended for use in class B work, if used with apparatus

having resistance between galvanometer terminals in excess of the

external critical resistance of the galvanometer, or when used in

class A, C, or D work.

The way the sensitivity changes as the resistance of the appa-

ratus (between galvanometer terminals) increases, keeping the

damping critical either by resistance in series or in parallel, is

shown in Fig. 1. The point where the direction of the curves

changes abruptly is where it is necessary to change the resistance

from series to parallel to keep the damping critical, or where the

resistance of the apparatus is equal to the external critical resist-

ance of the galvanometer.

III. GENERAL DESIGN

1. NUMBER OF OPERATION AND INTRINSIC CONSTANTS

Equations (25) to (33) give the relations between the operation

and intrinsic constants; that is, they enable one to calculate the

values of the operation constants for known values of the

intrinsic constants. But in the general design of galvanometers
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the problem is to find values or sets of values for the intrinsic

constants such as will give specified values for the opera-

tion 7 constants. An inspection of the equations shows that as

they stand it would be difficult to use them for this purpose. For

example, consider the design of a galvanometer for use with a

bridge having a specified resistance between the terminals to which

the galvanometer is to be connected, to give a specified deflection

per unit of voltage which would be between the galvanometer

terminals of the bridge with the galvanometer circuit open, and to

\
\
\

\

\

1 2 3 4 5 6 7 8 9 10 1 LO 1 20 1 30 1 tO 15

RESISTANCE OF APPARATUS - 0HM8

Fig. i.—Curve showing how the sensitivity to voltage changes as the resistance of the

apparatus, with which the galvanometer is used, is changed. The curve appliesfor a

galvanometer having an external critical resistance of 40 ohms and a sensitivity of 10

millimeters per microvolt

come to rest in a deflected or zero position in specified time. The

problem, then, is to find a set of values for the intrinsic constants

such as will give the specified values for R, Td , and S e .

7 The values of the five intrinsic constants of a galvanometer may be determined from measurements

of five independent operation constants, or if one or more of the intrinsic constants is measured directly,

then the remaining intrinsic constants may be determined from measurements of four or fewer independent

operation constants. The equations representing the relations between the intrinsic constants and the

measured operation constants may be used for calculating the values of the intrinsic constants necessary

to give previously selected values for operation constants. For example, we have the equations given

in this Bulletin, 6, p. 361, 1910. These could be used for determining values for the inertia constant, the

damping constant, the restoring constant, and the dynamic constant necessary to give previously selected

values for the alternating-current sensitivity, the alternating-voltage sensitivity, the direct-current sen-

sitivity, and the resonating frequency; the value for the resistance of the galvanometer being chosen

arbitrarily.
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The relations between the operation constants and the intrinsic

constants are given by equations (25), (26), and (28). However,

it will be seen that one can not readily choose a set of values such

that when they are substituted in these equations they give the

value specified for each of the three operation constants. Even
if he should find a set of values which would give the specified

values for the operation constants, they would probably be such

as would make the detail design and construction unnecessarily

difficult. It is therefore desirable that the matter be investigated

for the purpose of establishing, if possible, a definite procedure for

finding values for the construction constants of galvanometers

such as will give specified values for the operation constants, per-

taining to each of the four different classes of work considered

above. It is also important that the procedure enable us to know
definitely the limits to the values for each of the intrinsic constants

and something of the relations between them.

It has been shown above that there are only three independent

relations expressed by equations (25) to (33). It has also been

pointed out that for any class of measurements the user of a gal-

vanometer is concerned, at most, with only three operation con-

stants, while the galvanometer has five intrinsic constants. This

suggests that possibly values for two or more of the intrinsic

constants may be chosen arbitrarily 8 or within limits and values

then calculated for the others such as will give specified values

for the operation constants.

2. INTRINSIC CONSTANTS IN TERMS OF OPERATION CONSTANTS

An inspection of equations (25) to (33) shows that all can be

satisfied with a zero value for both the resistance, Rg , and the

damping constant, D. But the construction of a galvanometer

for which either Rg or D is zero is impossible, though in some cases

either or both may be made so small as to have no appreciable

effect. If, however, the galvanometer is to have a high sensitivity

to voltage or voltage impulse in a circuit of low resistance, then

neither can conveniently be made so small that its effect may be

neglected.

Considering the external critical resistance R, the deflection

period Td , the sensitivity S e , the resistance Rg , and the damping
constant D as fixed, a solution of equations (25), (26), and (28)

8A consideration of the matter from the standpoint of the power available for producing a deflection,

the deflection period, and the energy necessary to produce a deflection shows that, in many cases, a value

for none of the intrinsic constants other than the resistance can be chosen arbitrarily, except within limits.
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for the inertia constant K, the restoring constant Z7, and the

dynamic constant G, shows that the values for these constants are

complex (contain a real and imaginary part) unless

In any design possible of construction, therefore, D must have a

value less than this maximum which depends upon the values

desired for the operation constants and the value chosen for the

resistance Rg , which, however, has no definite upper limit. The
values for Rg may, therefore, be chosen entirely arbitrarily, while

the values for D must be chosen less than a certain maximum.
Values for others of the intrinsic constants, instead of these two,

may, within limits, be chosen arbitrarily, but the relations 9 obtain-

able from equations (25), (26), and (28) which give most promise

of being of use in the design of galvanometers for use in class B
measurements are

d=^s7r (45)

K=^sM (46)

where
m=R/(R+Rg) (49)

and

H = K[ 1 ± Vi - 47r
2DS e

2R/Td
2m] (50)

The ± sign in equation (50) shows that even after values are

chosen for Rg and D there still remains a choice between two sets

of values for K, U f
and G. It will be seen, too, that if D is small

in comparison with its maximum possible values, each value in one

set is much smaller than the corresponding value in the other set.

9 Equations somewhat similar to (45) to (48) were published by Jaeger (Anaalen der Physik, 326, p. 76,

1906) and discussed briefly with reference to changes in a particular galvanometer necessary for a certain

change in the period and total critical resistance. Later Diesselhorst (Zeitschrift fur Instrumentenkunde,

31, p. 250, 1911) used the same equations for finding values for the inertia constant, the damping constant,

the restoring constant, and the dynamic constant necessary to give chosen values for the sensitivity, the

period, the total critical resistance, and a factor depending upon the logarithmic damping on open circuit.

Neither of these authors separates the resistance of the galvanometer from its total critical resistance.

That is, they do not make a complete distinction between those of the operation constants with which
the user of the galvanometer is concerned and the intrinsic constants, and, as the equations are stated,

it would seem that an unnecessary condition is imposed on account of the way the factor depending upon
the logarithmic decrement on open circuit enters. In reality no unnecessary condition is imposed, since

the user of a galvanometer does not care what the decrement on open circuit is and, consequently, the

designer may choose any value for the factor which seems easily realized in the construction.
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If the smaller values are chosen, the construction may be much
more difficult and the completed instrument may be much more
delicate than is necessary, considering the values for its operation

constants and the values chosen for its resistance and damping
constant. Galvanometers in which more than half of the critical

damping is caused by the current which flows in the main winding,

as a result of the voltage generated by the moving system, have

the larger values for K, U, and G; others have the smaller values.

From the standpoint of the design there is a decided difference,

depending on whether the + or the — sign, which occurs here and
later, is used, and sometimes it will be desirable to use one and
sometimes the other.

In the design of galvanometers for use in class A measurements

the relations obtainable from equations (25), (26), and (30), which

give most promise of being of value, are

«5S? (5.)

where
m=RI{R+Rs) (55)

and

p = K[ 1 ± V 1 - 4K2Si 2D/Td'Rm] (56)

Here, in case T2Rm is very large in comparison with ^tt
2S 2D and

the negative sign of equation (56) is used, expansion of the radical

shows that p may be considered equal to 7r
2Si

2D/Td
2Rm . This value

of p substituted in equations (52), (53), and (54) gives

47T

U =f (58)

G^ (59)

These equations 10 may also be obtained directly from the relations

D = 2tIKU, Td = 2ir^/K/U and Si =G/U (60)

10 In equations (59) and (75) we have considered that m=i, which we may do, since R is large in com-
parison with R£ or there is a condenser in series in the circuit.
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which apply in case the instrument is critically damped with the

main galvanometer circuit open.

In the same way, it follows from equations (25), (27), and (31)

that the relations most likely to be of service in the design of

galvanometers for use in class D measurements are

u=¥tS?r (63)

where
m=R/(R+Re) (65)

and j=^[i±^i-e2DSn
2R/m] (66)

Finally from equations (25), (27), and (33) it follows that the

relations which give most promise of being of service in the design

of galvanometers for use m class C measurements are

D<§^ (67)

k - 2JW (68)

2RmlU =e^Tb
(69)

f 2RI

where

and
m=R/(R+R g) (71)

/= X [1 ±Vi -e2DSq
2/Rm] (72)

In case Rm is large in comparison with e
2Sq

2D and we use the

negative sign of equation (72) , expansion of the radical shows that

we may consider l = e
2Sq D/4.Rm. This value of I substituted in

equations (68), (69), and (70) gives

^ =— (73)

U-gr (74)

G =^ (75)
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Equations (57), (58), (59), (73), (74), and (75) apply only in

those cases in which critical damping is brought about under con-

ditions in which the voltage generated by the motion of the mov-
ing system has no appreciable effect upon the magnitude of the

current in the main winding. If the damping is supplied mainly

by a current induced in an auxiliary winding closed upon itself,

and if g and r' are its dynamic constant and resistance, and D'
is the damping constant with both main and auxiliary winding

open, the constants of the auxiliary winding must be such that

9
p =2^KU-D> (76)

If the galvanometer is to be used in a circuit whose resistance,

R' +R8 including that of the galvanometer, is not excessively high,

then for critical damping it is necessary that

It should be noted that the operation constants all appear on

the left-hand side of the equations, and also that those of equa-

tions numbered (45) to (50) pertain to class B measurements,

those of equations numbered (51) to (59) pertain to class A meas-

urements, those of equations numbered (61) to (66) pertain to

class D measurements, and those of equations numbered (67) to

(75) pertain to class C measurements.

These equations show the maximum value the damping con-

stant of a galvanometer can have and have chosen values for its

resistance, external critical resistance, period, and sensitivity.

They also show what values the inertia constant, the restoring

constant, and the dynamic constant must have in order that a

galvanometer may have chosen values for its resistance, damping
constant, external critical resistance (and in some cases the resist-

ance of the apparatus with which the galvanometer is to be used)

,

and the particular period and sensitivity with which we may be

concerned. The equations may, therefore, be used in the general

design of galvanometers.

3. PROCEDURE IN THE GENERAL DESIGN

Since a value for the resistance of the galvanometer may be

chosen arbitrarily and any value taken for its damping constant,

less than a certain maximum shown by the first of each set of

equations, much is left to the judgment of the person making the

general design, and the difficulties encountered in the detail
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design and construction and the performance of trie galvanometer,

in matters other than the values of its operation constants, will

depend in no small degree upon the judgment used.

In carrying out a general design the first thing to do is to choose

a value for the resistance of the galvanometer, and if one is

entirely at a loss in the matter, he may take it equal to that of

the rest of the circuit in which the galvanometer is to be used,

that is, take Rs equal to R. This makes m, which occurs in most

of the equations, equal to one-half. Using this value for m in

the first of the set of equations, pertaining to the class of work

in which it is intended that the galvanometer shall be used, gives

the maximum value D can have. Taking D equal to half this

maximum value and using the -f- sign in the last equation of the

set makes n (or I or p or j) equal to 0.85. Using these values for

m and n the corresponding values for K, U, and G can readily be

calculated. This gives us a set of values for the intrinsic con-

stants such as will give the specified values for the operation con-

stants.

While it is not to be presumed that this particular set of values

will lend itself most readily to the detail design and construction,

it may be used in making a preliminary detail design. A little

consideration of the detail design will show, in most cases, that

the resistance of the galvanometer can, to advantage, be made much

less than the external critical resistance, and in a moving coil type of

galvanometer, of low external critical resistance, the larger part

of the resistance may be in the suspensions rather than in the

coil. Ordinarily, such a preliminary detail design will enable us

to choose revised values for Rg and for D, such that with the corre-

sponding values for K, U, and G they constitute a set of values

for the intrinsic constants which are more easily realized in the

detail* design and construction.

To get the best results in the general design of a galvanometer,

one should be reasonably familiar with the performance and con-

struction of somewhat similar galvanometers (know both their

operation and their intrinsic constants) and know fairly definitely

the properties of the materials available for the construction of

the proposed galvanometer. Usually the general design should

be considered as subject to slight modifications until, the size of

the mirror, the size of the wire, number of turns of and dimen-

sions of the winding, the strength of the magnetic field, the kind

of material, section and length of the suspensions, and most of the

details of construction are decided upon.
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4. DESIGN FOR CURRENT SENSITIVITY

Here the problem is to design a galvanometer which shall be

suitable for use in class A measurements, that is, in those measure-

ments in which the galvanometer serves to detect or measure a

small current in a circuit of high resistance. (See p. 212.) In

general, this resistance may be presumed to be so high that no

account need be taken of the effect of the resistance of the galva-

nometer, or of the voltage generated by the motion of its moving

system upon the magnitude of the current. Stating the situation

in a slightly different way, the power which can reasonably be

dissipated in the resistance of the galvanometer (Rsi
2

) plus that

which can be converted into mechanical power (i e' , where e' is

is the voltage generated by the motion of the moving system) is so

small in comparison with the power supplied to the circuit that no

account need be taken of it. We may, therefore, make the resist-

ance, or any other of the intrinsic constants, practically as large

as we please.

More specifically, the problem is to design a galvanometer to

be critically damped in a circuit of very high resistance and have

a certain deflection period and current sensitivity.

Equations (51) to (56), inclusive, give the relations which must
be satisfied in the general design. Here, R is the resistance which,

when connected in series with the galvanometer, gives critical

damping. With the galvanometer connected in a circuit of very

high resistance, it is the value of the shunt necessary to produce

critical damping. If there is a second winding for which the ratio

of dynamic constant to resistance is such as will, in itself, give

critical damping, then the shunt may be dispensed with, that is,

R may be taken as indefinite. There is, therefore, no definite

limit for the value of R. It is desirable, however, either to have

a shunt of only moderately high resistance or to dispense with it

entirely. If R is to be only moderately high, the first matter to

be decided upon in the general design is the resistance of the gal-

vanometer. In this choice much will depend upon the size and

properties (especially magnetic impurities and thickness of the

insulation) of the wire available for winding the coil; the size and

kind of wire available for the suspensions; the period, sensitivity,

size of mirror, and ruggedness of the instrument desired; and the

skill of the person who is to construct it. If the sensitivity is to

be high the winding should be of fine wire, the number of turns

should be fairly large, and the magnetic field should be strong.

However, there is little or no advantage in increasing the number
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of turns to the point at which the inertia constant increases as

rapidly as the dynamic constant.

Having decided upon a value for the resistance of the galva-

nometer, experience shows that the external critical resistance may
be chosen from 2 to 20 times R g , the resistance of the galvanom-

eter (10 to 100 times Rg if the deflection period is long). Next,

a value may be chosen for the damping constant D. This value

must necessarily be less than the maximum corresponding to the

chosen values for the resistances and specified values for the

deflection period and current sensitivity as shown by equation

(51). The corresponding values for the inertia constant K, the

restoring constant U, and the dynamic constant G may then

readily be calculated from equations (52) to (56), inclusive, using

the positive sign in equation (56). The preliminary values for the

intrinsic constants, found in this way, may be modified to suit

better the conditions met in the detail design.

As an example, assume that a galvanometer is desired to have a

deflection period of six seconds, a current sensitivity of 2000 mm
per microampere and be critically damped with a resistance in

parallel of 2000 ohms; that is, a galvanometer for which

Td = 6, Si = 2000, and R = 2000

Here the sensitivity and resistance are expressed in the units com-

monly used, while up to this point it has been assumed that all

quantities would be expressed in cgs units or in the same system

of units.

Expressing the current sensitivity in terms of the deflection on a

scale 1 meter in front of the mirror in millimeters per microampere,

the resistances in ohms, the deflection period in seconds, and the

intrinsic constants, other than the resistance of the galvanometer,

in cgs units, requires a change in the constant in the equations

expressing the relations between the various constants. Making

this change in equations (51) to (56), which give the relations

which must be satisfied in this case, they may be written as follows

:

D<^ (78)

K _ o.3,TJ*mp ^
v^2.7T*Rmp

(go)

G=
64 oooTARp
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where
ni=R/(R+Rg) (82)

and

P =y2 [i±^i-S iD/TRm] (83)

From experience with other galvanometers, we would judge

that it would be convenient to make the coil and suspensions

in such a way as to have a resistance in the neighborhood of

200 ohms. Using this value for Rg and 2000 for R, it follows

from equation (82) that
772=0.91

and using this value for m and the specified values for the opera-

tion constants, it follows from equation (78) that

L><o.oi6

Taking D = 0.008

gives, from equation (83),

£=0.85

Values for K, U, and G are then obtained from equations (79),

(80), and (81), using these values for m and p and the specified

values for the operation constants. Proceeding in this way gives

K = o.o2j, 77=o.oo8, £7 = 0.029

G = 330 000, and Rg = 200

These constitute a set of values for the intrinsic constants which

give the specified values for the operation constants.

These values for the period, current sensitivity, and external

critical resistance are those given by the Leeds & Northrup Co. 11

for their type of high sensitivity galvanometer. The value chosen

for the resistance, however, is considerably less than the value

which they give. Consequently, their values for the other intrinsic

constants must differ slightly from these values.

It is to be understood that these values for the intrinsic con-

stants would, in all probability, be changed slightly to better

satisfy conditions met in the detail design. However, a change

of a hundred ohms in the resistance of the galvanometer, so that

we could use a particular size of wire that might be available,

would not necessitate any very appreciable changes in the other

intrinsic constants. If, on considering the detail design, it should

be found that it would be better to have all the intrinsic constants

larger, all that would be necessary would be to choose a corre-

spondingly larger value for R.

11 See Leeds and Northrup, Bulletin No. 228.
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In designing a galvanometer to be critically damped without a

shunt, the simpler equations (57), (58), and (59) may be used.

Changing the constant of the latter to correspond with the unit of

sensitivity used here, these may be rewritten as follows

K = o.oSoTdD (84)

U = 3.*4D/Td (85)

G = i 57oo5iD/Td (86)

It will be noticed that the resistance of the galvanometer does

not appear here and that there are only three conditions to be

satisfied. Therefore, in addition to the resistance any other one

of the intrinsic constants may be chosen entirely arbitrarily. The
problem of the design, however, is not materially different from

that just considered, except that some means must be provided

for producing the necessary damping, since conditions are such

that the voltage generated by the motion of the moving system

can have no appreciable effect upon the magnitude of the current

in the winding. If this is to be accomplished by an auxiliary

winding closed upon itself, the constants of this winding may be

readily calculated after K and U are determined, providing D',

the damping constant with both main and auxiliary windings

open, is small in comparison with tJKU or is known approxi-

mately. From equation (76) it follows that the relation which

must be satisfied is

£-[2VWC-Z>']XlO> (87)

where g is the dynamic constant of the auxiliary winding in cgs

units and / its resistance in ohms.

In case one does not care to work out the details of a design to

such an extent as will give specified values for the operation con-

stants and yet wishes to construct a galvanometer having a high

current sensitivity and a short deflection period, he should make
the ratio of the value for the dynamic constant to the value for

the inretia constant 12 as large as practicable. This follows from

equations (84) and (86) , which shows that for this case

^2
=YXio-7

(88)

12 Mather, Philosophical Magazine, 29, p. 434; 1890.
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5. DESIGN FOR VOLTAGE SENSITIVITY

Here the problem is to design a galvanometer which shall be

suitable for use in class B measurements, that is, in those meas-

urements in which the galvanometer serves to detect or measure

a small voltage in a circuit of fairly low resistance. (See p. 213.)

The resistance of the galvanometer and, during the time the

deflection is changing, the voltage generated by the motion of its

moving system have a marked effect upon the magnitude of the

current, and consequently upon the magnitude of the torque

acting upon the moving system.

Usually the apparatus with which the galvanometer is used

(and in which, under definite conditions, there is a voltage to be

detected or measured) has a certain resistance between the

terminals to which the galvanometer is connected. If this resist-

ance is R and the voltage e, the maximum current that may be

drawn from these terminals is e/R and the power which may be

dissipated in apparatus connected between the terminals can not

under any condition be more than e2i^R. This, therefore, is the

maximum possible value for power available for producing a

deflection of the galvanometer.

However, except by a motion of the moving system, this elec-

trical power can not be converted into mechanical power. There-

fore, the amount of energy available for producing a deflection of

the galvanometer is T&e2
l<\R. The potential energy represented by

the deflection must necessarily be considerably less than this

amount, since the displacement of the moving system takes place

according to a particular law, as shown by equation (18), so that

the back or generated voltage is not, except at certain instances,

of the magnitude necessary for galvanometer to receive the maxi-

mum available power. Further, some power is lost in the resist-

ance of the winding and in air friction, and in the auxiliary closed

winding, if there is one.

The problem, therefore, is very different from that which has

just been considered. Instead of having all the power one might

care to dissipate in the resistance of the galvanometer and use in

producing a deflection, the amount of power available is definitely

limited. Consequently all possible ways in which the power is

used, such as in the resistance of the winding, in the damping

frame or auxiliary winding, in case there is to be one, as well as in

air friction and in twisting the suspensions or turning the magnet,
50239°—16 5
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it must considered. It might, therefore be better to speak of the

power sensitivity, or possibly the energy sensitivity, rather than

the voltage sensitivity. More specifically, the problem is the

design of a galvanometer to be critically damped when connected

to an external circuit having a resistance R, to have a certain

sensitivity 5 e to voltage in this circuit, and to have a certain

deflection period Td.

Equations (45) to (50) give the relations which must be satis-

fied. If the sensitivity is expressed as the deflection on a scale 1

meter in front of the mirror caused b}^ an impressed voltage of

1 microvolt, the resistances are expressed in ohms and the other

quantities are expressed in cgs units, these equations may be

written as follows:

(89)

(90)

(91)

(92)

(93)

(94)

where

and

L} < Tim= S e
2R

K = o^2Td
3mn

S e*R

U =
i2.yTdmn

S e
2R

G =
64 oooTan

Se

m =^R/(R S +R)

= K[ii:^i-DRSe2/Tilm\

The first thing to be done is to decide upon a value for Rs , the

resistance of the galvanometer. This value when substituted in

equation (93) gives a value of m. Then from equation (89) the

maximum possible value for D, the damping constant, is obtained.

Choosing a smaller value for D, a value for n is obtained from

equation (94) . These values form and n, and the specified values for

the operation constants substituted in equations (90), (91), and

(92) give values for the remaining intrinsic constants K, U, and G.

It will be observed that the higher the sensitivity and the shorter

the deflection period desired, and the higher the resistance of the

apparatus with which the galvanometer is to be used, and also the

higher the resistance of the galvanometer is made, the smaller 13

D, K, U, and G must be. For galvanometers of high sensitivity

and short period the difficulties met in the detail design and con-

struction become greater the smaller we attempt to make the

13 The value of G, however, is but little affected by the value of R, of Re , or of Td.
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inertia and restoring constants. In the general design of such

galvanometers we should therefore aim to keep these constants

about as high as is possible. Since particular values usually are

desired for Td , R, and S"e the only place where there can be much
choice is in the values of m and n, which should be kept as near

unity as is practicable. That is, the values for Re and D should

be so chosen that Rs is small in comparison with R, D is small in

comparison with its maximum possible value, and the plus sign in

equation (94) should be used. The procedure given here is one

that we have been using for the past three years, and a fairly

large number of general designs have been made. In a few cases

the corresponding detail designs have been worked out and the

galvanometers constructed.

For example, let us consider the general design of a moving coil

galvanometer to be critically damped with an external resistance

of 20 ohms, to have a deflection period of 10 seconds, and a sensi-

tivity of 20 mm per microvolt, that is, have

R = 20, Td = 10, and S e = 20

From experience in the construction of sensitive galvanometers

we know that for the suspensions of this galvanometer very fine

wire must be used, and that it would be difficult to make their

resistance much less than 10 ohms. We also know that there

need be no difficulty in making the coil so as to have a resistance

of less than 5 ohms. Taking Rs = i2 gives, from equation (93),

m =0.62, and this value of m gives, from equation (94), D <o.oo8.

From experience in the construction of somewhat similar galva-

nometers we know, if we are to use an approximately uniform radial

field with a coil 8 to 10 mm wide and 10 to 15 mm long, we would

have difficulty in making the damping constant much less than

0.004. Taking this value for D gives, from equation (94), n =

0.85. Values for the remaining intrinsic constants are then

obtained from equations (90), (91), and (92) by substituting

these values for m and n and the specified values for the operation

constants. This procedure gives as a complete set of values

i£ = 0.021, 12=0.004, U = 0.0084

G = 1 9 500, and R = 1

2

The galvanometers 14 which wre designate as type M have (with

certain adjustments) very nearly these values for their intrinsic

constants.

14 Wenner, Weibel, and Weaver, Physical Review, 3, p. 497; 1914.
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It may be of interest to notice that the maximum values possible

for the different intrinsic constants are as follows

:

K = 0.040, D = 0.008, U = 0.016

G = 23 000, and Rg no limit

and that K, U, and G can be made to have these values only in

case Rg can be made very small in comparison with R, and D can

be made very small in comparison with its maximum possible

value. It may also be of interest to notice that should a galvanom-

eter be desired having the same external critical resistance and
sensitivity but a deflection period only half as long, the inertia

constant would necessarily be only one-eighth as large. 15 Also

the suspension or restoring constant, instead of being larger,

would necessarily be only about one-half as large.

6. DESIGN FOR fidt SENSITIVITY

Here the problem is to design a galvanometer suitable for use in

class C measurements, that is, in those measurements in which the

galvanometer serves to measure a small quantity or current

impulse. (See p. 213.) Usually the current impulse results from

condenser charge or discharge, so that while resistance in the

circuit affects the duration, in most cases, it does not affect the

magnitude of the impulse.

Only where the resistance is excessively high, much higher than

there is any need for making the winding of a galvanometer, is

there any appreciable reduction in the throw because of the

resistance. The problem of the general design is therefore some-

what similar to that in which the sensitivity to be considered is

to current, except that the relation between the ballistic period

and the intrinsic constants is very different from the relation

between the deflection period and the intrinsic constants. More

specifically, the problem is to design a galvanometer to have cer-

tain particular values for its ballistic period and fidt or quan-

tity sensitivity, and be critically damped on open circuit or when

shunted with a fairly high resistance.

For example, consider the design of a galvanometer to be crit-

ically damped on open circuit, to have a ballistic period of two

seconds and an fidt sensitivity of 1000 mm per microcoulomb.

The problem, then, is to design a galvanometer for which

Tb = 2, R = 00 , and Sq = 1000.

15 For a quick-acting sensitive galvanometer the advantage of making the inertia constant much smaller

than has previously been customary is pointed out by Moll, Proceedings of the Koninkijke Akademie

van Wetenschappen te Amsterdam, 16, p. 149; 1913.
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Let us assume that we will make the resistance any value which

the detailed design shows will be convenient, and that we will

make K = 0.10 cgs units. Since the jidt sensitivity is expressed as

the deflection on a scale 1 meter in front of the mirror in millimeters

per microcoulomb, if the other quantities are to be expressed in

cgs units, then equations (73), (74), and (75), which apply in this

case, may be written as follows:

D = 2KjTh (95)

U =K/Th
>

(96)

G = 13600 SqKTh (97)

From these the values of D, U, and G may be readily obtained

by a substitution of the particular values of K, Tt>, and Sq . This

gives for the intrinsic constants

D=o.io, K = o.io, £7 = 0.025

G = 860000, and Re = any value

If the galvanometer is to be of the moving coil type and have

the pole pieces and core so shaped as to give practically a radial

field, we know from experience that the damping constant D f

(resulting mainly from air friction) is likely to be in the neighbor-

hood of 0.03 unless some effort is made to make it unusually small.

For critical damping the difference between D and D', amounting

to 0.07, must be provided for in some way. If this is to be by an

auxiliary winding closed upon itself, then from equation (76) the

relation between its dynamic constant g expressed in cgs units

and its resistance r' expressed in ohms must be such that

2

-,X io"a = o.o79 , _9 _

If conditions are met in the detail design which show that there

would be an advantage in having larger or smaller values for the

intrinsic constants, there would be no difficulty in finding a new
set differing widely from these yet giving the same values for the

operation constants.

For a galvanometer to be shunted so that critical damping is

brought about by current induced in the main winding instead of

an auxiliary winding, the problem of the general design is not

materially different. A value must be chosen both for the resist-

ance of the galvanometer and for the resistance of the shunt.

These, together with the values for the operation constants, give
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from equations (71) and (67) an upper limit for the damping con-

stant. Choosing a smaller value for the damping constant, values

for the remaining intrinsic constants may be calculated from

equations (68), (69), and (70). Here the constants of the equa-

tions must be changed unless all qauntities are expressed in cgs

units.

7. DESIGN TOR fedt SENSITIVITY

Here the problem is to design a galvanometer which shall be

suitable for use in class D measurements, that is, in those measure-

ments in which the galvanometer serves to detect or measure

small voltage impulses in circuits of fairly low resistance. (See

P- 213.)

Both the resistance of the galvanometer and the voltage gen-

erated by the motion of the moving system have a marked effect

upon the magnitude of the current (the latter, of course, only

while the deflection is changing) and consequently upon the mag-

nitude of the ballistic throw. The problem of the design is there-

fore somewhat similar to that in which the sensitivity to be con-

sidered is to voltage. The effects of the resistance of the winding,

of the damping on open circuit, and of the voltage generated by

the motion of the moving system are very similar. More spe-

cifically, the problem is to design a galvanometer which shall be

critically damped when connected to an apparatus having a cer-

tain resistance, have a certain sensitivity to a voltage impulse in

the apparatus, and have a certain ballistic period.

The relations which must be satisfied are given by equations

(61) to (66), inclusive. In case the sensitivity is expressed as the

deflection, on a scale 1 meter in front of the mirror, in millimeters,

per microvolt-second, the resistances are expressed in ohms and the

other quantities are expressed in cgs units, these relations may be

written as follows;

•>$& (M

u= nssR (loo)

G=MZf2/ (ioi)

m=R/(R+Rg) (102)

/- K[i ± Tji-DRSS/SAm] (™3)
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In carrying out any particular design the first thing to be

decided upon is the resistance of the galvanometer, and it will be

observed that, in general, the higher the value chosen for the

resistance the smaller all the other intrinsic constants must be

made. For sensitive galvanometers, difficulties are met in the

detailed design and construction if the inertia and restoring con-

stants must be small. It is therefore desirable to choose a value

for Rs which, if practicable, is small in comparison with R. Hav-

ing decided upon a value for Rg , a value must be chosen for the

damping constant, D. If practicable, this value should be not

more than half the maximum possible value as given by equation

(98) . A much larger value for D would require making K and U
considerably smaller.

For example, let us consider the general design of a galvanom-

eter to be critically damped in a circuit of 25 ohms, not including

the resistance of the galvanometer; to have a ballistic period of

1 second, and a sensitivity of 1 mm per microvolt-second. That

is a galvanometer for which

R = 2$ y
Tb = i, and Sn = i.

If the galvanometer is to be of the moving coil type, from

experience in the construction of similar galvanometers we know
that it would be difficult to make the resistance much less than

10 ohms. Taking Rg as 10 gives, from equation (102), 7^=0.71.

This value m gives, from equation (98), 0.038 as the maximum
possible value for D. Taking D =0.019 gives, from equation

( io3)> / = o.85. Values for the remaining intrinsic constants are

then readily obtained from equations (99), (100), and (101), and

we have as the complete set

K = 0.062, D =0.019, U = 0.062

G = 62 600, and Rg = 10.

With suitable material there should be little or no difficulty in

carrying out the detailed design and construction so as to obtain

very nearly these intrinsic constants. A consideration of the

detailed design would, no doubt, suggest some slight changes in

the general design.
8. DETAIL DESIGN

The detail design consists in deciding upon the number of turns

and shape of the winding, the size and kind of wire to be used, the

strength of the magnetic field, or the size, shape, etc., of the

magnet; the length, size, shape, and kind of material to be used

for the suspensions, the size and shape of the mirror, all so as to
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obtain for the intrinsic constants the values which the general

design shows they should have. It also includes devising some of

the procedures to be followed in the construction, means for

adjusting, a consideration of the general appearance, etc. In case

the galvanometer is to be of the moving magnet type, means for

astaticizing and shielding against outside magnetic fields, arrange-

ment of soft iron cores, if any are to be used, etc., must also be

decided upon.

If materials were available having just the form we should like

and having just the properties we should like, the detail design, and

also the construction of sensitive galvanometers, would present no

special difficulties. However, the materials available are gen-

erally not in the most suitable form and are more or less lacking in

the properties we should like them to have. The winding, which

should be nonmagnetic, is usually slightly magnetic in fairly weak
fields and more magnetic in strong fields, the wire available for the

winding and for the suspensions has resistance, the magnet steel

may not be capable of maintaining the desired field unless the

magnet is made larger or the air gap smaller than we should like,

the wire of the winding must be insulated and the insulation adds

to the mass and takes up valuable space, and even the air damps
the motion of the moving system and thus adds to the energy

necessary to produce a deflection. If the galvanometer must be

especially delicate, much will necessarily depend upon the skill

and even the temperament of the person who is to carry out the

construction. For these reasons many compromises must be made
so that the design may not be so much what is desired as what

seems most feasible under the particular circumstances. Such

compromises as are made must necessarily be made in such a way
as to retain those values for the intrinsic constants given by the

general design, except as the general design may be modified to

meet better the conditions encountered in the detail design or

construction.

Because the materials available may not be in a suitable form

or may not have suitable properties, the detail design and con-

struction may present serious difficulties or even be impossible of

realization. It is in the avoiding or overcoming of these diffi-

culties that real skill in galvanometer design and construction is

shown.

However, the detail design of galvanometers or of any particular

galvanometer is not a matter which could properly be considered

fully in this paper. In a previous paper 14 a brief detail descrip-
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tion is given of a particular type of instrument, and possibly in

later papers matters pertaining to detail design and construction

may be considered.
IV. SUMMARY

1. Attention is called to the fact that galvanometers are used

critically damped or approximately critically damped in four dis-

tinct classes of measurements, in each of which the sensitivity

with which the user is concerned is with respect to a different

quantity. In the first, it is with respect to current in a circuit of

high resistance; in the second, it is to voltage in a circuit of fairly

low resistance; in the third, it is to current impulse in a circuit

containing a condenser; and in the fourth, it is to voltage

impulse in a circuit of fairly low resistance.

2. A clear distinction is made between these sensitivities and

other operation constants in which the user of the galvanometer

may be interested, and the inertia constant, the damping constant,

the restoring constant, the dynamic constant, and the resistance,

these latter being the construction or intrinsic constants with which

the maker of the galvanometer is concerned.

3. It is pointed out that for any one of these classes of work the

user is concerned at most with but three operation constants,

while the galvanometer has five intrinsic constants. Hence, dif-

ferent values for the intrinsic constants may give identical values

for the operation constants; or, in the design of a galvanometer

to have particular values for its operation constants, values for

some of the intrinsic constants may be chosen arbitrarily.

4. It is shown that in all cases the value for the resistance of

a galvanometer may be chosen arbitrarily without interfering in

any way with the determination of values for the remaining

intrinsic constants such that the galvanometer will have the pre-

viously selected or specified values for the set of operation con-

stants pertaining to any one of the four classes of measurements.

However, in many cases, unless a fairly low value is chosen, there

may be difficulties in carrying out the construction.

5. For galvanometers to be used in the detection or measure-

ment of current in a circuit of high resistance or of current

impulse in a circuit containing a condenser, it is shown that in

addition to a value for the resistance a value for any other one of

the intrinsic constants may also be chosen arbitrarily; and values

may be calculated for the other three such as will give previously

selected values for the operation constants pertaining to either of

these two classes of measurements. This is in case the galvanom-
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eter is to be critically damped with the winding open-circuited.

In case a shunt is to be used to bring about critical damping, cor-

responding arbitrary choices in values may be made.

6. For galvanometers to be used in the detection or measure-

ment of voltage or voltage impulse in circuits of fairly low resist-

ance, it is shown that when a value is chosen for the resistance an

upper limit for the damping constant may at once be calculated.

Choosing a value under this limit, values for the remaining intrinsic

constants may readily be calculated to give previously selected or

specified values for the operation constants pertaining to either

of these two classes of measurements. Attention is called to the

fact that the higher the sensitivity and external critical resistance,

and the shorter the period desired, the smaller must be the inertia

constant and the restoring constant.

7. The detail design of a galvanometer, which consists in decid-

ing upon the size and proportions of the magnet; the size, shape,

and number of turns and size of wire for the winding; the size,

shape, and kind of material to be used for the suspension, and all

such matters, are considered briefly ; and it is pointed out that

much must necessarily depend upon the properties of the materials

available for use in the construction and, especially in case the gal-

vanometer must be delicate, much must also depend upon the skill

in manipulation of the person who is to carry out the construction.

This paper relates to a part of a general investigation of galva-

nometers which is being carried on by the author and Ernest

Weibel, who has made valuable suggestions concerning matter

discussed here.

Washington, December 30, 191 5.


