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place, the machine itself a:ffords excellent illustrations of 
these effects. The shower of pm·ple sparks that follow 
one another so rapidly that the images of six or eight are 
continually seen ; the sharp spark of the condenser dis
charge, which makes everything dazzlingly bright, aud 
whic;h takes place so quick:ly that the rapidly rotating 
wheel, as seen by its light, seems to stand still; the cascada 
of minute sparks that flows over the plate near the collect
ing combs; and the glow of light that tips every point of the 
combs,- are all light effects of the most interesting kind. 

337. The Brush Discharge. -Another very interesting 
light e:ffect is that known as the b1·usJ¿ discha1"[Je. It 
is obtained by 
drawing the tElr
minals two or 
three inches 
apart. The dis
tinct sparks will 
then cease and 
the discharge 
will take the Fio. 282 

form of Fig. 282. Near the positiva terminal the dis
chargEl is bright like au ordiuary spark, but about hali au 
inch away it branches out and becomcs a purple glow 
unti! the negative pole is reached, where thero arc a 
number of minute bright points. 

ExPERr~tENT 179.-Cover one side of a dry white pine board with 
a. heavy coa.t of shellac. Next place on this a layer of thi.J1 tinfoil and 
cover this with shellac, rubbing it down fast to the board. Dry thor
oughly and then with a sharp kuüe cut the tiníoil into squares a. 
quarter of an inch on a. side. Connect the tinfoil at the ends of the 
board with the terminals of the machine, and on sending the spark it 
will be seen to pass the en tire length of the tinfoiJ, causing a spa.rk 
.at every place where the conductor has been cut. 
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Boards like the one described can be made in any 
desil:ed shape, and a:fford excellent illustrations of the fact 
that if a discharge takes place along a broken conductor a 
spark will occm· at every gap. 

ExPERDIENT 180.-Take a piece of No. 30 magnet wire and with 
a knüe, or pair of cuttiug pliers, cut the wire every hali inch with

out cutting the insulation. 
Suspend this from the ends 
over the terminals of the 
machine, and when the 
machiue is put in motion 
every break in the wire 

-will fw·nish a brightspark. 
The illsulation covering 
the pieces of wire will hold 
them in place, and they 
can be made into many 

FIG. 283 fancüul shapes. 

338. The Discharge in Rare:fied Gases.-The electric 
discharge that takes place in the ai.r at ordinary pressure 
gives rise to a bright light and a sharp report. If the 
discharge takes place in a partia! vacuum, however, the 
light is very much softened and the discharge is a silent 
one. Glass tubes which bave terminals sealed in the 
glass, ~nd from which the air is partly exhausted, bave 
been made for the study of these phenomena, but as they 
are used mainly with the incluction coil the consideration 
of them will be deferred until that subject is taken up. 
The following experiment, however, illustrates the general 
action of such tubes :-

EXPERIMENT 181. -Hold the bulb of an incandescent lamp be
tween the terminals of a Holtz machine in a darkened room, and set 
the ruachine in motion. The lamp will be filled with a pale glow 
which will come and go in fiashes as long as the machine is turued. 
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339. The Discharge of the Leyden Jar Oscillatory.
From Experiment 175 the conclusion was drawn that the 
condenser discharge is in both directions. Other experi
ments verüy this conclusion and show that the discharge 
is an oscillation, the charge going fu·st 
in one direction and then in the other. A 

E This is analogous to what would take 
place in a U-tube, such as is shown in 
Fig. 284, ü it were :filled with water x.- ---------- -4J 

in the two arms to the points A and D 

B. If now the clamp at O is suddenly 
opened, the water will flow from the 
left side to the right, and instead of 
stopping at the levelline zy, will pa.ss 

-
a 

Fm. 284 

B 

on to ]) and E. The same thing now takes place in the 
opposite direction, and so continues alternating until the 
water finally comes to rest on the line zy. 

340. Atmospheric Electricity. - No on e who has observed 
both the condenser discharge from a Holtz machine and 
lightning, has failed to notice the similarity between 
them. The identity of lightning with the discharge of 
frictional electricity was proved by Franklin in 1752. 
In Figs. 285 and 286 photographs of both are compared. 

341. The Cause of the Clouds being Charged. - Experi
ment has proved that in some conditions of the atmos
phere the vaporization of water sends away the molecules 
of water vapor charged with a positive charge. As these 
molecules join .and forro clouds the potential rises. Sup
pose, for exarople, that one thousand molecules unite to 
form a ch·op. The volume of the resulting drop becomes 
one thousand times the volume of the molecule, but its 
surface is much less than one thousand times the surface 

I 
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of a molecule, and as the charge of electricity is on thc 
surface the potential is very much raised. 

This high potential positiva charge on the clouds in
duces a negative charge in the earth beneath it, and as 
soon as the difference of potential between them becomes 
great enough the spark, or lightning flash, breaks through 

FIG. 285 FIG. 286 

the air, taking the path of least resistance, and generally 
striking a tree or some other high object. It happens in 
some conditions of the atmosphere that the negative 
charge is induced in a neighboring cloud, and then we see 
a beautiful display of lightning between the two oppo
sitely charged clouds, and no damage is done by the 
discharge. , 
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342. Thunder. -Jn the case o f a lightning flash the air 
is t,he dielectric which is broken through, and since the 
velocity of the discharge is very great it leaves a long, 
irregular hole in the air t hat it has passed· thr·ough. As 
every square inch of ihe surface of this hole is pressed 
inward with a pressura of 15 lb. the walls corne together 
with a terrific crash. To a person who is near the flash 
the sound is that of a crash, but to one at some distance 
the direct report is mingled with its echo from the clouds 
and the earth, producing the deep, rolling sound that we 
call thunder. 

343. Lightning Rods. - Since lightning tends to ta,ke 
thc path of least resistance, metal rods are sometimes 
placed u pon buildings to protect them. These rods should 
be continuous, should terminate above in a number of 

. bright points, and should terminate below iu copper sheets 
buried in earth that is always moist. We have already 
seen that the effect of points is to discharge a cbarged 
body quietly. It is probable that the most effective work 
done by lightning rocls is in discharging the clouds quietly, 
and thus preventing the lightning stroke, instead of merely 
acting as a conductor when it comes. 

344. Sheet Lightning.- During the hot weather of 
summer there are very few nights in which one eannot 
observe the refiection, from clonds near the horizon or 
from the air itself, of flashes of lightning in a distant 
storm. The storm itself may be fifty miles or more away 
and entirely below ihe horizon. This form is often 
erroneously callcd lteat liglttning. 

345. The Aurora. - The. Aurora Borealis or Northern 
Lighis is the name given to beautiful light phenornena 
that are seen in ihe northern part of the northern hemi

ao.U>LEY's PIIYS. -19 



290 ELECTRICITY 

sphere. The general explanation gi ven is that the aurora is 
an electrical clischarge taking place in the upper regions of 
ihe air, where its density is much less than at the s urface 
o f ihe earth. . The position of the aurora and the dircction 
of its streamers seem to be definitely connected with the 

ma.guetic conclition of the earth; the streamers centeriug 
at the north magnetic pole as stated iu § 305, note. 

PRACTICAL QUESTIONS AND PROBLEMS 

1. How would you determine the kind of electricity with which a 

body is charged '? 
2. How would you prove that the :rubbing of two bodies together 

develops both kinds of electricity? 
3. How would you electrify a brass rod by friction? 

4. Why does the electric charge pass to the outside of a hollow 
conductor? 

5. Make drawings to show the electrical condition of an insulated 

conductor (a) when a charged conductor is brought near it; (b) when 

the conductor is touched with the fiu ger; (e) w heu the charged con

ductor is removed. 
6. What would be the effect of running a metal piu, connected with 

the eartb, through the glass plate of an electrophorus, until it almost 

or quite touches the disk when it is resting on the glass? Explain. 

7. Suppose four bodies, A, B, C, and D, to be placed as in Fig. 

287; A to bave a charge q = + 18, B to bave a charge q' = - 12, 
etc. Find the expression for 

!Z=+lS.AGlr------=20=-----ú>B q~-1.2 the action that will take place 
between these bodies along 
the lines gi ven in the figme. 

13 

_/u 
1{=+19 

D 

FIG. 287 

16 
8. Describe the physiologi-

cal effect of the discha.rge from 
a Leyden jar. 

9. A pith ball is placed 
q~-16 upon a metal plate connected 

O with the earth. A similar 
plate connected with the pos

itive pole of au electric machine is suspended over it. The pith ball 

ra.pidly passes u·om one pla.te to the other. Explain. 
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10. W hy can you not charge a Leyden jar heavily if you set it on 
a gloss plate? 

11. Suppose a flash of 
lightning is seen at a dis
tance of 4 mi. How long 
before the thunder will be 
heard, if the temperatura 
is 70° F . ? 

12. Suppose two con
ductors are as shown in 
Fig. 288. Touch B at C; 

B 
A 

D 

FIO. 288 

what happens? Touch B at n; what happens? Why can you not 
remove the + from B by touching it? 

LABORATORY WORK 

1. Suspend by silk thread, from an insulated support, a metal ball 
such as is used on the end of a curtain pole. :?~Iake 

four pith balls from the pilh of a burdock, and 
suspend them by silk threads from the same sup
port, so that they will rest against the metal ball. 
Charge the ball with a glass rod and explain the 
result. 

2. Cut out a piece of sheet lead the size of a 
nickel. Drive a sharp piu through the middle. 
Cut a wheat or rye straw a f oot or more long 

and stick a pith ball on each end. Glue a joiut cut from another 
straw to the middle of this for a cap, and balance it on the pin point. 
You have now an electroscope that will 
serve for a grea.t many experiments. 
Place it upon a piece of dry glass and 
it becomes insulated (Fig. 290). 

FIG. 289 

3. Charge the straw electroscope with 
a + charge from a glass rod rubbed 
with silk. Take rods of gloss, rubber, 
shellac, sealing wax, etc., and rubbers 
of silk, cotton, linen, flannel, catskin, 

Fio. 290 

etc., and determine the kinds of charge produced by rubbing each rod 
with the various rubbers. Arrange the materials used in the form of 
a scale such that every substance shall have a + charge if rubbed 
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with one below it in the scale and a - charge if rubbed with one 
above it. 

4. Prove with your electroscope that both kinds of electrification 
are produced when you rub two of the rods together. 

5 . Get three glass balls such as are used for Christmas decoration, 
and cover them with thin tinfoil or paint them with bronze or metallic 
paint. Snspend one by a small wire, one by a linen tbread, and on e 
by a silk thread. Holding the end of the thread in your baud, charge 
each ball from the machine, and by hringing the balls in tum near 
your electroscope test the relative conductivities of the wire, linen, and 
sil.k. Test the silk also after wetting it. 

6. Make an insulated stool by resting a boa1·d on four heavy 
tumblers. Let some member of the class stand u pon it a.nd take hold 
of one terminal of the machine. Let any one standing on the fioor 
present the knuckle 'to some part of the one on the insulated stool. 
Explain what takes place. 

7 . Suspend a bell from each terminal of a Holtz machine by a 
small chain. Between them suspend a meta! ball by a sil.k thread. 

FIG. 291 

Remove the condensers from 
the machine, tw·n the handle 
of the machine slowly, and 
explain what takes place. 

8. Fill a bottle with 
smoke and lead into it tbe 
sharp end of a rubber-cov
ered wire, the other end of 
which is connected to one 
terminal of a IIoltz ma-

chine. Set the machine in motion and explain the results. 
9. On each side of a plate of glass 1 ft. square paste a piece of 

tinfoil 9 in. square. I-Iold the plate so that one of the tinfoil sm
faces will rest upon the palm of tbe band. Let a wire from one 
side of the macbine rest upon the upper tinfoil. Turn the machine 
a few times and remo ve the wire. Drop a penny upon the upper foil 
and then take it o:ff with tbe ú·ee hand. 

10. Smoke both sides of a pane of glass by holding it over burn
ing birch bark or camphor. Pla<:e this between the terminals of the 
Holtz machine and send a condenser spark over the plate. Study 
carefully the path traced. 



CURRENT ELECTRICITY 293 

ll.. On one side of a sbeet of glass cement (preferably with sbellac) 
a series of parallel tinfoil strips connected at alternate ends as in Fig. 
292. When tbe strips are thorougbly 
dry cut tbem tbrougb with a sbarp 
knüe, forming a figure of any shape 
you wish. Take it into a dark roorn 
and send a spark tbrough the strip 
uy connecting tbe terminals A and B 
with the two sides of tbe machine. 
The current will pass tbrough the foil, 
giving a bright spark wherever the 
circuit is hroken by a knife cut, and 
showing the outline of the desired 
figure. 

I 
I 
I 
I 

A 

B 
FIG. 292 

I 
I 
I 
I 

12. Take a photograph of the condenser discharge of tbe machine, 
as íollows. Set the machine in operation at night and when you bave 
a spark four or fiTe inches long focus it with the carnera. Put on the 
cap, put in the plate, draw tbe slide, and uncap the carnera. just after a 
discharge. Immedia.tely a.fter the next discharge cap the carnera and 
then develop tbe pla te with a developer which will gi ve pleuty o f density. 
A study of the print rnade from the negativa will be very interest
ing. Fig. 286 shows the photograph of such a discha.rge. 

JI. ÜURRENT ELECTRICITY 

346. The discharge of electricity that takes place when 
a spark passes between the coatings of a Leyden jar is an 
eleciric current. The time during which the cm·rent 
passes, however, is vel'y short, hence such a cunent is 
discontinu ous. 

Continuous cunents are produced whenever a con
ductor connects two points at which a di:fference of 
potential is constantly maintained. 

EXPERniENT 182.- Ma.ke a. solution of sulphuric acid by pouring 
slowly 10 c.c. of the acid into 100 c.c. of water. Place a strip of 
copper and a strip of zinc in the jar containing the dilute acid. As 
long as the plates are separated, the only action that takes place is the 
formation of a few hydrogen bubbles on the sut·face of tbe zinc plate. 
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As soon, however, as the two plates are brought in contact- which 
may be done by ben ding the plates as in Fig. 293- tbere is a rapid 
giving off of hydrogen from the surface of the copper plate. 

FIG. 293 FIG. 29! 

ExPERIMENT 183. -Solder a copper wire to a thin sheet of copper, 
and attach a binding post to a zinc battery plate. Repeat Experiment 
182 with these plates and observe that the change in the formation of 
gas takes place just when the copper wire is attacbed to the binding 
post on the zinc plate. Bring the connecting wire over and parallel 
to a magnetic needle, and the needle will be deflected as soon as the 
wire is touched to the binding post. 

347. The Electric Current. -In the above experiment 
the wire acq uires a new property. The cause of this new 
property is the passage of an elect1·ic current when the wire 
is joined to the zinc. The setting up of t he cm·rent in 
this case is due to the fact that the acid dissolves the zinc 
more rapidly than it does the copper and thus sets up a 
difference of potential between the plates, the zinc being 
charged negatively with respect to the copper, and the 
copper positively with respect to the zinc. As soon as 
the plates are joined by a wire, as in Fig. 294, the cmTent 
passes in the external circuit from the copper to the zinc, 
while the difference of potential is maintained by con
tinued chemical action in the cell. 
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348. The Poles of a Battery. - The apparatus just de
scribed constitutes a voltaic cell, or galvanic battery. The 
terminals of the plates to which the conductor is attached 
are called the poles of the cell, the zinc being the negative 
a nd the cop per the positi ve pole. When the pol es are 
joined by a conductor, the cell is on a closed circuit ; 
when they are not, it is on an open circuit. 

349. Chemical Action in the Cell. - The phenomena tak
ing place in the cell are practically as follows : When the 
zinc goes in to solution with the H 2SO 4 it do es so in the 
forro of ions, i.e. atoms or groups of atoms, charged with 
positive electricity. These zinc ions leave the zinc plate 
negatively charged by the separation, and displace the 
positiva hydrogen ions of the solution of II2S04, forming 
ZnS04• The ions of displaced hydrogen move toward 
the copper plate, and, discharging their positiva electri
city upon it, pass off in the form of hydrogen gas. In 
chemical symbols the action is as follows : 

Zn + H 2SO 4 = ZnSO 4 + II2• 

If the cell is on an open circuit, this action diminishes 
as the quantity of ZnS04 increases, and finally stops, 
having produced a difference of potential between the 
zinc and copper plates that constitutes the electromotive 
force of the cell. If the cell is on a closed circuit, the 
positiva charge on the copper plate discharges through 
the circuit and neutralizes the negativa charge on the 
zinc plate, producing an electric current, and the action 
is continuous. The migration, as it is called, of the II 
ions toward the copper, and of the SO 4 ions toward the 
zinc, is dependent upon the dissociation of the II2S04 into 

+ + -
hydrogen, I-III, and sulphion, 804, in the solution. 
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350. Local Action ; Amalgamating the Zinc. - W hen 
the strip of zinc was placed in the acid in Experiment 
182, hydrogen bubbles were given off from its surface. 
This is due to what is called local actíon, which is caused 
by impurities in the zinc, such as carbon or iron. 

The existence of these impurities can be proved by leav
ing the zinc in the acid for five minutes, when it 

A will be found covered with a black deposit that can 

FI0.295 

be wiped off. If a particle of carbon is at A (Fig. 
295), a local cm-rent will be set up between it and 
the zinc, and as a result hydrogen will be set free. 
In order to prevent this action, which reduces the 

~ 
surface of the plate for the main current, the zinc is 
cleaned by dipping it in dilute sulphw-ic acid and 

A then rubbing with mercury. This has the property 
of dissolving the zinc and forming a covering over 
the particles of car bon, as in Fig. 296, thus prevent

Fw.296 ing local action. 

351. Polarization of the Cell. - When the circuit is 
made in tbe simple voltaic cell it is noticed that, while 
bubbles of hydrogen rise to the surface of the liquid, the 
copper plate ís kept pretty nearly covered by them all the 
time. This has two effects : (1) to reduce the amo unt of 
sm·face of the plate exposed to the líquid., and (2) to re
duce the difference of potential between the plates. Both 
of these results tend to lessen tbe amount of current that 
can be sent by the cell. The usual way in which this 
difficulty is overcome is to use a kind of liquid that will 
oxidize the hydi·ogen before it is deposited on the plate. 

352. Different Forms of Cells.- There are many differ
ent forms of cells in use, and but few will be described. 
The cells geneA·ally used bave zinc as the metal to be acted 
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upon, and may be grouped in classes, of which the follow-
ing are types. · 

353. The Gravity Cell - of the crowfoot type -is 
shown in Fig. 297. A star-shaped group of copper 
sheets, surrounded by crystals 
of copper sulphate, is placed 
in the bottom of a glass jar. 
Water, to which a few drops 
of sulphuric acid have been 
added, is pom·ed in until the 
cell is nearly full, and then a 
zinc plate or "crowfoot" is 
hung from the upper edge of 
the jar. The Daniell cell, an 
early forro, had the zinc in a 
porous cup containing dilute 
sulphuric acid, while the copper 

FIG. 297 

and copper sulphate were in the larger glass jar in which 
the porous cup was placed. As the sulphuric acid acts 
upon the zinc, zinc sulphate is formed, and since this is 
lighter than copper sulphate, they keep separata in thc 
gravity cell without the porous cup. Since polarization 
does not take place in this cell, it maintains a practically 
constant difference of potential at its terminals, and is 
mtpable of giving a constant current. This is the cell 
ordinarily used for telegraphic work. With zinc sulphate 
the reaction may be expressed as follows : 
Beforeaction: (a) Zn+(b) ZnS04 1l (e) CuS04 +(d) Cu. 
After action : 

(a - 1) Zu + (b + 1) ZnS04 1l (e - 1) CuS04 + (d + 1) Cu. 

In these expression~ the parallel lines represent the line 
of separation between the zinc sulphate and the copper 
sulphate. The action may be described !lS follows: 'l'he 
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zinc goes into solution because the force tending to bring 
the Zn ions into solution is greater than that tending to 
bring the Cu ions in to solution. The stronger the ZnSO 4 

solution, the more will it react by osmotic pressure against 
the solution tension that forces the Zn ions into solution, 
and the stronger the CuS04 solution, the greater will be 
the osmotic pressure that causes the copper ions to be 
precipitated upon the Cu plate. 

When this cell is in good conditiou the blue solution of 
copper sulphate should fill the jar to a little above the 
middle, and the line of separation between it and the zinc 
sulphate solution should be clearly defined. If the cell is 
unused for some time the copper solution will reach the 
zinc and copper will be deposited upon it. The cell can 
be brought back to its proper condition by short-circuiting 
it, that is, connecting the two terminals by a short piece 

of wire for a few hours. 
As the water evaporates, the zinc 

salphate prystallizes in the form of 
white crystals around the edge of 
the jar, and unless this is coated 
with paraffin, the crystals will form 

..._ over the top and down the outside 
of the jar. 

354. The Leclanché Cell (Fig. 298) 
consists of a glass cell within which is 
placed a porous cup containing a bar 

FIG. 298 
of carbon, around which is packed a 

mixture of manganese dioxide and coke. The top of the 
p01·ous cup is sealed to keep the contents in place. The 
carbon is the positiva pole and a rod of zinc placed in 
the glass jar outside the porous cup is the negativa. 
The líquid used is a solution of ammonium chloride (sal 
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ammoniac) . This cell polarizes rapidly and is sui ta ble for 
open circuit work only. It is largely used for electric 
bells and needs but little attention after it is once properly 
charged. 

355. The Bichromate Cell. - In this form of cell the 
chemical action upon the zinc goes on vigorously whether 
the circuit is open or closed, and for 
this reason the zinc is so arranged 
that it can be raised out of the 
liquid when the cm·rent is not 
needed. A common form is that 
known as the bottle form, shown in 
Fig. 299. Two plates of carbon are 
suspended from the top of the 
bottle, while between them is a rod 
carrying at its lower end a zinc plate 
that can be raised a)'lcl lowered at ,vill. 
Plunge batteries are frequently made 
of a number of rectangular glass jars, 
with the carbons and zincs so ar
ranged that they can both be raised 
from the liquid when notin use. 

FIG. 299 

The solution used may be either potassium bichromate 
or cru:omic acid, but the latter is the most convenient to 
make. The following formulas are simple and give satis
factory solutions. 

Potassium Bichromate S olution. -Dissolve llb. of potas
sium bichromate in 12 lb. of hot water. Add slowly, 
while stirring with a glass rod, 2 lb. of commercial sul
phuric acicl. Cool for 24 hr. before using. 

Okromic Acid Solution.- Dissol ve 160 g . of chromic 
acidin 1420 c.c. of water and add slowly, stirring all the 

while, 90 c.c. of sulphuric acid. 
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356. Electro-motive Force, Resistance, Current. - The 
difference of potential at the terminals of a cell when it is 

1rw. 300 

on open circuit is its electro
motive jo1·ce, or E.M.F. It 
is equal to the sum of all the 
differences of potential that 
exist when a cell is sending 
a cmTent. If we suppose a 
cell to be sen ding a cm·ren t. 
through the circuit from A 

to B, a, IJ, and back to A (Fig. 300), the sum of the dif
fetences of potential between A and B, B and a, a and 

IJ, and IJ and A is equal to the E.l\I.F. of the cell. The 
pmctical unit of E.M.F., and also of potential difference, 

is the volt. 
When the two poles of a cell are connected by a con

ductor, as in Fig. 300, a current is said, to fiow from tlte 
+ to the -. The practical unit of cm·rent is the ampere. 

If we connect the poles of .the cell by a short, heavy 
wire, and measure the current that passes, and if we then 
connect the pales with a lang, thin wire, and again measill'e 
the cm-rent, we :find that the greater current is passing 
in the :first case. S.ince we are using the same cell, the 
E. M. F. is unchanged, hence we can see that the wire has 
a certain property that determines the amount of current. 
This property is ca.lled ?'esistance, the unit of which is the 
ohm. The current of electricity passing along a wire is 
somewhat analogous to the fiow of water .in a pipe. The 
current or amount of water that fiows through a pipe 
depends upon two things: (1) the difference between the 
water levels at the ends of the pipe, or the "head " of 
water; and (2) the size and smoothness of the inside of 
the pipe. The " head " or dijfe1·ence of water pressure at 
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the two ends of the water pipe may be compareu to the 
diffe?·ence of potential, or difference of electrical pressure, 
at the ends of a wire; the resistance to the flow of water 
in the pipe, depending on size and roughness, may be com
pared to the resistance to the electrical current depending on 
the cross section an<.l material of a wire; and the resulting 
current of water may be compared to the electrical cu1-rent. 

357. Ohm's Law, formulated as the result of experi
ment, is of very great importance. It is to t he eficct that 
the relation between the elect1·o-motive jo1·ce, 1·esistance, and 
CU?'?'ent, may be expressed by the formula 

This may be written 

E 0 = -· 
R 

\ Tolts ~ 
Amperes = --, or .A=-· 

Ohms O 

(52) 

From this law we can find the current that a known 
E.l\LF. will send through a certain resistance, the resist
ance through which a known E . M. F. will sencl a gi ven 
current, or the E.M.F. requi.red to senda certain cmTent 
through a known resistance. The law may also ue applied 
to difference of potential instead of to E .l\1. F . 

358. Arrangement of Cells in a Battery ; Series Group
ing. - When two or more cells are coupled in series the 
copper of on e is joined 
to the zinc of the 
next, while the out
side copper and zinc 
forro the terminals of 
the battery, as A and 

Externnl Circuit 
FlG. 301 

B in Fig. 301. For this grouping the E . N_l. F. of one cell 
is added to that of the next, and the total resistance is the 
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sum of the resistances of all the cells; hence Ohm's Law 
will be written 

SE 
O= Sb+R' (53) 

in which S is the number of cells in series; b, the inter
na! resistance of each cell; and R , the resistances of all 
conductors and instruments through which the current 
passes. 

ExAMPLF.. Suppose 4 cells to be coupled in series, the E.M.F. of 
each to be 1.02 volts, and the in ternal resistance· of each 2.4 ohms, 
what CUITent will they send through au external resistance of 27 
ohms? 

e= ___§!i_= 4 x 1.02 = 4.08 = .111 ampere. 
Sb + R 4 x 2.4 + 27 36.6 

359. Parallel Grouping. - I n the parallel or multiple 
method of grouping, the coppers are all joined to one 

terminal and the zincs to ' $· $· $ ~ another. This g ives the 
~ , ~ same result as if all the 

plates were m one large 
...___¡_ _ __¡_ __ L,.____ cell. The E.M.F. is the 

Fw. 30
2 + samc as it would be for 

a single cell, while the internal resistance is less. Ohm's 
Law will be 

. E 0=---, 
.§_+R 
p 

in which Pis the number of cells in parallel. 

(54) 

Ex AMPLE.- Suppose the same four cells as in § 358 to be grouped 
in parallel and to be coupled to the sarne resistance. What will be 
the current? 

E 1.02 1.02 e= -b-- = ~ =-= .037 ampere. 
-+ R _:... + 27 27.6 
p 4 
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360. The Series and Parallel Grouping is a combination 
of the two methods given above. In Fig. 303, there are 
6 cells arranged 2 in series and 3 in paraU el. In Fig. 304 

FIG.303 FIG. 304 

the same 6 cells are coupled 3 in series and 2 in parallel. 
In every case N = SP, in which N is the total number 
of cells, S the number in series, and P the number in par
allel. Ohm's Law applied to this coupling is 

SE 
0= Sb (55) 

-+R p 
EXA~IPLE. - If the cells in Fig. 304 are the same as those used 

above, with the same externa! resistance, then 

C = SE = 3 x 1.02 = 3.06 = .10 ampere . 
.§.!!_ + R 3 x 2.4 + 27 30.6 
p 2 

The formulas given above for these different groupings 
are important, and are applicable to any form of continuous 
cm-rent generators, dynamos as well as cells. 

361. Arrangement of Cells for Maximum Current . - In 
order to get the maximum current from a battery the cells 
should be grouped in such a way that their interna! resist
ance will be as near as possible the external resistance of 
the circuit. This means that if R is large the cells should 
be grouped in series ; if it is small, they should be in 
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parallel; and if it is neither very large nor very small, such 

a grouping should be made as will make ~ = R , if possible. 

362. Ma:ximum Efficiency.-The arran gement for max
imum current is not the one for maximum efficiency, since, 
as the interna! resistance is equal to the externa!, just 
half the work of the current is spent in heating the cells. 
The efficiency will increase if the interna! resistance is 
made small compared with the ex ternal, for now the greater 
part of the work will be employed outsid.e the cell. With 
maximum current the efficiency is just 50 per cent. 

P RACTICAL QUESTIONS AND PROBLEMS 

1. Two cells each having an E.M.F. of 1.02 volts and au intern al 
resistance of 1.9 ohms are put in circuit with a bell and push button 

(Fig. 305), the resistance of which, wiLh 
the line wire, is 7.3 ohms. Find the 
cmTent when Lhe button is pushed. 

2. Draw a figure sbowing tbese cells 
coupled in parallel. What cmTent will 
they gi ve to the sarue bell circuit? 

3. Tbree cells, each having an E.M.F. 
of 1.9 volts and au in ternal resistance of 

FIG. 305 1.3 ohms, are coupled in series wiLh an 
external resistance of 12.8 ohms. What current will tbey gi ve'/ 

4. Wbat current will they gi ve ü coupled in parallel? 
5. Suppose the external resistance is .4 ohm instead of 12.8 ohms. 

F ind the CUlTent the same cells will give, (a) when coupled in series, 
(b) when couplecl in parallel. 

6. Sixteen cells, each having an E.l\if.F. of 1.8 volts and an interna! 
resistance of 1.7 ohms,are coupled to an externa! resistance of 2.1 ohms. 
Draw a figure of the cells coupled so as to gi ve maximum current. 

7. Draw a figure of the coupling that will gi ve maximum current 
with the same cells if the externa! resistance is 6.8 ohms. 

LABORATORY WORK 

1. Couple a voltmeter to the terminals oí every cell in the labo
ratory and make a record of the reading in eacb case. This reading 
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is the potential difference at the terminals of the voltmeter, and not 
the E.M.F. of t he cells, ihough the two di!Ier very litt.le. 

2 . Couple any two cells of the same kiud in series and read with 
the voltmeter. Does the reading sttbstautiate the statement of § 358? 
Couple all tl.utt you have of the sarne kind in series and read. 

3 . Couple Lhe same cells in parallel and read their voltage. Is the 
yoJtage changed by coupling in parallel? 

~. Couple a cell, an ammeter, and a resistance box in series as 
shown in Fig. 306. P ut iu a resis tan ce of 1 ohm and read the current. 
Change the resistance to 2, 3, and 4 
ohms successively aud read the current 
for each. Does the cnrrent decrease 
as Lhe resis tan ce increases '/ I s this in 
accordance with Oh m's Law? 

5 . Using six gravity cells, find what 
method of coupling gi ves the ma.ximum 
current, (a) when the externa! resist
ance is! ohm; (b) when it is 5 ohms ; 
(e) when it is 20 ohms. Try a number 

~-+-L...f--1 ~"tt------... 

b f"'ÓÓ 
o o 
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of different groupings for each case aud see whether the results are in 
accordauce with Formulas 53, 5-!, and 55. 

III. T H E EFFECTS OF THE CURRENT 

363. Heating Effects.- ExPERDIE~T 184.- Connect two cells 
of a plunge ba.ttery in series wiih a short piece of German silver wire 
No. 30. Plunge the zincs, and ihe wire will become red-hot unless 
you ha ve too long a piece. Use the same length of No. 30 copper wire 
a:1d repeat. Can you explain the reason for any diiTerence in the 

actiou? Repeat, using a lleavy ourrent. ¿ fill E nv.R<MENT 185. - Bo" a •hallow ho lo io 
-=se~ the middle of one face of a. square block. Fit 

~?JCU'\; the block with two binding posts and connect 
FIG. 307 them by a wire made of two pieces of copper 

wire No. 18, joined by a halí-inch of German 
silver wire No. 30, which crosses the hole on the block. Couple three 
or four cells of a plunge battery with this block by wires 10 ft. long, 
pile gunpowder loosely ovcr t.he German silver wire, and plunge the 
zincs. 

ROADL EY1 S PIIYS.-20 

r 
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This experiment illustrates one of the methods used to 
fire mines from a dista.nce. 

364. The Laws of Electric Heating.- The heat devel
oped by a current in a circuit is proportional: (a) to the 
square of the cm·rent, (b) to the resistance of the circuit, 
(e) to the time during which the current passes. This is 
usually expressed by the formula 

H = 02Rt. 
In m·der to express this in beat tmits, tbere must be in
tl'oduced a factor wbich shows tbe relation between tbis 
product and tbe ordinary beat units. l-lence we may 

write H = .24 02Rt, (56) 

in which tbe current is expressed in amperes, the rcsi::;t
ance in ohms, and the time in seconds. The result, H, is 
in calo1·ies. 

This heating effect is a waste in many uses of the cur
rent, and is called the heat loss. It is made use of in 
electric lteating. 

365. Chemical Effects. - ExPF.RIMENT 186.-Fit two corks 
to the two sides of a U-tube. Through these corks pass copper wires, 

~~ 
~ 

Fw. 308 

with platinum terminals. Fill the 
~ 

0 0 
_ tube nearly to the top of the ter

minals with a solution of sodium 
sulphate, colored with blue litmus. 
Couple two or three cells to the 
copper wires, and in a few minutes 
the solution near the + terminal will 
turn red, showing the presence of an 
acid, while the color at the - termi
nal sbows the presence of an alkali. 

EXPERmENT 187.- Rinse the U-
tube used in the above experimE'Jll, 

and fill it nearly full of water, to which a few drops of sulphuric acid 
have been added. Cut a notch along the si de of each cork and couple 

I 
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three cells of a plunge battery. B ubbles of gas will be noticed at each 
terminal. Those given off at the + terminal are oxygen and those at 
tbe -terminal are hydrogen. 

The relativa quantities given off at the terminals can be measured 
by using a form of apparatns like that sbown in Fig. 309. This is 
known as lloffman's apparatus, and with it 
the hydrogen collected over the negative pole 
is shown to be twice the o~:ygen collected over 
the positive pole. 

The action of the current shown in 
the last two experiments is called elec
t?·olysis, and the solution i n which this 
action goes on is au elect1·olyte. The 
apparatus used in electrolysis is called 
a voltameter. The parts into which 
the current separates the electrolyte 
are called ions; that which goes to 
the - elecirode, or catlwde, being 
called the cathion; and that which 
goes to the + electrode, the anion. 
From the direction which the ions 

s 

H, 

Pt 

so, 

-o 

Pt 

take in the electrolyte their electric condition is deter
mined; hence the cathion is considered electro-positive 
and the anion electro-negative. 

366. Electrolysis of Copper Sulphate. - ExPERIMJtNT 188. 
- Send a cmTent through a solution of copper sulphate placed in Lhe 
U-tube, and iL will be found that bubbles of oxygen rise from the 
anode, while the cathode will be coated with copper. 

The action of the current in this experiment is to sepa- 1 

rate the CuS04 into Cu, which goes with the currenl, ' 
toward the negative pole and is deposited upon it, and 
so4, which goes toward the positive pole, decomposing 
the II20 of the solution, forming H 2S04, and setting free 
the oxygen at the pole. 
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If a copper anode is used, the 804 will unite with it, 
forming CuSO 4, keeping up the strength of the solution 
and eating away ihe copper. This property is made use 
of in purifying copper, for if a plaie of impure copper is 
used as the anode, the copper deposited on the cathode 
will be pure, while the impurities will be left in the 
solution. 

367. Electro-metallurgy.-The experiment just gi ven is 
an example of what may be done in the electric deposi
tion of metals. This method is in use commercially, and 
is found a most excellent one for pUI'Üying metals. 

368. Electroplating is the process of coating one metal 
with another by means of the electric CUI'rent. The 
article to be coated is coupled to the negative pole in ihe 
bath. Copper may be deposited from a bath of copper 
sulphate, silver from one of silver cyanide. Nickcl plat
ing is extensively used to protect articles made of brass, 
iron, or steel from oxidation. 

369. Electrotyping.-The process of electrotyping is 
used to make copies of type, medals, or other objects. 
The object to be copied is thoroughly cleaned, and a mold 
is taken from it in plaster of paris, or wax. A careful 
dusting of the sur·face with some conducting substance, as 
graphite, is necessary ; then the mold is suspended in thc 
proper solution by a wire from the - pole of a battery, ihe 
CUITent is turned on, and the deposit begins. \Vhen 
the coating is thick enough so that it can be taken from 
the mold without bending, it is removed and backed by 
melted lead or type metal. 

370. Secondary Batteries. -ExPERIMENT 189.- Couple a 
battery B, ancl a sulphuric acid voltameter V, as iu Fig. 310. At 
the points A aud C couple in a galvanometer, G. Put one key, K, 

l 
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in the main circuit, and another, K', in the galvanometer circuit. 
Open K' and close K for a few seconds, letting the current pass 
through V. Then open K and 
close K', and the galvanometer 
will show that a cwTent is be-

A~~ 
I -

ing sent out by V. The defiec- 1 
tion of the galvanometer also V ~ 

B---
G -

shows by its direction that the 
cmTent is coming out in a direc-
tion contrary to that in which it 
was sent throngh by the battery. 

'ó -
FIG. 310 

Planté found that if lead plates are used as electrodes, 
and dilute sulphuric acid as liquid, an efficient forro of 
battery for the storing of electrical energy is the result. 
In recent forros of this battery the leacl plates, or grids, 
are grooved in such a forro that the grooves can be fillecl 
wi th a paste of red oxide o f lead for the positi ve pla te, and 
litharge for the negative plate. 

Such batteries are called secondary batteries, stm·age cells, 
or accumulators. Storage cells are very convenient for 
experimental work. Each has an E.l\LF. of about 2 volts, 
and since theu· internal resistance is very small, they will 
give a large cmrent if desired. They are also very con
stant in their voltage. Tbree or four cells will give volt
age and current sufficient for most of the experimental 
work in this book. 

371. Magnetic Effects. - ExPERIMENT 190.- Cou ple three or 
four cells in such a way that you will get a large current (series or 
parallel ?) when the externa! circuit is a large copper wire. While 
the current is passing dip the wire into a mass of irou filings. On 
lüting tbe wire, filings will be found to cling to it. 

From this experiment we see that a wire while carrying 
a current becomes a magnet. 

ExPERIMENT 191.- Through the middle of a thick card with a 
smooth surface, like bristol board, thrust a piece of No. 12 copper 

! 
I 
.: 

I 
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wire. Connect the ends of this wire with a ba.ttery arra.nged to 
give its ma.xiruum cw-rent, and while the card is supported in a 

FIG. 311 

horizontal position, siit iron filings over it, 
and strike i t lightly with a. pencil. Tbe 
filings will show that the wire is surrounded 
by magnetic lines of force acting in cixcles 
having the axis of the wire for their center. 
A small magnetic needle will set itself tan
gent to these cil·cles at a.ny point. If the 
cunent passes up the wire, as in Fig. 311, 
the direction of the lines of force is counter
clockwise. By the direction of the magnetic 
lines is meaut Lhe direction in which the + 
end of the magnetic needle will point. If the 
CUJTent is sent down the wire, then the direc
tion of the lines of force will be clockwise. 

372. The relation between the direction of the cmTent 
flowing in a conductor and the direction of the resulting 
lines of magnetic force around it may be stated as follows: 
Grasp the conductor in the right hand, with the thumb 
pointing in the direction of the current ; then the fingers 
will point in the direction of the lines of magnetic 
force. 

EXPERIM ENT 192.-Couple a. battery to a. straight wire AB (Fig. 
312), and hold it above and B A 
pa.rallel to a magnetic nee- ~--------~----___:;: 
dle. The needle will turn 
from its position in the di
rection indicated in the fig
ure. Place the wire below 
the needle, and the direc

F IO. 312 

tion of its deflection is reversed. Cha.nge the direction of the current 
in the wire, and the needle is deflected a.s at first. 

This experiment is an important one, and shows the 
principle of one class of galvanometers. The relation 
between the directiou of the cmTent in the wire and the 
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deflection of the north end o f the needle is as follows : 
Place the right hand with the palm toward the needle 
and with the fingers ex
tended in the direction 
of the cuiTent ; then will 
the extended thumb point 
in the direction of the de
fl.ection of the needle. 

373. Magnetic Properties of the Solenoid. - A solenoid 
is formed of a coil of insulated wire wound upon a cylinder 
in one or more layers. I ts magnetic properties are shown 
in the following experiment. 

Ex PERIM EXT 193.-Place u pon a ta.ble a magnetic needle, and let 
it corne to rest. Place a solenoid S, with one end about two inches 

from the north pole of the 

jJ S needle. Close the key K, send-

~- 2:_ noid, and the needle will be acted 
IP//DI/fil/ll/888~ +N ing the cmTent through the sole-

K on at once, being either attracted 
F 

3 
or repelled according to the di-

ro. 14 
S rection of the corrent in the coil. 

The length of a solenoid is usually great compared 
with its d.iameter, but its magnetic properties are still 
retained even if it is shortened to + 
a single turn. 

ExPERUIENT 194. - Bend a piece of 
brass wire, No. 12, into a circle about 
six inches in diameter. Benrl the ends 
nearly together and tie them to a wooden 
plug. Put a screw eye in this and sus
pend it by a thread a[ter l1aving soldered 
a small wire to each end of the ring. 
Counect these fiue wires with a battery, 
and when the cur rent is tm·ned on the 
ring will corne to rest in au east and 

E w 

Fw. 315 
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west line. Present a bar magnet, and the ring will set itseli at right 
angles to the magnet. 

These experiments show that the solenoid, however 
short, has the properties of a magnet. 

374. The Electro-magnet. - If the solenoid is provided 
with a soft iron core it becomes an electro-magnet. Since 
the iron offers a better path for t he lines of force than air, 
that is, a path having less resistance, the introduction of 
the core increases the number of lines of force that a 
certain cm-rent will generate on passing through t he coil. 

375. Poles of an Electro-magnet.- vVhen the ends of 
an electro-magnet are examined with t he magnetic needle, 

E it is found that the fol-
;f lowing rule holds : If 

the coil is grasped in 
the right hand with the 

FIG. 316 fingers pointing in the 
direction of the current, then the thumb will point toward 
the north pole of t he magnet. 

376. The Horseshoe Electro-magnet. - Since the object 
to be attained in an electro-magnet is a strong magnetic 
fielcl, the horseshoe form 
is the bcst. As com
monly made it consists 
of two spools wound 
with insulated wire and 
mounted on two cylin
drical cores, which are 
fixed perpendicularly 
into a yoke of soft iron . 
The wire is wound on 
the spools in such a FIG. 31'1 
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way that if the cores and yoke were bent out into a 
straight line the winding would be all in one direction. 
The core of an electro-magnet should be of such a quality 
of iron that it will lose its magnetism or became demag
netized as soon as the cunent is stopped. If there is 
a small amount of residual magnetism in it after the cur
rent is cut off, so that it will not release the armature 
promptly, paper can be pasted over the ends of the mag
J!.et to help overcome this defect. Annealing the cores 
will sometimes remove the difficulty. 

PRACTICAL QUESTIONS AND PROBLEMS 

1. How many !esser calories will be developed by a lO-ampere cur
rent flowing for half au hour through a resistance of 18 ohms? 

2. The 110-volt lamp requires a current of .5 ampere and has 
a hot resistance of 220 ohms. How much beat will be generated in 
such a lamp per hour? 

3. Suppose a German silver wire, the resistance of which is 3.5 
ohms, to be immersed in 3 liters of water at 20° C. What will be its 
temperatura after a current of 4 amperes has been passing through it 
for 20 minutes? 

4. A cm-rent of 1 ampere deposits .00032959 gram of copper per 
second on the negative plate of a copper voltameter. What current 
will be required to deposit 10 grams in two hours? 

5. Suppose a tin can to be used to hold the copper sulphate solu
tion, and the negative wire from the battery to be joined to it. How 
much copper will be deposited on its inner surface in an hour, with a 
cutTent of 4 amperes? 

6. Why can a greater current be obtained from a storage cell than 
from a primary cell? 

LABORATORY WORK 

1. Fit a cork stopper to a glass beaker. Solder a spi.ral of German 
silver wire No. 24 to short pieces of copper wire No. 16 arranged as 
terminals (Fig. 318), passing through the cork. Insert a thermom
eter through a hole in tbe middle of the corlc. Put 250 c.c. of water 
into the beaker, and send a cm-rent tlll:ough the wire. Take read-
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ings of the thermometer at uniform intervals. From this determine 
the number of heat units generated by the current in a given t ime. 

2 . Make a wooden frame about ha.lf an 
inch high that will fit closely around the 
edges of a cop per plate from which calling 
cards have been printed. W ash the plate 
until it is perfecUy clean, a.ud place it iu 
the frame. Mix plaster of Paris with 
water until it can be poured readily, and 
pour it about a quarter of an inch deep 
over the plate, being ca.reful that no air 
bubbles rema.in. Dry thoroughly and re
move the cast. Coat the face of it with 
graphite, and suspeud it from the nega
tiva pole of a battery in a solution of cop
per sulphate, with the face of the cast 

FIG. 318 turned toward the copper plate which 
forros the positiva pole. When the de

posit is as thick as a sheet of paper remove it írom the cast and back 
it up with lead. The deposit should be so thick that it will not bend 
when it is taken off. 

3 . Select a bottle about 6 inches in diameter, with a wide mouth. 
Cut it in two in the middle by filing a 
notch in one side, and then starting a 
crack from this notch with the heated 
point of a brass rod and leading it en
tirely around the bottle. Fit the mouth 
with a cork, and pass through this two rub
ber-covered wires with platinum terminals. 
Fill the bottle two thirds full of acidulated 
water; fill two long test tubes with this 
water and invert, one over each terminal. 
Send a current through this water voltam-
eter, and measure the gas that comes off FIG. 319 
from each terminal. 

This can be done easily by calibrating the test tubes with mercury 
before the experiment. To do this close one end of a thick-walled 
glass tube in the Bunsen fiame, and grind off the other end until it 
will hold just a cubic centimeter wheu a glass plate is slipped over 
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the moutb. Fill this with mercury and po ur it in to the tube, mar king 
the beight for every cubic centimeter. 

Is the proportion of hydrogen to oxy- ~ J 
gen collected the same as in the com- 7 
position of water ?-=:;;;;=y z. 

Fm. 320 

4. Dissolve two grams of potassium 
iodide in bot wa.Ler, and add to the 
soluLion a little boiled starch. Solder 
a tin plate to a wire and connect it 
with the negative pol e of a battery. 
Moisten a sheet of paper with the iodide solution and lay it upon the 

FIG. 321 

tin plate, and, with the end of a 
wire attached to the positiva pole 
of the battery, write on the mois
tened paper. Every touch of the 
wire will make a purple mark 
ca.used by the starch aeting upon 
the iodine set free by the decom
posing acLion of Lhe current. 

This is the principie of a very rapid and efiicient metbod of re
ceiving telegraphic messages automatically. 

5. J\Iake au electro-1uagnet by winding severa! 
layers of insulated copper wire No. 16 around a 
wooden s poo! ·about a foot long, and putting a piece 
of gas pipe or soft iron rod inside the spool for a 
core. Couple with severa! cells of a battery, and 
when the cmTent is tumed on, dip the end of the 

core into a mass 
of nails ; lift the 
magnet and note 
the effect as in 
Fig. 322. Break 
the current. 
What is tbe re
sult? FIG. 322 

Fxo. 323 

6 . Support the same magnet 
vertically, and lay over the upper 
end a sheet of glass (Fig. 323), 
upon the under side of which a 
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sheet of paper has been pasted. Siit over the plate an even layer of 
iron filings, and, tapping the plate lightly, turn on the current. The 
lines of force will be showu in a strikiug manner. 

7. Fasten an electro-magnet to a baseboard and support its arma.. 
ture from the short arm of a balance, wbile a movable weight is hung 
from the long arm, as in Fig. 324. Determine the weight that must be 
placed on the armature to balance the long arm. This amount must 
be added to all readings. Send a cunent of 1 ampere through the 

FIG. 324 

electro-magnet, and find the weight required to pull off the armature. 
Determine the weight for 2 amperes. Continue, increasing the cor
rent 1 ampere each time, up to 10 amperes. Construct a. curve with 
amperes laid off along the axis of X, and the pull on the armature 
along the axis of Y. 

NOTE.- The wire on the electro-magnet will need to be rather 
large, not to overheat. 

IV. ELECTRIC.AL MEASUREMENTS 

377. Electrical Quantities. - The t hree quantities most 
necessary to measure in elect ricity are aur1·ent, elect?'O
motÍ?Je jO?· ce and resistance. 

378. The Unit of Current, the Ampere. - Either the 
chemical, magnetic, or heating e:ffects may be taken as a 
basis for measurement of currents. The chemical e:ffect, 
however, is taken to define the unit, and the magnetic 
e:ffect for practica! use. 

The ampere is that current that will deposit .001118 g . 
( .01725 grain) of silver per second from a solution of 
sil ver nitrate. The sam e current will deposit . 00032959 g. 
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(.005086 grain) of copper per second from a solution of 
copper sulphate. 

lt is evident that this method is not adapted to measure
ment unless tbe current can be kept uniform for a consider
able time. This method is the one used for measuring 
the current supplied for lighting in the instrument known 
as the Edison current-meter . This current-meter consists 
of a zinc voltameter which, by the increase in the weight 
of the negative plate, determines the average CUl' rent 
used. 

For the measurement of small currents t he milliampere, 
or thousandth part of an ampere, is used as a unit. 

379. The Unit of Resistance. - The ohm is defined as the 
/ 

resistance of a column of mercury whose mass is 14.4521 g . 
and which has constant cross section, and a length of 
106.3 ± cm. at 0° C. This amo unts practically to a column 
106.3 cm. long and 1 sq. mm. in cross section. Ten feet 
of No. 30 cop per wire has a resistance o f 1. 04 ohms. 

A megohm is a million ohms. A microhm is one millionth 
of an ohm. 

380. The Laws of Resistance. - The resistance of a 
conductor depends upon four things : length, e1·oss section, 
matm·ial, and tempe1·ature. Experiment has determined 
the following laws : 

I. Tlte 1·esistance oj a conductor is di?·ectly proportional 
to its length. 

Il. The resistance oj a conductor is inversely proportional 
to its cros s section.- In a wire, therefore, the resistance is 
inversely proportional to the square of the diameter of the 
wue. 

JU. The resistance oj a conductor depends upon its 
material and molecular condition. 
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IV. The resistance of a metallic conductor increases as 
its tempemture 1·ises. Tlte resistance of ca1·bon and elec
trolutes, on the other hand, decreases. 

This property of carbon is a very valuable one in incan
descent lamps, as the hot resistance of a lamp is only about 
two thirds of its cold resistance. 

The per cent increase in the resistance of a wire, per 
degree change in temperatura, is called its tempe1·atu1·e 
coefficient. 

The first three laws may be expressed by the formula 

l R=K-· (57) d2 
In this formula l is in feet, d in thousandths of an inch 
or mils, and K is a constant that depends u pon the material 
an<.l molecular condition, and is of such avalue that Ris 
gi ven in ohms. 

Silver 
Cop per 
Alumiuum. 

Values of K at 75° F. 
9.76 

10.38 
19.00 

Platinum 
Iron . 
German silver 

58.80 
63.08 

135.92 

381. Unit of Electro-Motive F orce, the Volt . -The volt 
is the di:fference of potential required at the ends of a 
conductor, the resis tan ce of which is 1 ohm, to send through 
it a current of 1 ampere. 

The E.M.F . of a cell depends only upon the materials 
of which it is composed, and not at all upon its size or 
shape. The gravity cell gives nearly 1.1 volts; the 
Leclanché cell 1.5 volts, and the clll'omic acid cell about 2 
volts. Many attempts bave been made to produce a 
standard cell. I n such a cell it is not at all essential that 
the E .M.F. should be 1, but that the E .M.F . , whatever it 
is, should remain constant. The Carhart-Clark stand
ard cell ha-san E .M.F. of 1.44 volts at 15° C. 
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382. Instruments used in Measurements ; the Tangent 
Galvanometer. - The principie of one forro of galvanom
eter has already been shown 
in Experiment 192. If the 
conducting wire is carried in 
the circumference of a circle 
enti.rely around the needle so 
that its diameter is ten or 
twelve times the length of 
the needle, the instrument is 
a tangent galvanometer. I n 
instruments of this kind the 
current is proportional, nat 
to the angle through which 
the needle turv.s, but to the 
tangent of the angle. For 
example, if t he curTent e gave 
a deflection o f 20°, and the 

Fra. 325 

current e' one of 40°, e1 would nat be twice e, but its value 
would be expressed by the proportion 

e : e 1 = tan 20° : tan 40° 

or e: e1 = .364: .839 

hence 1 _ .839e _ 2 3 e - .364 - · e 

383. The Asta tic Galvanometer . -For the mea,surement 
of small currents a delicate galvanometer is needed. The 
forro known a,s the astatie galvmwmeter is frequently used. 
It is made by :fixing twa similar needles to a vertical bar 
in such a way that the needles paint in opposite direc
tions, and arranging the coil with one branch between the 
needles a.ncl with the otber below both (Fig. 326). When 
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the needles are of nearly the same magnetic strength, a very 
slight force throws them out of theü 
north and south positiou. Both 
branches of the coil act upon both 

N s needles. It is an interesting prob-
lem to consider the effect of each 
branèh upon each needle ancl fincl 

s N the combined effect. Let the stu-

FIG. 326 dent work out this problem. 

384. The Solenoid Galvanometer.-A second principie 
used in the construction o f gal vanometers is that which 
determines the following 
phenomenon : If an iron 
rod is suspended with one 
end inside a coil of wire, 
the rod will be pulled into 
the coil as soon as a cur
rent is sent through the 
wire. If the scale shown 
in Fig. 327 is properly 
calibrated, the instrument 
becomes a current-meas-
urer or ammete1·. Many instruments 
stations are of this type. 

FIO. 327 

for use in electrical 

385. The d' Arsonval Galvanometer. - A third principie 
used in tbe construction of galvanometers.-a most im
portant one- is employed in the instrumeut shown in 
Fig. 328. Between the poles of a horseshoe magnet placed 
vertically tbere is fixed an iron cylinder L A coil of 
fine wire wound on a rectangular former is suspended 
from the point A, so that it will swing freely between 
the cylinder and tbe magnet poles. When a current is 
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sent through it, tbe coil becomes a magnet with its poles 
in a line at right angles to the plane of the horseshoe 
magnet, and at once, because of 
tbc inf:luence of the borseshoe mag
net,, it is defl.ected. The control
ling force is the torsion of the wire 
supporting the coil. The readings 
are taken either from a pointer and 
scale, or from tbe refl.ection of a 
:fixed scale from a mirror fastened 
to the coil at the point O. This 
instrument has the ad vantage of 
being dead beat, that is, it will 
come to rest quickly without vibra-
tions. FIG. 328 

386. The Weston Ammeter and Voltmeter are made on 
the principie of the d'Arsonval galvanometer, but are 
very compact and portable, besides being sensitive and 

FIG. 329 

coincide with the needle itself. 
in Fig. 329. 

BOADLEY'S PHYS. - 2 1 

accurate. The 
zero is at one 
end of the scale, 
hence the cur
rent can be sent 
through them in 
but one direc
tion. A mirror 
placed beneath 
the needle pre
vents parallax in 
readingwhen thc 
image is made to 

The voltmeter is shown 
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The ammeter is the same in principle as the voltmeter, 
the resistance, however, being very low in the ammeter 
and high in the voltmeter. The calibration of the in
strument is such that the amperes or volts are read 
directly. 

387. The Resistance Box. - In the measurement of 
resistance a standard of resistance must be used for com
parison. Tbis standard is usually made of coils of resist
ance wire contained in a box like that shown in Fig. 330. 
For all coils except those that are of very small resistance, 
a wire is used that has a high specific resistance, i.e. one 

FIG. 330 

in which the value of K (p. 318) is high. German silver 
is frequently used. For all coils, however, it is best to 
use a wire that has a low temperatura coefficient. An 
alloy called platinoid, which has a temperatura coefficient 
less than half that of German silver, is coming into gen
eral use. When the terminals of the battery are con
nected with the binding posts of the box, the amount of 
resistance introduced into the circuit is determined by 
the number of plugs that are taken out. If all the plugs 
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a.re in the box the resistance is practically zero. If the 
plug corresponding to the lO-ohm coil is pulled out, the 
current, in going from the brass piece A 
to the piece B (Fig. 331), must go through 
that coll, so that the resistance is 10 ohms. 
The resistances are generally .1, .1, . 2, . 3, 
and .4 ohm ; 1, 2, 3, and 4 ohms; 10, 20, 
30, and 40 ohms ; and 100, 200, 300, and 
400 ohms. This makes it possible to in
troduce any number of ohms from .1 ohm 
to 1111.1 ohms. The coils are wound as 

Fra. 331 

sbown at (a) in Fig. 331, to keep the coll from being a 
magnet as soon as a cmTent passes through it, and also 
to prevent what is called self-induction. 

388. The Measurement of Resistance.- (a) By tlte 8ub
stitution Metlwd. - EXP.E;RIMENT 195.- Near one end of a board 

o o 
o o 
o Bo 
o 
o 

o 
o 

o o o o 

FIG. 332 

+ 

18 inches long and 
5 inches wide, as at 
e (Fig. 332), fix 
three binding posts 
connected beneath 
the board, as in the 
figure. Near the 
other end, A, fix 
a switch so tbat 
the current can be 
sent either through 
the resistance R, to 
be measured, or 
through B, tbe re
sistance box. Cou ple 
a galva.nometer, G, 
between e and one 
pole of the battery. 

Send the current through R and note the deflection of the galvan
ometer. Pull out a plug from the resistance box-the 10-ohm plug, 
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for example, -throw the current through the box by the switcb, and 
note the deflection. If it is increased, introduce more resistance from 
the box, and viceversa, until the reading of tbe galvanometer is the 
same as before. Now tbrow tbe current from one circuit to the other 
by the switch A, and if the reading is unchanged, tbe resistance of R 
and B must be the same. Care should be taken to bave the leading 
wires from A and C to both B and R the same in length and diameter. 

EXPERIMENT 196.- Couple two galvanometers, as nearly alike as 

G 

b o 
o 

possible, in series with 
a resistance box (Fig. 
333). Send a CUITent 
tbrough them and com
pare their readings. V ary 
the resistance in the box 
and send di:fferent cur

o 
Q R rents through, recording 
o 

0 o 
0 ò o 

the reading of each gal
vanometer. This gives 

their comparativa readings for the same currents. 

FIG. 333 

EXPERIMENT 197.-Couple the galvanometer G, used in Ex.'"Peri
ment 196, by two pieces of copper wire, No. 16, :five feet long, to the 
binding posts A and B 
(Fig. 334). Couple tbe 
galvanometer G' by two 
pieces of copper wire, 
No. 30, five feet long, to 
the same binding posts. 
Couple a battery, resist
ance box, and switch, as 
in the :figure, to A and B. 
Send different currents 
through the circuit by 

FIG. 334 

varying the resistance in the box, and observe tbat tbe current as 
indicated by the galvanometers is always the greater in tbe No. 16 
wire. Why? 

389. (b) The Method of tlte Wheatstone Bridge.- The 
circuit from the point A to the point B in the last experi
ment is called a sh"!nt circuit, or a parallel circuit. 
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Wheatstone has made use of the fall of potential in par
alie! circuits for the measurement of resistance. When 
two points .A and B :Xl 

( Fig. 335) are con
nected by two par
allel circuits, it is 
evident that· the to
tal fall of potential 
in the upper branch 
AxB is equal to the 
total fall in the lower 

y w 

F10. 335 

B 

branch .AyB. It is also evident that there must be a 
paint y in the lower branch where the fall of potential 
from .A is exactly the same as the fall of potential in the 
upper branch from A to x ;· so that the points x and y will 
have the same potential. If, then, the points x and y are 
connected by a wire, no cunent will fiow in the wire. If, 
however, a wire is connected from x to a point z between 
A and y, the current will fiow from z to x. If the connec
tion is made to a point w, between y and B, the fiow will 
be from x to w. By the introduction of a galvanometer 
in the conductor xy, the proper position for y can readily 

y 
FIO. 336 

be determined, and when this 
is found, then (Fig. 336) the 
resistance of Ax : the resist
ance of xB = the resistance of 
.Ay : the resistance of yB. 

In t h e Wheatstone b1idge 
(INg. 336) the circuit .AyB 
is a single wire of uniform 
diameter ; hence its resistance 

is proportional to its length, and the proportion becomes 
r : r' = l : l'. At the point y is a key .K, by which con-



326 ELEOTRIOITY 

tact with the wire is made, and the position of y deter
mined. For ?'

1 is put the resistance box, while r is the 
resistance to be measured. 

The above is a method that has corne into general use. 
A com mon forro of bridge is shown in Fig. 337. For 

Fm. 337 

accurate measurement the galvanometer needs to be a 
mirror galvanometer, while the deflections should be read 
with a telescope and scale. 

390. (e) The Fall of Potential Metlwd ~s a method in 
which the only instruments needed are an ammeter and 

a voltmeter. For 
this reason it is 
well adapted to 
the requirements 
of practica! elec-
tricians. 

EXPERIMENT 198. 
- Couple an ammeter 
A (Fig. 338) in series 
with the resistance R 
to be measured. To 
the terminals B and 
e of this resistance 
cou ple a voltmeter V, 
as a shunt. :Ma.ke the 
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current by tbe switch S, and read both instruments at tbe same time. 
Substituta these readings in 

E V 
R=c=A' 

derived from Obm's Law, and the value of R is determined. 

I t is to be observed that the reading of the ammeter 
gives the sum of the currents through the resistance R 
and tlll:ough the voltmeter. The following experiment 
shows how this may be corrected, although, on account of 
the high resistance of t he voltmeter, the current will 
usually be so small that it may be neglected. 

ExPERIMENT 199.-Use the same apparatus as in the preceding 
experiment, but couple as in Fig. 339, putting the voltmeter as a sbunt 
to botb the resistance to 
be measured and the am
meter. Take simultane
ous readings of the two 
instruments as before, and 
find the resistance, which 
will now include the re-

0 
sista.nce of tbe ammeter. 
This can be measured by 
tbe bridge, if not a.lready 
known, a nd subtracted 
f rom the resis tan ce o f 
both, and the difference 
will be the resistance 
of R. 

-----~11 I ~--+-----.. 

Fm.S39 

391. Combined Resistance of Parallel Circuits. - The 
combined resistance of two or more conductors in parallel 
is always less than that of either conductor. The reason 
for this is evident when we consider the expression for the 

resistance of a conductor, R = K ~ · The putting o f 

two wires in parallel is equiva,lent to inoreasing the diam
ete¡· of o:p.e of them, 
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EXPERIMENT 200. - Fasten two pieces of brass or tin, A and B 
(Fig. 340), to a board, a number of feet apart,- ten, if possible,- and 

B ..4. :fit a biuding post to each. 

a m Make five holes along tbe 
~ j - •dg• of =h, &nd oo<ew 
Ç t( through each hole a round-

headed woodscrew; stretch 
a copper wire (a), No. 30, 

FIG. 340 between the two pieces, 
and fasten it with the two 

upper screws. Measure the resistance between A and B. Add a 
second wire (b) of the same size, and measure the resistance between 
A and B. Put in a third wire"(c), and again measure. Add in suc
cession a No. 24 wire (d) and a No. 16 wire (e). Remove all the 
wires excepte, and measure agai.u. 

A careful study of the results of the above experi
ment will help the student to understand the condí
tions which govern the resistance of parallel circuits. 

To find an expression for the a 
combined resistance of a circuit 
and its shunt, we can take the 
case of a galvanometer with its 
shunt (Fig. 341). The current 
passing through the galvanom-

eter may be written G = V, 
g 

~-+~ " Q------~ 

~I 
s 

Fio. 341 

in w hich G is the current, g the resistance of the galva
nometer, and V the potential difference at its terminals. 

The current through the shunt may be written S= V. 

The en tire cmTent will be (J = _;;-, in which R is the co~
bined resistance of the galvanometer and its shunt. 

Since 0 = G +S, 

V - V + V and .!.. =~ +~ · or, R=_f!!_· (58) 
R- g s' ' R g s' g + s 
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When there are several circuits with resistances r, r1
, 

t·11 , r 111 , etc., theÍJ.· combined resistance will be found by 
solving : 

The arrangement shown in Fig. 341 is frequently used 
when we wish to measure a cm-rent greater than the 
galvanometer will carry safely. A shunt that will carry 

1\ of the current, so that the galvanometer will read -& of 
the true value of the current, is called a tenth shunt. 

392. The Resistance of Batteries. - The determination 
of the resistance of a battery is more difficult than that of 
a wire, because this resistance 
is different at different times, 
on account of polarization, etc. 
Mance's metlwd is a good one; 
it consists in putting the cell, 
the resistance of which is to be 
measured, in one arm of a 
Whe.atstone bridge, coupling as 
in Fig. 342, and so adjusting 

b 

FIG. 3:12 

the resistance that there shall be no change in the defl.ec
tion of the galvanometer when the key is closed. ViThen 
this condition is fulfilled the resistance o f the cell is gi ven 
by the expression 

b = lR. 
l' 

393. The Measurement of Gurrent. - Currents of elec
iricity are generally measured by some forro of galvanom
eter. When the relation between the cm-rent passing 
through a galvanometer and the corresponding defl.ection 
has been experimentally determined, the galvanometer is 
said to be calibrated. A galvanometer can be calibrated 
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by measuring the fall of potential through it after having 
measured its resistance. 

When a gal vanometer has been calibrated to read in 
amperes it is called an ammeter. The ammeter is usually 
of very small resistance, and is put in series in the circuit. 

394. The Measurement of E.M.F.-Electro-motive force, 
or, more properly, di:fference of potential, is also measured 
with a galvanometer, but this is generally of high resist
ance, and, if calibrated to read volts, is called a voltmete1·. 
But a small part of the cm·rent passing between the points, 
the potential di:fference of which is to be measured, passes 
through the voltmeter, and consequently voltmeters are 
put as a shunt to the circuit. 

For the measurement of E.M.F. an instrument called 
an elect1·omete1· is also used. 

395. The Watt.- When a di:fference of potential at the 
terminals of a circuit is 1 volt and this sends a current of 
1 ampere through the circuit, the power developed is called 
a watt. The watt is ris of a horse power and develops 
44.24 foot pounds of mechanical energy per minute. In 
any circuit the watts equal volts x amperes; i. e. W= VA. 

PRACTICAL QUESTIONS AND PROBLEMS 

1. For how long a time must a current of 5 amperes flow through 
a copper voltameter to deposit 21 g. of copper? 

2. Ten grams of silver is to be deposited upon a certain surface. 
How long will it take a current of 8 amperes to do it? 

3. What is the resistance of a half-mile of copper wire with a 
diameter of .0508 in.? 

4. Find the resistance of an iron wire of the same dimensions. 
5. ;rhe bot resistance of a 110-volt incandescent lamp is 220 ohms. 

Find the resistance of 2, 3, 4, and 5 lamps in parallel. 
6. Two points, A and B, are connected by two conductors; when 

used separately, one of these has a resistance of 8 ohms, and the other 
of 14. Find the combined resistance of the two in parallel. 
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!7. What is the combined parallel resis tan ce of three wires having 
resistances of 4, 9, and 27 ohms, respectively? 

S. What is the resistance of a circuit having a potential difference 
of 18 volts at its terminals, when a cmTent of 4.2 amperes is passing 
through it? 

9. A galvanometer has a resistance of 31.7 ohms. What must be 
the resistance of a tenth shunt for it? 

5 are 16 candle power. 
How many watts per 

10. Suppose the lamps mentioned in No. 
llow ruany watts will each lamp requi re? 
can dl e power? 

11. What cm·rent must be sent through a 50-volt lamp to produce 
16 candle power? ·w hat will be the resistauce of the lamp? 

12. A certaÍll arc lamp requires a curreut of 10 amperes and the 
fall of potential through the lamp is 45 volts. Ilow many watts are 
required to run it? 

13. ' Vhat is the electrical horse power of a dynamo that gives a 
cm-rent of 200 amperes at 110 volts? 

14. Au inclosed arc lamp requires a current of 4.5 amperes, and a 
di:fference of potenLial at its terminals of SO volts. Ilow many watts 
does it require? ' Vhat is its resistance? 'Vhat resistance must be 
put in series with it to cou ple it to a 110-volt circuit? Make a draw
ing showing how you would couple it. 

LABORATORY WORK 

1. Prove that the size of the cell does not determine its voltage. 
Couple a voltmeter to a plunge cell and read the voltage both when 
the zinc plate is just touching the líquid and when it is all below the 
surface. 

2 . P rove that the size of a cell does determine the current it will 
send, by makiug the same experiment with au ammeter. 

3 . Wind a coi! 6 in. loug, putting on six layers of No. 16 insulated 
copper wire. Suspeud au iron rod from a spiral spring, so that its 
lower end will extend a.bout an inch inside the coil, when it stands 
vertically. Put a glass bead on the wire that fastens the spring to the 
rod, aud back of it place a vertical scale. Couple it in series with a 
battery, resistauce box, and ammeter. 1llake a curve showing the 
relation betwcen the curreuts and the distance t.he irou rod is drawn 
inside the coil. 
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4. Make a lamp resistance board as follows: Lead, in grooves on 
the under side of the board, two copper wires, No. 16, from two biuding 
posts at oue end of the board to the other end of it. Solder short 
pieces of wire to these leading wires and couple them to the lamp 

FIG. 343 

bases. Put into these bases lamps of various resistances, and measure 
each separately. Measure them in groups of two, and compare the 
measured resistance with that calculated from the formula for the 
combined resistances of parallel circuits. 

5 . Put lamps of the same resistance in the board. Measure the 
resistance of one, two, three, four, etc., and from the results show how, 
when the proper voltage is supplied, -110 for e:x:ample, - each lamp 
will bave its required corrent, however many are turned on. 

6 . Measure the resistance of a galvanometer and then find the 
length of wire that must be used for a tenth shuut. Couple the gal-

FIG. 344 

resistance box as in Fig. 344. Couple 
the galvanometer and resistance box. 
follows: 

vanometer to a gmvity 
cell and notice the defiec
tion. Put in the shunt 
and conple the shunted 
galvanometer to the same 
cell. What is the relatiou 
between the deflections? 

7. Conple three or 
four cells of a gravity 
battery in series with a 
switch, galvanometer, aud 

a voltmeter as a shunt to 
Tabulate the results as 
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g+R. l' 
e= o+R 

2.6 .s 

D. 

4.0 

In tbis table 

V = the readiug of the volt
meter; 

g = the resistance of the gal
vanorneter; 

R = tbe resistance of the 
box; 

D = the defiection in degrees. 

e is calculated from 
Ohm's La.w. 

Ma.ke a curve, la.ying off cunents on the axis of X, and defiections 
on the a."tis of Y. 

This experiment calibra/es the galvanometer, and the curve is the 
calibration curve. From this curve the current corresponding to any 
defiection can be easily read off. 

V . l NDUCED ÜURRENTS AND THE D YN.AMO 

396. Parallel Currents.- EXPERilllENT 201.- Wind 2. spiral 
3 cm. in diameter, of about fifteen tums of No. 24 insulated cop
per wire. Suspend it from a rod and couple 
the upper end to the + pole of a battery. 
Straighten out a. short piece of the lower end 
oí the coil and let it dip into a drop of mer
cury, which is connected with the - pole of 
the battery. When the current is turned on, 
the s piral will sh01·ten and lift the end from the 
mercm·y. A spark will pass, then the spiral 
will lengthen, the point will aga.in touch the 
mercury, and the action will be repeated. Why? 

This experiment shows, in a simple 
way, one result of the mutual action 

FIG. 345 

or pa,rallel currents. Experiment has proved the truth of 
the following laws : 

I. P arallel currents flowing in the same direction attract 
eacJ¿ other. 
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II. Parallel currents jlowing in opposite directions 1·epel 
each other. 

III. Ourrents making an angle with each other are 
attracted if both flow toward o1· away from the angle. 

IV. Ottn·ents making an angle with each othe1· a1·e 
1·epelled if one flows toward and the other away j1·om tlte 
angle. 

397. Induced Currents. - EXPERIMENT 202. -Ma.ke a coil of 
insulated copper wire No. 30, that will slide easily over a long bar 

tt1 La',.\ 
+-3f + H -, , \ ./_r , r t 
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magnet, and couple it to a 
sensitiva galvanometer. 
Place the coll around the 
maguet at the middle, and, 
w ben tbe needle o f the gal
vauorueter is quiet, sud
denly s li p the coil o ff tbe 

+ end of tbe magnet. The galvanometer will give a sudden throw 
and then gradually corne to rest at zero. Place the coil again at the 
middle of the magnet, and slip it off over tbe - end. Again there 
will be a tbrow of the needle, but in the opposite direction. Ta.king 
tbe magnet in one hand and the coil in the other, slip tbe coll on the 
magnet from the - end. Note the direction of the deflection . 
.Agai.n, slip the coll on the magnet from the + end, and notice the 
direction of the deflection. 

The currents produced in this experiment are induced 
currents and they are produced by cutting magnetic lines oj 
jo1·ce by an elec- B 

trical conductor. ~ 
The experiment - ~i9df ¡..._+ ____ _ 
has shown that 1...._ ____ ._~_=) E =t"-------
the currents pro- l 
duced depend for .A 

their direction FIG. 347 

upon the direction in which the conductor cuts the lines 
of force. By varying the speed of slippiog off the coil 

I 
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we shall find that the amount of cm-rent depends upon 
the number of lines cut in a given time. The relation 
between the directiou of motion of the conductor, the 
direction of the lines of force, aud the direction of thc 
induced current, is showu in Fig. 347. If a conductor 
AB is held horizontally aud allowed to fall in a magnetic 
field cutting the lines of force as shown, then there will 
be set up at the ends A and B a di:fference of potential 
which will tend to senu the cm-rent hom A to B. 

This law, which is an important oue, may be stated as 
follows: 
If a person, holding a conduct01· ho1·izontally, stands at a 

+ pole looking in the dú·ection of the lines of fm·ce, and lets 
the conductor fall, the induced current will then jlow toward 
tlte rigltt [tand. 

ExPERIMENT 203.- Couple a coll of small insulated wire, called a 
secondary coll, to the galvanometer used in the last experiment. 

FIG. 3!8 
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Thrust the + end of a long bar magnet iu to tbe coil (Fig. 348), and 
observe the throw of the needle. Pull the + end out suddeuly and 
compare the throw with that obtained at first. Repeat both experi
ments with tlte - end of the magnet. 

This experiment, compared with Experiment 202, shows 
that it makes no difference whether the coil or the magnet 
is moved. A c1¿rrent is induced wlteneve1· magnetic lines oj 
force m·e cut by the wi1·es. 

ExPERIMENT 204. - Take a coil of large wire, called a primary coil, 
of such a size that it will easily go inside the secondary, and connect 

FIG. 349 

it with a battery. Thrust it in to the secondary coil as you did the bar 
magnet in the ]ast experiment, and the same results will be obtained. 
Why? 

EXPERIMENT 205.-Place the primary coil inside the secondary 
and introduce a switch between the primary and the battery. Make 
the circuit and notice the deflection. Break the circuit and again 
notice the deflection. Compare the directions of these deflections 
with those obtained in the ]ast experiment, and explain. 

EXPERU.IENT 206.- Yary Experiment 205 by introducing a resist
ance box between the primary coil and its battery, instead of the 
switch. When a steady current is allowed to pass, there will be 
no deflection of the galvanometer. If the amount of cm-rent in 
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the primary is changed, however, either increased or diminished, 
the throw of tbe needle will show the ex.istence of au induced 
current. 

Experiment has shown that the following laws for 
induced currents hold true : 

I. Whenever the cu7·1·ent in the p1·ima1·y coil is either 
made or increased, tltere is indueed in the seconda1·y a C'Ur
?"ent in the opposite di?·ection. 

II. WJ¿eneve?" the cu1·rent in the JWÍma?·y coil is eithe1· 
brolcen or d·íminislted, the1·e is induced in the seconda1·y a 
cur1·ent in the same di?·ection. 

398. Self-induction. - W e ha ve just se en that a change 
in the CUl-rent in one coil induces a current in a second 
coil near the fu·st. It is evident that a change of cur
rent in one turn of a coil should also induce cut-rents 
in adjacent tut·ns of the same coil. This effect is 
called selj-induction, and its existence can be shown as 
follows: 

ExPERIMENT 207.- Cou ple a battery, switch, galvanometer, and 
coil, as shown in Fig. 350. Turn on the current, and observe the 
direction of the deflectien. 
Bring the needle back to zero, 
and keep it there by placing a 
cork at oue side to stop it. 
Break the current, and notice 
that there is a throw of tbe 
galvanometer iu the opposite 
direction, showing that t he e ur
rent induced in the coi! is in the 
same direction as the curreut 
sent by the battery. 

FIG. 350 

399. The Induction Coil.- The induetion or Ruhmko1jf 
coil is a combination of coils used for the pm·pose of get
ting induced cm-rents of high potential difference . A 

fiOADLEY'S l ' fiYS.- 22 
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general view of one form of this coil is shown in Fig. 351. 
Fig. 352 is diagrammatic, showing the relation of the parts. 

Fio. 351 

The essential parts are a soft iron core, a primary coil 
with a few turns of large insula.ted \vire connected with the 

B A 

s 

FIG.352 

battery, a second
ary coil of a great 
many turns of fine 
insulated wire con
nected with bind-
ing posts A and B, 

- an automatic make 
and break arrange
ment between the 
primary coil and 
the battery, a con-
densar connected 
with the primary 
circuit on each 
sicle of the break 

point P, and a switch to make and break the current. 
The operation of the coil is as follows : vVhen the 



INDUCED CURRENTS .AND TIIE DYN.AMO 339 

switch is turned on, the current passes through the 
prima.ry and makes a magnet of the iron core. This 
attracts the soft iron armature, which is fastened to a 
vertical spring, and breaks the cm-rentat P . As soon as 
this is done, the core is no longer a magnet, the armature 
is thrown back by the spring, the contact is again made 
at P, and the action is repeated. When the current is 
made in the primary coil, a current in the opposite direc
tion is induced in the secondary, and when the current in 
the primary is broken, there is an induced current in the 
same direction in the secondary. The self-induction of 
the primary ·when the current is made acts against the 
battery cm-rent flowing in it, and red.uces the induced 
E.l\l.F. in the secondary; but when the current is 
broken, the self-induction acts with the battery current 
and increases the E.l\I.F. of the secondary. The effect 
of the condenser is to increase the capacity of the primary 
coil and to shor·ten the time of breaking, thus raising the 
E.l\l.F. of the secondary. I t also discharges through 
the battery, immediately after the cm·rent is broken, in a 
direction contrary to the battery current; this helps to 
demagnetize the core quickly. 

The difference of potential necessary to give a spark 
1 cm. long across an air gap between two parallel plates 
is given by Lord Kelvin as 30,000 volts. 

Since the E.M. F. rises so high in an induction coil, 
the insulation sboultl be as nearly perfect as possible. In 
modern coils the secondary is wound in sections, and 
these thoroughly coated 'vith insulating wax under con
ditions that secure the removal of all air. Various devices 
are used for making a quick break in the primary circuit. 

400. Effects of the Inductiva Discharge. - The mechan
ical and h'3ating effects of the iuductive discharge a t·e 
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practically similar to those obtained from the discharge of 
the Holtz machine, and the experiments made with tltat 
machine may be repeated and added to, using the induc
tion coil instead. The physiological e:ffects are peculiar. 
They should be obtained by taking hold of the terminals 
o f the secondary, in a small coil. The e:ffect from a lar ge 
coi1 is often painful. 

401. Luminou $ Effects.-W e bave considered the high 
E. i\1. F. required to senda spark across a short air gap. 
If, however, the ter- -
minals are sepamted by t';,~+ 
air at a reduced pres- ~-<lt=-€Ç~;;~~~~~~·-T4 
sure, the spark loses its Fm. 353 
intense brilliancy, and may be increased in length. This 
condition is secured by sealing platinum wires into 
the opposite ends of a glass tube from which nearly 
all the air has been removed. When this tube is at
tached to the secondary terminals of a Ruhmkor:ff coil, in a 
dark room, and the cun·ent is turned on, the tube will be 

:filled with a band of violet 
light. Platinum wire is 
selected for sealing in to the 
glass, because its coefficient 
of expansion is nearly the 
same as that of the glass. 

Geissler tu bes (Fig. 354) 
FrG. 354 are glass tubes of various 

forms, supplied with platinum terminals and :filled with 
clifferent gases at different pressures. Wòen placed in 
tbc current from the secondary of an induction coil, they 
give out many bri11iant luminous e:ffects. 

402. Cathode Rays.-Professor William Crookes made 
a stucly of the phenoruena of electric discharges in high 
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vacuum tubes. By a high vacuum is meant one in which 

FIG. 355 

the gaseous pressure is not more 
than one-millionth of that of tbc 
atmosphere. Figure 355 shows the 
forro of tube with which he studied 
the difference between the phe
nomena when high and low vacua 
are used. If the vacuum is low, 
the discharge shows a curved band 
of light from the cup-shaped plati
nam cathode to whichever wire is 
made the + terminal. If, however, 
the vacuum is high, the discharge 
passes from the cathode directly 
across the globe to the opposite wall, 
which glows with a yellowish green 
fluorescence. 

A further study of the cathode ray proves that it con
sists of a stream of minute, negatively charged particles 
that are projected at a high velocity from the cathode in 
a direction perpendicular to its surface. (1) In the tube 
shown in Fig. 356, a light 8 A 

wheel with mica vanes 
is made to roll along the 
glass rails by the particles 
sent off by the cathode
either A or B-striking 
the vanes on the upper 
side of the wheel. (2) If Fw. 356 

a piece of thin platinum is placed in a Crookes tube at the 
focus of a cup-shaped cathode it will be heated red-hot by 
the continuous blows of the repelled particles constituting 
the cathode rays. (3) By placing a strong electro-
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magnet near one side of the tube sbown in Fig. 353 the 
rays will be defl.ected from their straight path between 
the terminals. This proves that tbey are ma<le up of 
charged bodies, and the direction of the defl.ection indi
cates the kind of charge. 

403. The Rontgen Rays, or X-rays.-Certain luminous 
tubes, when the secondary current from an induction coil 
is passed through them, send off invisible rays that make 
fluorescent ~ubstances glow and a:ffect the photographic 
plate. Theserays bave, moreover, the property of passing 
through many opaque substances, as rays of light pass 
through transparent substances. They _proceed from 
that part of the surface of the tube upon which the 

cathode rays strike, and were called by Professor Rontgen, 
of Würzburg, their discoverer, the X-rays. Unlike the 
cathode rays, they are not affected by a magnetic fi.eld. 
Unlike light waves, they are not refracted by lenses nor 
refl.ected by mirrors. They may perhaps best be described 
as irregula t· pulses set up in the ether by the impact of 
the cathode rays upon the side of the tube. 

While the X-l'ays pass through ftesh with very little 
difficulty, the bones offer much obstruction. This makes 
it possible to locate the position of the bones, and is of 
very great help to the surgeon in setting a broken bone or 
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in locating a foreign body- a bullet, for instance. Fig. 
357 representa a photograph taken by means of the 
Rontgen rays. Such photographs are usually taken as 
follows: The photographic 
plate is inclosed in a plate
holder, the object to be 
photographed is placed u pon 
the cover of the holder, and 
the X-rays are directed u pon 
it, from a tube only a few 
inches away. 

Severa! forma of Crookes 
tubes are capable of giving X-ray Field 

off the X-rays, the one FIG. 358 

shown in Fig. 355 being an effective form. In the forros 
called focus tubes, Fig. 358, the cathode rays are brought 
to a focus on a platinum plate turned at such an angle 

that the rays are sent out 
radially through the glass. 
Devices are also employed to 
regulate the vacuum auto
matically, for otherwise it 
would become higher with 
use, until the current would 
no longer pass. 

The Fluoroscope, a form 
of fluorescent screen shown 
in Fig. 359, was devised 

FIO. 359 by Edison in order that 
he might study the effect of the Rontgen rays without 
the use of photographic plates. It consists essentially of 
a sCI·een covercd with crystals of calcium tungstate 
aml fixed to a boxlike support with opaque sides which, 
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opposite the screen, fit so closely around the eyes that 
they cut off all outside light. By means of the fluoro
scope one may examine, for instance, his own hand by 
putting it before the screen and looking through the 
screen toward a tube that is giving off X-rays; the bones 
of the hand can then be seen outlined upon the fluorescent 
calcium tungstate. 

404. Radio-active Substances are those which sponta
neously emit radiations capable of passing through many 
substances opaque to ordinary light. Uranium, thorium, 
and radium, and their compounds, are remarkably radio
active. Figure 360 shows the effect produced upon a pho

tographic plate by the radiations 
from a piece of incandescent gas 
mantle placed upon it and left in 
the dark for :five days. 

Professor and Madame Curie, 
J. J. Thomson, Rutherford, and 
others have found three classes 
of rays in these radiations: The 

Fm. 360 a-rays (alpha-rays) consist of 
positively cbarged particles, hav

ing about twice the mass of the hydrogen atom, and a 
velocity about one-teuth that of light. The (3-rays 
(beta-rays) are negatively charged particles, having about 
one-thousandth the mass of the hydrogen atom, and a 
velocity of from .6 to .96 that of light. They apparently 
differ from cathode rays in velocity only. The ry-rays 
(gamma-rays) are believed to be pulses in the ether similar 
to the X-rays produced in a tube having a high vacuum. 
Of the three classes of rays the ry-rays have the greatest 
penetrating power and the a-rays the least. Figure 361 
represents rays sent out by a radio-active material, show-
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ing the change in direction -caused 
to a strong magnetic field. The 
little, the /3-rays much, the 
ry-rays not at all. 

405. Electrons; Ionization. -
When a charged gold-leaf 
electroscope is surrounded with 
air in its normal condition it 
will retain its charge. As soon, 
however, as X -rays or the 

by subjecting them 
a.-rays are defiected 

FIG. 3<il 

the radiations from radium fall upon it, it loses its charge 
and the leaves fall together. To explain this change in 
the conductivity of the aír it is necessary to consider the 
modern t heory of t he atom. This is that the atom is 
a complex structure con:;isting of minute, negati vely 
charged particles in rapid motion, connected with posi
tively charged particles which are themselves in motion. 
The negatively charged pat·ticles are called electrons. The 
velocity with which the different rays leave a radio-active 
material is probably due to the velocity which the charged 
particles bave wit,bin the atom, and which they retain as 
they leave it. It is supposed that the X-ray pulses sepa
rata electrons from the atom, thus making tbe air a con· 
ductor, or ionizing it. 

406. The Dynamo is a machíne by which mechanical 
energy is used to produce an electric cmTent by moving a 
series of conductors in such a way that they cut magnetic 
lines of force. 

407. The Ideal Simple Dynamo.-Under ideal condí
tions for a simple clynamo, the conductors would move in 
a uniform magnetic field. The nearest approach to this 
condition is obtained by using permanent magnets for tbe 
fields N and 8, Fig. 362; a machine of this kind is called 
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a magneto. By applying the laws for induced cm-rents we 
may determine the direction of the cunent produced by 
the dynamo. Suppose the single coil in Fig. 362 is turncd 
from its vertical position, clockwise; the first movement 
will cause the conductor to move in a direction almost 
parallel to the lines of force, so that there will at :first be 
very little cutting of the lines, and hence very little in
duced current. As the coil moves from its vertical posi
tion to a horizontal one, the rate at which the lines of 
force are cnt increases until the coil reaches the horizontal 
position, when tbc rate is a maximum. As the coil is . 

turned still farther, the rate at which the lines of force 
are cut deet·eases, until, when it has passed through 180°, 
the induction becomes zero. The direction of the induced 
cm-rent in the upper branch will be from the left toward 
the right, (with reference to a person looking from Nto S), 
as in Fig. 34 7. The induction in the lower part of the 
loop, as it rises, will be from right to left, and. thus the 
two currents will join and flow in the same direction. 
Every time the coil passes through the vertical position, 
the direction ·of the current induced in it changes, so 
that there will be two alternations of cm·rent for every 
revolution. 
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408. The Commutator. -In order that the current 
taken from the coils of a dynamo may be in one direc
tion, the ends of the coils 
are connected with copper 
terminals that revolve with 
t,he shaft, while the CUlTents 
are taken o:ff by brushes. A 
two-part commutator, suita
ble for a single coil, is shown 
in Fig. 363. A study of 
this figure will show that the brushes can be placed in 
such positions that the change from one commutator bar 
to the other shall take place just as the direction of the 
current in the coil changes ; and for this reason the cur
rent in the external circuit will always be in one direction. 

409. The Armature.-That part of the dynamo in 
which the curreut is induced is called the armatu1·e. This 
is generally a rotating part, but in some machines it is sta
tionary. Modern armatures are mostly of two types : the 
ring armature and the drum armature. 

410. The Ring Armature consists of a number of coils of 
insuhted wire wound upon a core which has the form of 

8 

Externa! Circuit 
a ring. Figure 364 shows 
a simple form of ring arma
ture. By applying the rule 

..,-----1---- for direction of induction, 
we may determine the brush 
with which the +terminal is 
connected. . Since one half 
the whole number of coils 

_ _ _ .:::,..'=~""'..::.~----is in series between the 
Fia. 3&! brushes on each side, it is 
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evident that the E.M.F. will be the sum oÍ the E.M.F.'s 
induced in all the coils on either side, and that the resist
ance oÍ the armatul'e will be one fourth of the resista:nce 
of all the wire upon it. This forro of armature is adapt.ed 
to machines designed for high voltage, such as those used 
in arc lighting. 

411. The Drum Armature consists of conductors wound 
lengthwise upon a cylinder of iron. The ends of the coil 

are connected with the 
armature on opposite 
sides. This form is 
used for lower E . lVI. F. 
tban tbe ring arma
turc. If a large cur
rent is to be taken 
from the machine, the 

conductors are made of copper bars or rods. Figure 365 
sbows the general form of the drum armature. 

412. The Field Magnet. - There are several methods 
employed to produce the ruagnetic fi.eld, and these deter
mine the classes to which dynamos belong. 

Fleld Circuit 

FIG. 366 
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413. The Separately Excited Dynamo has a magnetic 
:field produced by a current from some outside source of 
electricity, such as a battery or another dynamo (Fig. 366). 
This cmTent may be regulated so that it shall be constant, 
and the magnetic :field is thus kept from changing as the 
current in the outside circuit of the dynamo changes. 

414. The Series Dynamo has a :fi.eld produced by a coil of 
large wire, wound on the field magnets, that is in series with 
the external circuit. Figure 
367 shows how the connection 
is made from the upper brush 
around the :fi.eld magnets, then 
through the external circuit, 
and back to the lower brush. 
If t he externa! circuit is broken, 
the magnetization of the :field 
falls practically to zero. If the 
current in the external circuit 
increases the E.M.F. rises. 

FIG. 367 

415. The Shunt Dynamo. -In the very useful form 

FIG. 368 

called the sl1unt dynamo, the 
wire wow1d on the :field mag
nets is a long coil of small 
wire coupled to both brushes 
as a shunt to the externa! 
circuit (Fig. 368). If the ex
ternal circuit is broken, more 
current passes through the 
shunt and the magnetism of 
the :field is increased, causing 

the E.M.F. of the machine to rise to its maximum. If the 
external current increases the E .M.F. falls. 
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416. The Compound Dynamo.-Since the E.i\l. F. of the 
series dynamo increases with the current in the external 

ci.J:cuit, while the E. M.F. of 
the shunt dynamo diminishes 
as the current in the external 
circuit increases, it is possible 
to wind both a series and a 
shunt coil on the same field 

. magnets, and so to proportion 
them as to keep the E .M.F. 
practically constant at all 

FIG. 369 loads. This compound wind-
ing is shown in Fig. 369. The compound dynamo is the 
machine usually used for incandescent lighting. 

417. The Alternator. - If the coils of a dynamo are 
coupled to copper rings instead of to the bars of a com-
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mutator, the cuiTent will be an alternating one, changing 
its direction twice for every rotation of each coil. By 
using as many pole pieces to the field as there are coils, 
a.nd by coupling the coils properly, the currents in all 
the coils are put in series, giving an alternating cm·rent 
of high E .M.F. The field magnets of an alternator 
(Fig. 370) are usually magnetized by a current from a 
small direct-current machine, called an exciter. 

PRACTICAL QUESTIONS AND PROBLEMS 

1. What is an inducecf current? How is it_produced? Can it be 
produced without the presence of magnetism? Can you prove your 
answer? 

2. Explain the induction of a current in a coil by the making and 
breaking of a current in au adjacent coil. • 

3. What is self-induction ? What effect upon self-induction is 
produced by winding a coil as the coil of a resistance box is wound? 

4. What would be the effect of rotating the coil in Fig. 363 in the 
opposite direction ? 

5. Draw a figure of the magnetic circuit of a dynamo with a ring 
armature and show wbat part of the wire cuts the lines of force. 

6. Shunt-wound dynamos bave some forro of resistance box or 
rbeostat in series with the shtmt winding to regulate the field. Make 
a drawing to show its position. El..'"Plain its action. 

7. What. is the fnnction of the iron core of the field magnet? 
8. Make a drawing of a foUl'-pole dynamo, showing the magnetic 

circuit. How will you couple the brushes so tbat the voltage of the 
machine will be the sa me as either pair of brushes? 

9. How will it affect the E.M .F. of a dynamo to increase its speed? 
'Vhy? Todiminish the number of conductors on the armature? Why? 

10. State the requireroents of voltage and current for a dynamo 
to give cmTent for (a) incandescent lighting; (b) a rc lighting; (e) 
electroplating; ( d) electric heating. 

LABORATORY WORK 

1. Make a Jong bar magnet by winding a coil of wire around a 
round steel rod, sending a heavy current through it, and striking the 
roda few times while the curreut is fiowing. Wind an exploring coil 
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that will slip over the rod, using a great many turns of No. 30 wire. 
l\lake two movable stops that wHl fit tight to the rod, by boring holes 

in two blocks. Place one 

+ •. . ' .: ~=~~¡¡~~¡¡¡;IID ~ :~~~:~~;::~1::~~ €~~~~............. -= ~iiD coll between them. Fas-
ten the second block and 
the coil together by means 

oí a light rubber baud. Bring the coil slowly to the fu·st block 
anc! then let go. The rubber baud will quickly snap it across the 
space and the galvanometer wHl give a.slight throw. Move both 
blocks a half iuch toward the end and repeat. Go over the whole 
leugth of the bar in this way autimake a curve showing the relation 
between the distance of the coil from the middle of tbe magnet, at 
ea<:h experiment, and the corresponding throw of the galvanometer. 

2. Wind a coil of No. 16 wire 3 inches long, so that it will slip over 
the rod used in No. 1. Connect the ends of this coil with a ba.ttery 
and fix the coil in the middle of the bar magnet. Place the exploring 
coil of No. 1 over the magnet. Notice the throw of the galvanometer 
when the circuit is broken in the primary coil. Use an iron rod in 
place of the magnet and repeat. Explain the cbange in the throw of 
the galvanometer. 

3. Couple a telephone receiver to the exploring coil and repeat the 
experiment. Does the telephone verify the results obtained by the 
galvanometer ? 

4 . Slip the two coils on the opposite ends of an iron rod a foot 
long. Couple the telephone to the exploring coil. Couple the primary 
coil to a battery with a switch in the circuit. Find the position the 
coils must bave to get the marimum inductiva effect. Explain. 

5 . While the use of a commutator on an armature makes the current 
pass always in one direction, it does not sec u re au entirely uniform cur
rent. There is still som e fiuctuation, which can be studied as follows : 
Use the coils and telephone receiver of No. 4, coupling tbe large coil 
to a direct-<:urrent dynamo, and putting considerable resistance in 
series with it to reduce the current. Couple the telepbone to tbe 
small coil. Hold it to tbe ear and send the dynamo current through 
the large coil. The hum heard will determine, by its pitch, the rapidity 
of the ilnctuations; a nd by its intensity, the amount of the fluctuation. 
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VI. THE COMMERCIAL APPLICATION OF ELECTR ICITY 

418. The Electric Bell. - The common elect~ic bell is an 
application of the electro-magnet. Figure 372 shows the 
connections of a bell 
and its circuit. When 
the button at B is 
pressed, the current 
enters by the + binding 
post; passes around the 
electro-magnet; then 
to the post P , through 
which runs a pin that 
makes contact with the 
armature of the mag
net by means of a light 
spring ; then along the 
spring S to the - bind

Fra. 372 

B -----=u 

ing post. As soon as the current is made, the armature 
of the electro"magnet is attracted and the currep.t is 
broken at P . When this happens the magnet no longer 
attracts the armature, and the spring 8 carries it back 
against the post P, again making the circuit. This causes 
the bell to ring automatically as long as the button is 
pushed. W hen two or more· bells are to be rung from a 
single push button, they should be coupled in parallel, as 
they will not ring well in series unless they strike at 
exactly the same rate. Why? 

419. The Electric Telegraph.-It is evident that the 
electric bell can be used for signaling at a long distance. 
The telegraph, which is used especially for this purpose, 
depends upon the same principie : that of the electro
magnet. The principal parts of the telegraph are the 

HOADLEY'S PHYS. - 23 
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main battery and line, the relay, the local battery and 
circuit, the sonnder, and the key. 

420. The Key (Fig. 373) is simply a circuit breaker 
put in the main line. It is generally screwed to a table by 
two screws wbich connect it witb the main line. One of 
these is insulated from the base of ihe key and terminates 
in a platinum point. The oiher is connected with the 
lever of the key, and the cm:rent is sent every time the 
lever is pressed down so as to touch the platinum point. 

FIG. 373 

When the key is not in use for sending messages, the 
lever L is pushed in, making di.rect contact so that 
messages can be received. 

421. The Main Battery consists either of a group of 
gravity cells or of a dynamo. The latter is coming into 
use in long lines, since it is more convenient and takes 
i~es room than the number of cells necessary. There is 
usually a main battery at each end of the line. 

422. The Line generally consists o f i ron wire supported 
by glass insulators attached to the line poles. At one 
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terminal station the + pole of the battery is connected with 
the line and the - pole is connected with the earth or is 
"grounded," while at the other terminal station the -
pole is connected with the line and the + is grounded. At 
intermediate stations the line is simply coupled to the 
terminals of the relay. 

423. The Relay (Fig. 374) is an electro-magnet of 
high resistance in series with the main line. Its function 

is to make and 
break con tact 
in the local 
circuit which 
controls the 
sounder. The 
way in which 
this is done 
will be seen 
by referring 

FJG. 374 to Fig. 376. 

The relay is wound with a great many turos of fine wire 
so that the small main current may be able to magnetize it. 

424. The Sounder (Fig. 375) is an electro-magnet, in 
the local circuit, from which the message is read. This 

FIG. 375 
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sounder is wound with fewer turns of wire of a larger 
size than that used in the relay. Since the local battery 
has only t he resistance of the sounder to overcome, the 
current is large enough to make the electro-magnet attract 
its armature with fewer tm·ns. 

425. Connection and Operation of the Line. - Let Fig. 
376 represent, diagrammatically, a line having Philadelphia 
and New York for its terminal stations and Trenton for 
an intermediate station. The connections are arrangecl 

for sencling a message from New York to Philaclelphia. 
The switch 8 at Philadelphia is closecl, that at New York 
is open. When the operator at New York presses his key 
the connection is made along the line, and at Philadelphia 
the current goes through the relay ancl then through the 
battery to tbe earth. Its action upon the relay is to 
magnetize it and cause the armature A to be attracted. As 
soon as t he armature moves toward the magnet it comes iu 
contact with the pin P, ancl as tbis is couplecl to one sicle of 
the local battery and the armatm·e to the other side through 
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the sounder, the local circuit is made and the sounder 

~tttracts its arma tu re. As soon as the sencle1· at N ew York 

releases his key the circuit is broken, A is pulled back to its 

normal position by the spring, the local circuit is broken, 

aud the condition is just as it was before the signal was sent. 

The message sent to Philadelphia may also be read at 

Trenton ; for the current has the same e:ffect on any 

intermediate relays that it has on the Philadelphia relay. 

If the message had been intended for Tren ton, the N ew 

York operator would hcwe :first sent the Trenton " call" 

until the Trenton operator had responded. 

426. Duplex Telegraphy is the name given to a method 
employed for using a single wire for sending messages 

both ways at the same time. The instruments at each 

end are connected in such a way that the sounder responds 

only to the key at the other end of the line. By the use 

of othcr devices two or more messages may also be sent in 
the same direction at the same time over one wire. 

427. The Telegraphic Alphabet. - Telegraphic messages 

are sent by what is known as the Morse alphabet. This 

consists o:f a series of dots and dashes with intervals be

tween the letters and longer intervals between the words. 

In the first instruments there was used a special receiver 

that traced the dots and dashes upon a strip of paper. 
The un i versal cus tom now is to read by so un d. 

A-
B--
C -- -
D --
E
F -- 
G--

The Morse Alphabet 

II--- - O--
I p ---- -
J ---- Q ----
K--- R---
L- ~ -- -
M-- T-
N --

u --
v ---
W---
x ----
y 

z ----

I 
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428. Wireless Telegraphy. - The system of wireless 
telegraphy, that has been rendered highly successful by 

Marconi, depends upon the change 
made in the resistance of a metallic 
powder by an electrical oscillation 
sent out from the secondary spark of a 
Ruhmkorff coil. A diagram of the in
strument used in a sending station is 
shown in Fig. 377. The instrument 

K consists chiefly of a Ruhmkor:ff coil 
in which the make and break in the 
primary circuit is controlled by a 
telegraph key. The sparks that set 
up the required oscillations pass be-

~ tween two brass balls on the termi-
FJo. 377 nals of the secondary coil. O ne 

terminal of the coil is also connected with a vertical wire 
that is fastened at tbe top to a metallic sheet, and some
times the other terminal of the coil is connected by a wire 
with the ground. 

A diagram of the receiving instru
ment is sbown in Fig. 378. This has a 
battery of two or three cells coupled in 
series to a glass tube containing the 
powder, such as brass :filings, upon 
which the electric oscillations act. 
This part of the apparatus, O, is called 
a coherer. An ordinary telegraphic 
relay is also coupled in series. The 
armature of the relay makes and breaks 
the local circuit, which consists of a 

Fm.378 

battery, sounder, and an electro-magnct with a vibrating 
armature, ]), called a decoherer. One side of tbe coherer 
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is connected with a vertical wire, and the other with the 
ground, as in the secondary of the sending instrument. 

The operation of the instrument is as follows : When 
the key K is closed in the sending instrument, sparks 
J}aBS between the knobs of the secondary coil. These set 
up electrical oscillations that pass through the air and 
strike the coherer. On meeting the coherer, these waves 
change its resistance from an amount that makes it prac
tically a nonconductor to a comparatively few ohms; and 
the current from the battery b passes through it. This 
closes the local circuit, and a current is sent by the battery 
b1 through the sounder, giving the desired signal, and at 
the same time through the decoherer, the armature of 
which strikes against the coherer, bringing it again to its . 
normal condition of practically infinite resistance, and thus 
stopping the current in the local circuit. 

The distance through which signals can be sent and re
ceived clepends upon the sensitiveness of the instruments 
and upon the height of the vertical wires, or antennre. 

Wireless messages have been sent across the Atlantic 
ocean, ancl transatlantic steamships are now equipped 
with apparatus that enables them to communicate with 
either Enrope or America for the entire voyage. 

429. The Telephone. - ExPF.RDIENT 208.- Wind a coil of 
No. 30 insulated copper wil:e on a spool that will slip over the end of 

a quarter-inch steel rod I r 
6 in. long. 11Iagnetize ell------.. 
thc rod slightly. Cou ple I 
oue terminal of the coil .,._.. 
to a battery aml t he ~ ) 
other to a tiu plate 2 in. 'l~l!il!ll~~----"' 

FIG. 379 square. Cover this plate 
a half inch deep with a Jayer of powdered charcoal. Couple a similar 
plate to the other pole of the battery, and lay it upon the charcoal. 
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Cut out a small disk of thin ~ron (ferrotype plate i~ best) and sus

pend it in front of the magnet. Press the charcoal between the plates 

and observe the movements of the disk. Reverse the battery connec

tions and repeat. Explain. 

The telephone is an instrument used for the purpose of 

transmitting speech to a distance. The 1·eceiver of the 

Bell telephone, which can also be used as a transmitter, is 

FIG. 380 

shown in section 
in Fig. 380. Mis 
a bar magnet, over 
the end of which a 
coil of fine wire is 
fixed. In front of 
this end of the 
magnet a thin disk 

of iron is fixed by its edge. Wires leading from the coil 

through the handle are fastened to binding posts in the 

end. When a current of electricity passes through the 

coil it will change the number of lines of force going out 

from the end of the magnet, and either increase or decrease 

the attraction the magnet has for the disk. If at the 

transmitting end of the line a person speaks into a similar 

instrument, tbe rarefactions and condensations of air pro

duced by the voice will produce vibrations of the disk, the 

distance of which from the end of the magnet will be 

changed, inducing currents in the coil. These currents 

coming to the receiver end, and passing about its coil, will 

set up similar vibrations in its iron disk, which will set up 

rarefactions and condensations in the air and thus repro

duce the original sounds. 

430. The Microphone. -ExPERIMENT 209.- Couple one 

binding post of a telephone receiver to a battery and the other to 

an electric light carbon. Connect a second carbon with the otber ter-
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minal of the battery. Lay one carbon upon the table and rest the 
other across it. Ilold the telephone to the ear and notice the sounds 
that result from ruoving the carbons 
over each other. These sounds mean 
changes in the cmTent, and the only 
change in the circuit is in the resist
ance of the cm·bon contacts. 

The microplwne is an instru
ment used for the purpose of 

FIG. 381 

increasing the intensity of slight sounds. The principie 
npon which it is based, is that of the change that takes 
place in an electric cuÍrent with the change in the resistance 
of the circuit. A common form of the instrument is shown 
in Fig. 382. It has a sounding base to which an upright 

FIG. 382 

board is attached. Through this upright project two 
~arbon pencils, with a hole drilled in one side of each pencil 
near the end, so as to support a smaller cm·bon pencil. 
These carbon rods are coupled in series with a cell and a 
telephone receiver. If any slight noise is made near this 
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microphone the sound waves set up in the board will affect 
the carbon contacta in such a way that the sounds will be 
heard in the telephone with much greater intensity. 

431. The Microphone Transmitter.-The transmitting 
instrument in general use is a form of microphone called 

the B lake tmnsmitter. The 
Line use of this transmitter re

quires a battery in the main 
line. Figm·e 383 shows the 
arrangement and connec
t ions of this instrument in 
a telephone station. The 
transmitter consists of a 
mouthpiece back of which 

Fm. 383 is a soft iron disk. In con-
tact with this is a platinum 

point which is carried by a spring s. A second spring s1, 

from w hich the first is insulated, can·ies a small block of 
carbon that rests lightly against the platinum. This car
bon block is coupled to one sicle of a cell and the spring s 
to the other sid e, the primary of an induction coil a being 
in the circuit. The secondary of the coil is connected on 
one sicle with the main line, and. on the other through the 
receiver with the ground. When, on account of the air 
vibrations produced by the voice, t he disk vibrates, it 
changes the pressure between the platinum and the carbon. 
This varies the current sent through the primary a.nd 
induces in the secondary a current, which is carriecl by the 
line to the second, receiving instrument. 

Much more satisfactory results are obtained by using 
a second wire for a return instead of grounding the instru
ment. The use of the second wire prevents the effect of 
induction by other currents near the line, such as cmTents 
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for lighting and trolley currents ; for the sam.e induction 
is set up in both wires and its effects oppose each other. 
Also, greater distinctness is secured. The double circuit 
in the long dis tan ce telephone between N ew York and 
Chicago is very satisfactory. 

432. Electric Lighting. - Another very important use 
to which the electric current has been put is that of fur
nishing light. The lighting is done by the use of two 
different kinds of lamps : the arc and the incandescent. 
There are also two different methods of producing the 
current for either lamp: by the use of direct-current 
dynamo, and by the use of the alternator. 

433. Arc Lighting. -EXPERIMENT 210.- Attach two copper 
wires to the terminals of a battery and wind the eud of one of these 
around a file. Rub the end of the other wire along the face of the 
file, and notice the sparks that are given off 
every time the circuit is broken in passing from 
one projection of the file to another . 

. The sparks that are given off in this 
experiment are small arcs in which a 
part of the copper wire is burned. The 
commercial arc light is produced by 
sending a current of electricity from 
one carbon rod to another across a 
short air gap. In order to maintain the 
ordinary arc a difference of potential of 
:from 45 to 50 volts is required, and this 
sen<is through the arc a current of 
from 9 to 10 amperes. 

Figure 384 gives a view of the car
bons. The upper or + carbon is very 
much hotter than the - carbon, and as 
the cm·rent passes, the carbon becomes FIG. 3!14 
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incandescent and some of it passes across the space be
tween, forroing a. conductor for the current. This gives 
to the + carbon a cuplike shape in the middle, and this 

FIG. 385 

cup is the seat of the most intense 
artificial light and heat known. 

434. The Mechanism of the Arc 
Lamp (Fig. 385). -As the car
bon wears away between the ter
minals of the lamp, the resistance 
of the arc increases with its increas
ing length, and not enough cmTent 
flows to keep the arc bright. In 
order to keep the proper current 
:flowing, the arc must be of as nearly 
a constant length as possible. This 
resultis secmed by means of a pair 
of electro-magnets, of which one is 
in series with the current, and th.e 
other is a shunt across the arc. 
The lengthening of the arc causes 
more current to go through the 
shlmt circuit. This shunt circuit 
is so arranged that when a certain 
current goes through it, the car
bons are brought nearer together. 
This shortens the arc, reduces the 
current in the shunt coil, and in
creases that in the series coil. The 
series coil is so arranged as to draw 
the points farther apart, if they 

have approached too near and the cm·rent is too great. 
In a properly designed lamp these actions are very slight, 
giving a steady and nota flickering light. 
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Arc lamps are generally connected in series, the number 
in any circuit determining the potential difference needed 
at the terminals o f the dynamo. lf there are to be 26 lamps 
on a certain circuit, each requiring 45 v_olts, the dynamo 
must furnish 1170 volts for the lamps, plus the amount 
necessary to send the current through the leading wires. 

Arc lamps called inclosed arcs are now made, having a 
small globe nearly air-tight surrounding the arc and a 
few inches of the carbon. In this forro of lamp the carbon 
is burned much more slowly than in the open arc. Some 
of the inclosed arc lamps are intended for the 110-volt 
incandescent circuit, requiring a potential difference of 
80 volts and. a cm·rent of from 4 to 5 amperes. 

435. Incandescent Lighting; Direct Current. - In the 
experiment in which a heavy current was sent through 
a small copper wire, it was found that the copper melted. 
If the same experiment is made with a platinum wire, the 
wire will not melt, but will become intensely 
hot, and glow with a very bright light. The 
incandescent lamp (Fig. 386), consists of a 
glass bulb, into the base of which there are 
sealed two platinum wires, which carry a 
loop of carbon filament. The air is ex
hausted from the bulb before it is sealed. 
When the proper current is sent through the 
carbon filament it becomes incandescent, that 
is, gives off light, but does not burn, as there 
is no air in the bulb. After a lamp has been 
used for some time, part of the carbon be-
comes deposited on the inside of the bulb, FIG. 

386 

and absorbs a great deal of the light sent out by the 
filament. When this has happened the best economy is 
to destroy the lamp and replace it by a new one. 
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436. The Incandescent Circuit. - I ncandescent lamps 
are coupled in parallel across the mains, or leading wires 

from the dynamo. Fig. 387 illustrates a 

+ 

B 

o 
D 

E 

-simple incandescent circuit. The dynamo 
is :first run until the voltage at its terminals 
is 110 volts, and then any lamp or group of 
lamps in the circuit can be turned on. The 
hot resistance of a 110-volt lamp is about 
220 ohms; consequently each lamp requires 
a current of half an ampere. The parallel 
r esistance of 2, 3, or n lamps being only 
1 1 1 

FIG. 387 2' 3' Ol' nth part of the resistance of a 

single lamp, the same dynamo that will light one lamp, 
will light a number. If it were possible to build a 
dynamo without any interna! resistance, the number of 
lamps that could be lighted would be very large. As 
this cannot be done, the number is limited by the interna! 
resistance and reactions. 
Severa! groups of wires 
are usually run from one 
dynamo. A group can 
be run from the mains 
at any point by coupling 
submains to tbem, that 
is, by attaching to each 
wire a branch wire h11·ge 
enough to carry the cur
rent for its group. Each 
arch in the line (Fig. 
388) where one conductor 

~4-~~~~~~~~--~ 

FIG. 388 

crosses another indicates that it does so without toucbing 
it, or that the two are insulated from each other. 
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437. The Three-wire System. -In order to reduce the 
expense of distribution, Edison devised the three-wire 
system, in which two 
similar dynamos are 
coupled in series (Fig. 
389). The main feed- -+-+--+--t--t- -t---;z;--,-() 

ing wires are a ttached, 
one to the positive of 
the first dynamo, and 

Fm. 389 

the other to the negative of the second. A third wire is 
attached to the negative of the first and to the positive of 
the second dynamo. If there are an equal number of 
lamps burning on each side of the middle wire, it will 
carry no current, bu! if there are 50 lamps on one side and 
55 on the other, for instance, it will carry the current for 
5 htmps. The middle or neutral wire is often grounded. 

Incandescent lamps are rarely run in series on direct 
cunent circuits. In trolley cars, however, which are fed 

:t with a 500-volt circuit, 5 
lamps of 100 volts each 
(or 10 of 50 volts each) 
are usually put in series. 

438. Incandescent Light-
:¡:: ing ; Alternating Current . 

- Since alteruating dy
namos are built to give 
high voltage, some meth
od for changing this volt
age to that which can be 
used in a lamp is neces-

sary. A transformer is used for this purpose; it is virtually 
a reversed Ruhmkor:ff coil,- reversed because the work to 
be done is to change a high potential cm-rent into one 
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of a low potential. The principie of the transformar 
is shown in Fig. 390. The current from the dynamo 
flows through a long coil of fine 'vire which has an iron 
core to increase the magnetic field. By the side of this 
coil and surrounding the same core is a second coil, 
shorter ancl of larger wire. To the terminals of this coil 
t.he lamp or lamps to be lighted are attached. The size of 
the wire in these coils, as well as its length, is determined 
by the respectiva voltages of the dynamo and of the lamps 
Lo be used. In street lighting the lamps are sometimes 
coupled in series of 20, each having a shunt box. lf any 
lamp goes out the coil in the shunt box carries the cm·rent, 
and produces the humming noise so frequently hcard when 
a lamp has bumed out. 

439. The Electric Motor.----=- We have already learned 
that when a wire is carried across a magnetic field, cutting 
the lines of force, a cm-rent is generated in the wii·e. The 
converse of this is also true : if a cm-rent is sent through a 
wire that is in a magnetic field, the wire will be set in 
motion in a direction contrary to that which would have 
produced the cm-rent. A person can turn the armature of 
a 50 H.P. dynamo with on e hand so long as there is no 
current generated.and nothing to overcome but the frict.ion ; 
but when the dynamo is being run at full speed and the 
cm-rent is being used, the work of an engine is need.ed to 
turn it; the increase is the work that is requirecl to force 
the conductors, while they are carrying a cm-rent, through 
these in visible magnetic lines of force. 

It is tlus magnetic drag that becomes the power in an 
electric motor. In general any dynamo is reversible and 
can be usecl as a motor. Motors are in very general use 
for many pm·poses, and bave macle great changes in the 
methods of running machinery. 

I 
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The E.:M.F. of a dynamo or motor depends upon three 
things : speed, number of conductors, and number of lines 
of force cut. This relation may be expressecl by t he 
equation 

.E =nON _ 
108 

( 59) 

In this formula nis the number of revolutions per second, 
(J is the number of conductors on t he armature, N is the 
number of lines of force cut by each conductor, and 108 is 
a constant necessary to reduce the product nON to volts. 

PRACTICAL QUESTIONS AND PROBLEMS 

1. How cau you prove that the direction in which a conductor cuts 
a li ne of force determines the direction of the induced cmTent ? 

2. The ordinary Ruhmkorff coil is a" step-up transformar" and the 
transformar used on lighting circuits is a "step-down transformar." 
Explain these terms. 

3. Ilow do the IU>ntgen rays difl'er from light rays? 
4. Draw a vertical cross section o f a two-pole dynamo. Show (a) 

thc field 111agnets, (b) the armature core, (e) the direction of the mag
netic lines of force throughout the circuit. 

5. Make a drawing of the two-pole dyuamo with a ring winding. 
Prove the direction of the currents in the armature winding with a. 
gi ven position of the Na nd S poles of the field magnet, a.ud direction of 
rotatiou of the armature. Locate the brushes and mark them + a.nd -. 

6. Draw a figure of a field winding that shall be a combination of 
a series and a separately excited coll. 

7. Show by a figure how you would couple t wo electric bells so as 
to r ing them both at the same time with one button. 

8. What ij; the resistance of an arc lamp that requires a 9-ampere 
current and a potential difference of 45.8 volts to burn it properly? 

9. Twenty-five of the lamps in No. 8 are to be run in series on a 
line th~t is 1 mi. long. The current is carried by a No. 10 copper 
wire (p. 453) and the interna! resistance of the dynamo is 3.2 ohms. 
(a) What is the lamp resis tan ce? (b) What is the en tire resistance '? 
(e) What is the potential difference at the terminals of the macbine? 
(d) "\Yhat part of the work given out by the machine is used in 
burning the lamps? (e) "\Vhat part is lost in heating the line wire? 

BOADLEY'S PHYS. - 24 
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10. ITow many 50-volt lamps can a 2000-volt machine run in series, 

when one tenth of the voltage is lost in the leadiug wires 'l 

11. Au inclosed arc lamp requires 80 volts and 4.5 amperes to run 

it properly. (a) What is its resis tan ce? (b) How much resistance 

must be added to it so that it shall carry the proper cm-rent wheu it 

is coupled to a 110-volt cu·cuit? 
12. Two 50-volt lamps that require 8 amperes each are put in series 

across the terminals of a 110-volt incandescent circuit. How much 

resistance must be put in series with them? 
13. Ilow rnany watts are used by an arc larnp that requi res 45 volts 

and 9.5 amperes? Ilow many such lamps can be nm by a 30-II.P. 

en gin e, provided 90% of the energy of the engine is used in the lamps? 

14. The bot resistance of a 100-volt, 16-candle-power lamp is 192 

ohms. How many amperes are required to bnrn snch a lamp? How 

many watts per lamp? IIow many watts per candle power? 

15. If a 50-volt, 16-candle-power lamp requires as rnany watts as a 

100-volt, 16-candle-power lamp, what cnrrent does it take? What is 

its resis tan ce? 
16. A dynamo, when run at a certain speed, showed a potential 

difference of 125 volts at its terminals, and sent a current of 24.5 

amperes tluough a motor circuit. What was the resistauce of the 

cu·cuit? 
17. Au Edison dynamo gives a current of 320 amperes ata voltage 

of 105 volts. The resistance of the armature is .Ol ohm. (a) What is 

the fall of potential tbrougb tbe armature? These are called lost 

volts. Suppose tbe current of this machine is used for electric beating. 

(b) Fu1d the resistauce in the heating circuit. (e) How much beat 

will be generated in 15 minutes? 
18. A Kapp dynamo gives a current of 200 amperes at 105 volts, and 

the armature resistance is .025 ohm. (a) How many watts are used in 

the extern al cu·cuit 'l (b) How many in the dynamo itself? (e) What 

is the effect of the watts used in the dynamo? (d) Is tbis a help or 

a hindrance to the work of the machine? 
19. Four hundred incandescent Jamps are bnrning on one side of 

an Edison three-wire system, and 426 on the other. The lamps being 

for 110 volts and .5 ampere, how much current is being carried by the 

neutral wire? How much by the positive leading wire, ü the greater 

number of lamps are connected with the positive terminal? How 

much by the negative wire? 
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20. A 1000-volt altemating current of 2 amperes is sent through a 
transformer having an efficieucy of 98%. How many 50-volt incandes
cent lamps can it light if each requires 1 ampere of current? 

21. A two-pole dynamo that geuerates 110 volts has 80 conductors 
on the armature and runs at a speed of 750 revolutions per minute. 
How many tines of force are iu the magne tic circuit? 

LABORATORY WORK 

~- To a board 30 inches long and 15 inches wide fasten two bells 
and two push buttons so connected with a battery that either button 
will ring both bells. 

2 . Set up a telegraphic line from one corner of the Jaboratory to 
the opposite one. Carry the lines along t he walls and place the instru
ments on corner shelves in such positious that they will be perma
nent. Practice daily, for a few minutes, unti! the alphabet is learned 
and you can send a message. 

3. Couple three Grenet or plunge cells in series. Couple a wire 20 
feet long to one binding post and a short wire to 
the other. Touch the wires together and draw 
them apart. Notice the spark that passes. Wind 
the long wire upon a spool and repeat. Ilow 
does the spark compare with the firat· spark ? 
Explain. 

4. Ii you have access to a 50-volt alternating 
circuit, wind a coil with half a pound of No. 18 
insulated copper wire and fasten it to the base of 
a 50-volt lamp. Wind a similar coi! and rest the 
lamp and its coil upon it. Explain the results. 
Introduce a soft iron core in both colls and repeat. FIG. 391 

5. Wind 2 Ib. of No. 16 insulated wire on a wooden spool wüh 
au opening in it 2 inches in diameter. Bring the ends of the coil 

to hinding posts on a base, to which 
fasten the coil. When an alternating 
current is sent through this coil, any
thing that is magnetized-a watcb, fo1· 
example - can be demagnetized by put
ting it in the middle of the coi! and 

Fra. 392 slowly pulling it out. 
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6 . l\1ake a gallon of a solution of sodium carbonate having a spe
cific graviLy of 1.2. Add ~ lb. of borax. Place this in a battery ja1-. 
Couple a plale oí sheet lead to the + pole of a dynamo that will give 

+ 
from 100 to 150 volts, and insert 
the lead in the solution. Couple 
an iron rod to thc - pole, and 
place the end of it in Lhe jar. 
This is called tbe " water-pail 
forge." Explain its acLiou. 

F IG. 393 

7 . Test Lhe absorptive power 
of different substances for the 
Rontgen rays by the method 

described for making a pictnre witb the photogmphic plate. Charge 
au insulated spbere with electricity, and then bring the X rays to 
strike upon it. .After a sbort time test it for electricity. 

812 



CHAPTER X 

LIGHT 

I. N ATURE Al\"'D I NTENSITY OF LIGHT 

440. Light is that physical action which, by its effect 
upon the retina, excites the sensation of vision. There 
are many reasons for supposing that this action is the 
vibration o f the luminije?·ous ethe1·. 

441. Nature of the Ether. - Since our senses gi ve us no 
conception of the ether, the only possible way to describe 
it is by the qualities that it must possess. It is elastic 
and rígid, is capable of displacement and of exerting 
pressure. It may be considered as a universal jelly, so 
thin as to pass readily through every known substance, 
and to permit the densest substance to pass through it as 
a sieve passes through the air ; a jelly so thin that it has 
no appreciable weight. I t transmits in all directions the 
periodic changes in its electro-magnetic condition that 
constituta the light vibrations set up by a luminous body. 

442. Luminous Bodies are those that emit light. The 
term is usually applied to those bodies only that are self
luminous. T1·ansparent bodies are those that permit light 
to pass tru:ough them in such a way that objects are dis
tinctly visible through them. When the light comes 
through a body as diffused light, and objects cannot be 
distinctly seen through it, the body is called translucent. 
If the body does not permit light to pass through at all, 
it is called an opaque body. 

378 
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The classification of bodies as opaque and transparent 
is not very accurate, for thick layers of transparent bodies 
absorb a great deal of light, while thin layers of opaque 
substances are sometimes transparent. • 

ExrF.RtMF.NT 211.- Place a sheet of gold leaf between two thin 
glass plates 'and look through it ata window. You will find not only 
that it is transparent, but also that its color by transmitted light is 
green. 

443. The Propagation of Light. -A luminous ray is a 
single line of light propagated from a luminous point. A 
group of rays from the same som·ce is a pencil of rays. If 
these rays are parallel, they constitute a beam of light. 

If they di verge from a point, they forro a dive1·ging pencil. 
If tbey meet at a point, they forro a converging pencil. 

As long as the medium through which light moves is 
homogeneous, the direction of propagation is in straight 
lines. This propagation of light in straight lines is seen 
when the sun shines through a shutter into a darkened 
r oom. In this case the floating dust marks the path of 
the rays. A beam of light passing into a space which 
is free from all floating dust cannot be seen unless the 
eye is so placed as to look directly toward the source of 

light. Air can be made 
optically pure by passing 
it through a red-hot tube 
and then through a plug 
of cotton. 

ExrERIME~'T 212. -Select 
a board about 2 ft. long and 

FIG. 3W 8 in. wide, and set up in the 
middle of it a wooden cylinder 

3 in. in diameter aud 4 in. high. Near one end of the board set up 
two candies 4 in. apart, aud observe the shadow cast by the cylinder 
upon the board. 
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444. Umbra and Penumbra. -In Experiment 212 the 
dark part where the shadows overlap is the umbra, and 
the part which is lighted by only one candle is the 
penumb1·a. When the source of light is so small as to be 
considered a single point, the shadow is all umbra. If 
the source of the light is larger, the umbra is partly or 
completely surrounded by a penumbra. Figure 395 illus
trates the case in which the light comes from a luminous 
ball and the opaque body is a larger ball. If L is the 
luminous and B the opaque ball, a screen 8 will show 
the existence of a circular umbra or shadow whose límits 

can be determined by moving a straight line around both 
balls and tangent to both of them on the same side, as 
LB. There will be a penumbra, however, entirely around 
the umbra ; this will extend to the límits of a circle 
marked by a line tangent to both balls, but always on 
opposite sides of them, as OB. At the edge of the umbra 
the penumbra will be nearly as dark as the umbra, and 
it will gradually grow lighter and ligbter toward the 
outer edge. If one looks at L through pinholes pricked 
in the screen at different places in the penumbra, the ap
peara.nce of L will be like that o f the sun in a partial eclipse. 
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445. The Formation of Images.- An image is the pic

tUl'e of an object formed by rays óf light coming from it. 

The image that is formed by the rays of light passing 

_t:i =======t• ·w '11 ~I 
t;f A 

FIG. 396 

through a small open
ing is always inverted. 
In Fig. 396, for in
stance, since the light 
passes from the candle 

in straight lines and must pass through the hole in A to 

reach the side of the box I, the image must be an inverted 

one. This is the principie of the pinhole carnera. 

EXPERIMENT 213. -:i\iake a box about 8 in. square on the inside 

and 1 ft. long. Bore a hole in the middle of one side, and fasten a 

sheet of tinfoil over it. Darken the room and place a lighted candle 

in the box. Prick a hole in the tinfoil with a pin aud hold a screen 

at different distances in front of it. Notice that the distance of the 

screen from the hole regulates the size of the image. Repeat the 

experiment, using different sizes and shapes of openings in the tin

foil, and note the effect upon the image. 
If the tinfoil is pricked full of holes close together until finally 

there is a hole in the foil a half inch in diameter, it will be seen that 

the light which comes through forms a series of overlapping images 

of the source of light. 
EXPERDIENT 214.-In the box used in the last experiment, saw 

out a hole 3 in. square in the side opposite to the tinfoil, and fasten a 

plate of ground glass over the hole. Tack a black cloth around the 

side containing the grouud glass. Fasten on a new sheet of tinfoil, 

and prick a good·sized hole in it. Throw the cloth over the head, io 

cut out the daylight, and watch the formation of the images of brightly 

lighted objecta when the pinhole is directed toward them. · 

446. The Velocity of Light is so much greater than 

the velocity of any material body that it was long thougbt 

to be instantaneous. In 1675, however, Romer, a Danish 

astronomer, determined the velocity of light by a study 

of the satellites of Jupiter. One of the moons of Jupiter, 
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in its path around the planet, passes into the shadow of 
the planet once in 42 h. 28 roin. and 36 sec., on the 

average. Romer M 

observed that the -~~ =:::=B . 
intervals kept in- --r:::!J IiJ 

creasing in length, · FIG. 397 E 

w hil e the earth 
was passing from E to E', and that in six months the re
tardation amounted to 16 min. 36 sec. This means that it 
takes the light 16 min. 36 sec. to cross the orbit of the earth; 
that is, to travel twice the sun's clistance from the earth. 
This gives a velocity of about 186,000 mi. per second. 

The determination has been made in other ways, and 
the results confirm Romer' s measurement. W e may be 
able to get a hetter idea of this velocity by considering 
that it means that light could travel around the earth 

nearly 7f times in 1 second. 

447. The Intensity of Light is the quantity of light 
that falls on the unit of surface. This di:ffers with the 
source of the light, the clistance from the som·ce, and the 
angle at which the rays strike the surface. 

ExPERIMENT 215.-Place a lamp close to a screen through which 
there is a small hole. At a distauce of 1 ft. place a cardboard disk 

FIG. 398 

1 in. in diameter. Place a screen 2 ft . from the light, and the shadow 

cast by the disk will be 2 in. in diameter, and its area four times that 
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of the disk. If now the screen is placed 3 ft. from the light, the 
shadow is 3 in. in diameter, and its area is nine times the area of the 
disk. In every case the light cut off by the disk would bave fallen 
upon the screen in the area of the shadow. 

448. Laws of the Intensity of Light. 

I. The intensity of light upon any surface is inve1·sely 
proportional to the squa1·e of its distance j1·om the sou1·ce of 
ligltt. 

Il. The intensity of light is di1·ectly p1·oportional to the 
cosine of the angle of incidence, hence it is a maximum when 
the ray falls pe?']Jendicula1·ly upon the Stl!lface . 

Experiment 215 verifies the :first law. It can also be 
deduced as follows: Suppose a som·ce of light to be sm·
rounded by a hollow globe 10 ft. in diameter. I ts inner 
surface will receive all the light sent by the source. If 
the light is surrounded by a globe 20 ft. in diameter 
instead, the entire light will be received on the surface of 
the larger globe, and the comparativa intensities will be 
inversely proportional to the surfaces of the globes, which 
are as 4 : 1. But the distances of the surfaces from the 
light are as 2: 1. Hence the law. 

449. Photometry is the process of measuring the relative 
intensities of light. The standard is the light given by a 
sperm candle weighing ~ lb. and burning at the rate of 
120 grains per hour. Although this is an unsatisfactory 
standard, other lights are measured by it and rated as 
being o f a certain candle pow er. 

ExPERIMENT 216. - Bore a hole in a block, and in it set up a!ead 
pencil . Place tbis in .front of a screen, and place a candle and a lamp 
or gas!igbt in such positions that the two shadows of the pencil 
thrown upon the screen are close together. Move the candle until 
the shadows are equally dark (Fig. 399). Measnre the distance from 
each light to the screen, and find the candle power of the lamp. 
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This experiment requires a dark room. The apparatus 
constit utes a Rwmjo1·d's photometer. 

F IG. 399 

EXPERIJ\IENT 217.- In the middle of a piece of unglazed white 
paper put a drop of melted paraffin. Heat it over a lamp until the 
spot is about hali an inch in diameter and transparent. Cut a hole 
3 in. in diameter in a thick card, and paste the paper over it with the 
spot in the middle. Fix this in a vertical position. Set a standard 
candia on one side and the light to he measured on the ot.her, a.nd 
when the spot and paper look equally bright from either side, measure 
the distances ñ:om the lights to the screen, and find the candle power of 

the light . 

This forro is called the B wnsen photometer. It should 
be used in a dark room. 

PRACTICAL QUESTIONS AID> P ROBLEMS 

1. Show by a figure the relativa positions of t he snn, earth, a.nd 
moon when there is (a) a total eclipse of the sun; (b) a. pa.rtial eclipse 
of the sun ; (e) a. total eclipse of the moon. 

2. Show by a figure how the image of a luminous body is formed 
on the wall of a darkened ~·oom by rays passing t hrough a small hole 

in the opposite side. 
3. Place a wooden ball u pon the end of a. wire a.nd see how ma.ny 

different forms of shadow it will cast. 
4. Do the same with a wooden or cardboard disk. Do the results 

of these experiments teach anything about the shape of the earth? 
5. How soon after any great distm·bance takes place on the sun 

can it be seen on the earth ? 
6. The light from the nearest fixed star takes 4t yr. to reach the 

earth. How many times the sun's dista.nce is it from the earth? 
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7. I can see to read a newspaper easily at a distance of 6 ft. from 
a lamp. I can see to read equally well 9 ít. from a 16-candle-power 
gas flame. Wha~ is tbe candle power of the Jamp? 

8. A 16-candle-power incandescent Jamp casts the shadow of a tree 
on a wall 20 ít. away, while an arc lamp that is 100 ft. fm·ther away 
from the wall casts an equally dark shadow. What is the cand.le 
power of the arc lmup? 

9. Does tbe earth receive inore light from the sun iu January or in 
J une? Why? Show this by a diagram. 

10. The paraffin spot of a Bunsen photometer looks as light as the 
paper around i t when placed between a 16·candle-power lamp on 
the one side and a 32-candle-power lamp on the other. Ilow far is 
the photometer from each lamp ü t he distance between the lamps is 
100ft.? 

11. A card 2 in. square held at a. distance of 2 ft. from the eye 
hides a space 2 ft. square on a wall. Ilow far is the wall from the eye? 

12. Three i.nches of the end of a pene!! held vertically 21 ft. from 
the eye just cover the height of a tree 150 ft. away. What is the 
height of the tree? What do we assume in taking sight across the 
end of the penell and the top of the tree ? 

LABORATORY WORK 

l . Hold a Iens in the rays of the sun, and fill the ai.r behind i.t wi.th 
cra.yon dust from two erasers. Observe the converging pencil from 
the Iens to the focus, and the di.vergi.ng pencil beyond i.t. 

2 . Thrnst a stout wi.re into a. croquet ball, and hold it in a dark 
room in such a position that the part lighted by a lamp wi.ll represent 
the phases of the moon from new moon to oid. l\llake drawings of the 
positions of the observer, the light, and the ball for each phase. 

3. l\Iake a box 2 ft. long and 4 in. square on the inside. FH a 
piece of tin ove1· one end, aud make a smallround hole in the middle. 
<.:ut a piece of ground glass aud fit it in a strip of wood of such size 
that the glass and base will slip into the box easily (Fig. 400). Line 
the ground glass off into squares one quarter of an inch on each side 
with a sharp pencil, and to the base (a) fit a handle by which it can 
be drawn back and forth in the box. :Make a scale on this handle so 
that thc distance between the hole in the tin and the ground glass cau 
be read. Point the box toward a window and count the number of 
squares covered by the image of the wi.udow. Read the distance 
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from the hole to the screen. Measure the size of the window and 
compute the distance between the se1·een and the window. Verify 

by measuring the distance directly. Measure the height Òf a tree by 
this apparatus. 

4. Make n box 3ft. long and 4 in. square on the inside. About 
9 in. from one end fasten to one side a piece of wood having for a 
cross section an equilateral triangle. Just opposite this place a side 

Fxa.401 

box (Fig. 401). Cover A with white paper. Place a candle at C, and 
a lamp at some point B, such that t he two sides of the paper shall be 
equally illuminated, as seen by the eye at E. Determine the candle 
power of the lamp. If the inside of the box nnd side tube are paintcd 
a dead black (use lampblack mixed with tut·pentine), good work can 
be done wibh this photometer. 

5. Make a box for the Bun
sen photometer, like the one 
just described. Set two mir
rors JJf and jl{' at such angles 
that tbe eye will se'e the reflec-
tien of the opposite sides of Fra. 402 

the spot at the same time. In 
this way all other light is cut off and the two sides of the screen can 
be compared easily. 
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TI. THE REFLECTION OF L IGHT 

450. Reflection.- EXPERIMENT 218.-Through a small hole in 

the shutter of a darkened room admit a ray of s un light. Lay a mirror 
in its path and scatter crayon dust or smoke in the air. Observe that 
the reflected ray is straight and that its direction depends upon the 
angle at which the ray strikes the mirror. 

In Fig. 403, if Lis the source of light, MM' the reflect
ing surface, and P the point at which the light strikes 

it, then LP is called the 

V'L incident my, PB the ?'e-
B · flected ray, the angle LPII 

the angle of incidence, BP H 

M--------':~----M' the angle of ?'eflection, and 
P PH the normal to the re-

Fw.403 
flecting surface. The nor

mal is always perpendicular to the reflecting surface at 
the point where the ray strikes it. 

The relation between the angles of incidence and reflec
tion may be determined by the following experiment : 

ExPERIMENT 219. - Select a board about 1 ft. long and 8 in. wide, 
having the sides AD and HB parallel (Fig. 404). At the middle of 
side AD fasten a M 

A 
mirror M . Along 
the other side, HB, 
fasten a strip of 
cardboard, the half 
He being a quarter 
of an inch narrower H,-L,.,....,;--r;+,:,...,..r.-i~"""T-;-;-;-r-:n 

than the half eB. 
1\:Iark off on He a FIG. 404 

scale of equal parts as shown in the figure, numbered from a 
to H. Lay off an exactly equal scale on the side of eB facing tlte 

mirror, and number it from e to B. From e draw a li ne FN perpen
dicular to the mirror. Make a fine scratch on the silvered surface of 
the mirror M, so that it shall be e:x:actly over this line. N ow place 
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the eye at E, hold a pin across some division of the acale CH, as 4, 

and, looking over the top of CH, observe what division of the scale 

CB is seen to coincide with the line of sight passing from the line K 

past the pinto the eye. Do this for several divisions and state the law. 

451. The Laws of Retlection. 
(· I. TAe a;ngle of rejlection is equal to the angle of incidence 

and is in the same plane. 
II. TM plane including tAe incident and rejlected rays is 

perpendicular to the rejlecting surface. 

452. Diffusion. - If the surface upon which light strikes 

is nota polished surface, the light, instead of being regularly 

refiected, will be refiected irregularly, and form diffused 

light. It is by di:ffused light that we see bodies ordinarily. 

EXPERIMENT 220.-Fill a glass nearly 
full of water, and put in a. few drops of 
milk. Place it in a dark room and put· a 
card with a hole in it over the glass. Let 
a beam of sunlight in to the room a.nd throw 
it into the glass with a hand minor. Ob
serve that the globules of milk in the water 
scatter the light and render the whole glass FIG. 405 
brilliant. 

453. Plane Mirrors and their Images. -A plane mirror 

is any refiecting surface that is also a plane surface. The 

surface of still water is a good example. When an object 

is placed in front of a plane mirror, a vi?·tual image of it is 

formed behind the mirror, and cau be seen by an eye placed 

in the proper position, since the image of an object is in the 

direction from which the refiected ray comes. This image 

is called virtual beca use the e:ffect u pon the eye is the sam e 

as if the image really existed at that place. The geometrical 

construction of the image of a point is as follows : 

454. To Construct the Image of a Point. - Let .A (Fig. 

406) be the point of which the image is to be found. Since 
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the angle of reflection is equal to the angle of incidence, the 
ray AB, perpendicular to the surface, will be reflected upon 

itself in the direction BA; a nd 
M 

A' B A tbe image of the poinL A will 
-.:::::::..-----------.¡.::::..........,.._ __ .;;. be on BA or AB prolonged. 

··---------- Any othcr ray AO will be re-
c D fiected as OE, making the angle 

FIG. 406 

of refiecLion EOIJ equal to the 
angle of inciuence A OIJ , and 
the image will be on OE or 
E O prolonged. As the lines 

BA and OE are divergent in front of the mirror, their only 
point of intersection is atA', a point behind the mirror. 

l!'rom the figure the triangles .AB O aud .A' BO are right 
triangles, the line BO is commou, and the angles AOB and 
EO.li!I' are equal, since .EOIJ = AOIJ. But A' GB also 
equals EOM'; hence the angle AOB equals tbc angle 
A' OB, and the triangles are equal in all t heir parts. 
Hence A'B =AB. This means that the image of a point 
in a plane mirror is on a perpendicular from the point to 
the min·o1· and as far behind the mi?TO?' as the ob;'ect is in 
front ofit. 

455. To Construct the Image of an Object. - If the 
object is a straight rod like the arrow AB in Fig. 407, 
it will be necessary only to E' 

determine the position of M ~ 
the image of each end, as all ~------------ ______________ A 

intermediate points will be ,/ ··--,_ 
found on tbe straight line J.. __________ :~--~-- -

.B' ---- ·-. 
which joins them. Tbe paths --.--. ___ e 
taken by the rays that enter ":V 
the eye at E may be shown 
by finding the points O and FIG.4.U7 
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D, where straight lines from the points A' and B ' to the 
eye intersect the mirror. The incident rays, then, will be 
A.(] and B]), and the refiected rays will be (]E and ])E. 
When the eye is at E, the only part of the mirror used is (]]). 

Suppose the eye to be placed at E'. Is the image in the 
sam e place as before? Is the same part of the mirror used? 

EXPERIMENT 221. -Place a rnirror horizontally on a table and look 
at the image of a candle placed the other sicle of the mirror from the 
eye. vVhat kiud of inversion is caused by a horizontal mirror? 

ExPERIMENT 222. - Stand at a distance in front of a small plane 
mirror placed vertically against the wall. Notice how much of your 
figure you can see; then wal.k toward the mirror, and observe whether 
any greater length of the figure can be seen. Explain. 

ExPERIMENT 223. -Stand in front of a plane mirror with the right 
hand raised. Which hand of the image is raised? What kind of 
inversion is caused by a vertical mirror? 

456. Multiple Images from Mirrors at an Angle. - If 
two mirrors are placed at right angles with each other, as 
M and M' (Fig. 408), J.f 

!~~ ~:le~y\ b=~~. a:h~ A~~::~-:~~~- ~~~~~~~~-:~A 1il 

there will be seen an / i'<:·-----Èr-:v /:\:-,, .~ 

image A' in the mirror // j ',""'· M¡ \,. 
M, a second image A'' Í ! Ò~ i \ 
in the mirror M', and a ~------t---------.KI ~ ¡ : .,., 
third A"', which is t he \ j I / D ! /f 
image in M o f t he image \ , ,,y ' i / / 

\ I ,/'' I ! / ¡' 
A' formed by the mir- \ ! ,/ ! : : 1 

' I ,;." t I f ' 

ror M. The positions of '···.J.< _______ L _______ j ( 
all these images may be A'tt--____ ! _, .-'<A' 

found by applying the ----~-----
Fxo.408 

r u l e for :finding the 
image of a point in a plane mirror. The paths of the rays 
that enter the eye may be found as is shown in the figure. 

HOADLEY'S PHYS. -25 
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Multiple images formed in two mirrors that are in
clined at a less angle than 90° can be stn<lied by a 

FIG. 409 

pair of hinged mirrors, such as are 
shown in Fig. 409. By s tan ding 
the mirrors on a table and varying 
the angle between them, the rela
tion between the angle and the 
number of images can be showed. 

EXPERIMENT 224.- Determine with 
the hinged min·ors the number of images 
formed when the angle is 60° ; 45°; 30°. 

457. Multiple Images from Parallel Mirrors.- If two 
mirrors MM' and NN' are placed parallel and facing each 
other, several images of the candle O will be seen by the 

Ó~~--: ............................. ... 
; --............. ____ _ 
I --Ór------...... ... ......... ............... ---------......... __ 
IM - - --- ---- - -- A ------ B M' 

~ 
ct··-------------~:_.------------------------

1 --~~ --------0 ¡..- --
! Fio. 410 

eye .E, placed as in Fig. 410. What may be called a 
primary image, formed by one reflection, will be seen in 

t he direction .EA, and another of equal brightness in the 
direction .EA'. Secondary images, formed by two reBec

tions, will be seen in the directions .EB and .EB'. The 
candle appears at 01 and 0". 
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EXPERIMENT 225. - Place four long, narrow strips of mirror inside 
a wood or pasteboard box, fasteuing tbem to tbe four sides. Make a 
cover for one end and bore a 
small hole in the rniddle of it 
(Fig. 411). Place the eye at 
the opposite end of the box 
and direct the box toward a 

~~/-----------~~0 
1f ,¡__ _____ __¡.!/ 

FIG. 411 

window. Observe the diiferent images seen from the four sides. 
Strips of window glass covered with black paper will do very well 
if rnirrors cannot be obtained. 

ExPERIMENT 226. -Look through the t ube as before, then cover 
one side of the opening with the finger. Observe whether or not the 
same side of t he different images is covered. From tbis observation 
determine the number of refiections that has caused each image. 

ExPERIMENT 227.-Select a glass tube 18 in. long, and from a 
half to three quarters of an inch in diameter, and roll around it a 
smooth sheet of tinfoil. Paste over this a covering of paper. Put 

FIG. 412 

a cover over one end, with a hole in it, or put in a rubber stopper with 
one hole. Place the eye at the other end and look through the tube 
toward a light. Wby does the image o f the hole form a circ I e? Where 
is the brightest r ing? Why? Where a re t he others? Why? 

458. Multiple Images formed by a Plane Mirror.-When 
light f.rom any source, as the point P (Fig. 413), falls 

M 

N 

M' 

upon a glass mirror, two 
images will be formed: one 
at P' from the upper sur
face M1W1, and o ne at P 11 

from the lower surface NN'. 
, N The image P' is generally 

faint, as but little of the 
light striking MM' is re
flected from that surface, 
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the most of it passing through to the surface NN', from 
which, as the glass has a mercury back1 it is all reflected. 
The reason for the bending of the ray at A and O will 
be explained under the subject Refr action. 

EXPERIMENT 228.- Jlold a. liglited ca.ndle in front of a. looking 
glass in a. clark room. How many images do you see? Vl' hich is the 
brightest? Why? Hold the candle so tha.t the rays strike the glass 
very obliquely. Do any of the images change in brightness? Why? 

459. To locate a Perpendicular Line by Re:tlection. -Ex
PERIMENT 229.- Saw out a boa.rd about a foot loug and draw a liue 
LL' (Fig. 414) through the middle of it. At one end of the board 

FIG. 414 

tack a card with a slit in 
it so that the slit comes 
e:x:actly at the end of the 
line, at L. .At the other 
end, L', set up a half 
knitting needle verLi
cally. .At A, the middle 
of LL', fasten a small 

piece of mirror perpendicular to the board and making an angle of 
45° with the line LL'. Walk along the line EB, holding the instru
ment in the hand, until, on looking through the slit S, the image of 
a distant point, C, is in a vertical line with the needle N and the 
point B; then will the line CA be at an angle of 90° to EB. Why? 

460. Concave Mirrors may be formed of the concave 
surfaces of either spheres or paraboloids, hence the sections 

of concave mirrors by a plane will ,.---·,p··--.. M 
be arcs of either circles or parabolas. ,/ 

'
/ B 

If O is the center of the sphere from , 
which the mirror in Fig .415 is formed, 1 a I 
and MN the section of the mirror, \ / y A 

t hen O is the cente1· of curvature, A E.\:'-... • 
is the center of the mirror, OA is a ·-------- N 
principal axis, any other axis, as EB, FIG. 415 

is a seconda1·y rrxis, and Ll1. ON is the apert~tre of the min·or. 
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461. Foci. -A focus is a point to which rays of light 
converge, or from which they diverge. The principal 
focus of a mirror is the point, on the principal axis, in 
which all rays of light parallel ~o that axis meet after 
being reflected from the mirror. The distance of this 
point from the mi.rror is the p1-incipal focal lengtlL. A 
focus is real when it is caused by the meeting of rays of 
light, and virtual when rays appear to corne from it. 

462. Foci of Conca ve Mirrors. - There are six cases that 
can be consiclered. 

(a) When the Source of Light is at an Infinite Distanoe. 
-In this case the rays o f light will be parallel to the 
principal axis. The di-

rection of the reflected D --------;>)---o---~-;.:"""-~M 
ray MF is determined by .,:_- _ A 

drawing the normal from , ',,~ 'N 

J.Yl to the center of curva- FIG. 416 
ture O, and making the 
angle of reflection Oll!lF equal to the angle of incidence 
OMD. This reflected ray will cut the principal axis in 
F, a point practically halfway between O and A. By a 
similar construction it can be shown that all parallel rays 
will pass through F ; hence this is the principal foC'I.¿s. 

p 

Fm. 417 

(b) When tlLe Sou1·ce of LigM is at 
a Finite D istance beyond the Oente1· of 
Ou1·vature. -In this case the rays of 
light will diverge from the point P 
(Fig. 417) . · The direction of any ray, 
as P j}I, after reflection is found by 
making the angle OMP1 equal to the 

angle O.J.Y!P. All rays from P striking the mirror will, 
after reflection, meet at P '. The points P and P ' are 
callecl conj~tgate f oci. 
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(e) When the 8ource of Light is at tlte aenter of aurva
tu?·e. - Since every direction from t he center of curvature 
is the radius of the mirror , it is evident that the focus will 
be fo und at a. 

( d) When the 8ource of Light is between tlte a enter of 
aurvature and the Principal Focus. - This is the converse 
of case (b), and by reference to Fig. 417, it will be seen 
that the focus of P 1 is P, a point beyond the center of 
curvature. 

(e) When tlte 8ou1·ce of Light is at tJ¿e P rincipal Focus. 
- T his is t he converse of case (a) . When t he source of 
light is at F (Fig . 416), the direction of every ray after 
reflection will be parallel to the principal axis, or the focus 
will be at an infinite distance. 

(f) When the 8ource of Light is between tlte P rincipal 
Focus and the b.Fi1·ror. - By making the angle of reflection 

FIG.418 

equal to the angle of 
incidence, aMP (Fig. 
418), it will be seen 
that the reflected rays 
diverge from the princi
pal axis as though they 
came from a point P ' 
behind the mirror. This 
forms a virtual f ocus. 

463. Focus of a Point not in the Principal Axis.---' If 
the source of light is not in the principal axis its focus 
may be found by the follow-

ing simple construction. p.~C~F M 
Draw from the point P 

------------~~~~ 
(Fig . 419), a secondary axis • p' N 
through a. The ray sent in 
this direction will be reflected Fio. 419 
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on itself. Draw a ray parallel to the principal axis, as 
PM. I t will be reflected th.rough F and its iutersection 
with NOwill determine the point P', the focus of all rays 
coming from P . 

464. Images formed by Conca ve Mirrors. - The geo
metrical construction of images formed by concave mir
rors is practically the determination of the foci of points. 
To make this construction but two rays are necessary for 
each point: the ray passing through O, which is a second
ary axis, and the ray parallel to the principal axis. 

(a) When the Obfect is at an I nfinite Distance.- Since 
the focus of all rays parallel to the principal axis is at the 
principal focus, the image will beat F, and will be a point. 

(b) Wlten tlte Ob;'ect is at a Finite Distance beyond the 
Oente1· of Ou1·vature. - Following the rule for construction 
given above, the points A' and B' (Fig. 420) are found. 
These being the extreme points of the image, all other 

Fro. 420 FIG. 421 

points lie between them. The image is real, inverted, 
smaller than the object, and between the center of cm·va
ture and the focus. 

(e) Wlten tlte Ob}ect is at the Oenter of Ourvature.- In 
this case, Fig. 421 shows that the image will be real, 
inverted, of the same size a~ the object, and at the center 
of curvature. 



392 LIGHT 

( d) Wlten tlu Obj ect is between tl¿e O enter o f Ow·vature 
and the Principal Focus.- This is the reverse of case (b), 
and Fig. 4~2 shows ihat the image is real, inverted, larger 
than the object, and beyond the center of curvature. 

,..A.' 
~ ...... :::/ _J_ 

/ I 
I 
I 
I 

----~~~<8----1------t-----

FIG. 422 FIG. 423 

1 
I 

' I 

<:,":..-..-.,~ !/ 
.. "'E' 

(e) When the. Obfect is Small and at the P 1·incipal 
Focus.- This is the reverse of case (a). The rays are 
sent off in parallel lines; hence the image is at an infi
nite distance away; that is, there is none. 

(f) When the Obfect is between tl¿e Principal Focus and 
tlte Mirror.- .in this case, as shown in Fig. 423, the 
refiected rays are divergent, and there can be no real 

·---- L. 
-+----------1----~:t;;:~~~o 

---7il r 

--~~-----~---~/ 

FIG. 4:M 

image. By pro
longing these rays 
behind the mirror, 
however, the im
age is seen to be 
virtual, uprigh t, 
and larger than 
the object. 

465. The Con
vex Mirror. - If 
the outside of the 

sphere is made the refl.ecting sm·face, the mirror is convex. 
The focus and image are determined as in the case of the 
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concave mirror, except that the refl.ected rays must be 
prolonged behind the mirror before they meet, and hence 
the image is a virtual one. It is also upright and smaller 
than the object, as a construction like Fig. 424 will show. 

ExPERIMENT 230.- Using two minors, one concave and tbe other 
convex, verify the above conclusions. Remember tbat the real image 
can be caugbt on a screen, while tbe virtual can not, but can be seeu 
iu the mirr·or. A piece of ground glass forros an excellent screen. 

ExPERIMEN T 231.-Ilang a concave min·or on tbe wall so that its 
center is at the height of the eye. Let two students of the same 
beight stand in front of the mirror 10 or 15 ft. away. While one 
watches the image of the second, let the second walk slowly toward 
the mirror. By careíul observation, student No. 1 can see thc inverted 
image of student No. 2 advance from tbe mirror aud finally rest upon 
his shoulder, wben be is a.t the center of curva.tnre. 

466. Spherical Aberration. - If the ang ular opening of 
the concave mirror is large, the principal focus for a par
allel ray near the axis 
will be farther from the 
mirror than that for one 
near its edge (Fig. 425). 
For tiris reason the out
side of an image some
times looks blurred. To 

FIG. 425 

a 

prevent this, the aperture should not exceed 10° or 12°. 
ExPERIMENT 232.-Form in a dark room, with a concave mirror, 

the image of a candle on a screen. Ilold in front of tbe mirror a 
sCJ·een that cuts off all light oxcept from a ch·cle in Lhe middle about 
3 inches iu diamet~:. What effect does this bave u pon the brightness 
of Lhe image? Why? What effect does it bave upon tbe distinct
uess of the imago? Why? 

PRACTICAL QUESTIONS AND PROBLEMS 

1. 'Vbat advantnge is there in considering tbe angles of incidence 
aud reftection to be the angles which the incident aud refiected rays 
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make witb the normal, instead of the angles which these rays make 
with the reflecting surface? 

2. What is the angle between a plane mirror and an incident ray 
when the angle between the incident and reflected rays is 50° '/ 

3. Prove tbat the shortest plane mirror in which you can see your 
eutire figure when you are standing erect and the mirror is vertical, 
is one half your height. 

4. Construct the images of a point seen in two mirrors placed at 
right angles to eacb otber. Take the intersection of the min·ors as a 
center, and the distance from this intersection to the given point as a 
radius, and describe a cit·cle. Does it pass through all the images? 
Why? See Fig. 408. 

5. Refer to Fig. 410 and determine the distances of A aud B from 
C and E respectively. 

6. If you should s!K1-nd in front of a mirror, close the right eye, and 
stick a piece of paper over the image of the right eye as seen by the 
left eye, and should then open the right eye and close the left eye, the 
paper would cover the image of the left eye. Show this by a diagram. 

7. How high is the sun above the horizon when a person, standing 
on the shore of a lake, sees its image by looking at an angle of 60° 
from the vertical.? Make a diagram to show this. 

8. Show by a diagram how a person sitting in a second story room 
can, by using miiTOrs, see any one who is at the street door. 

9. What kind of inversion takes place in images seen in a plane 
mirror placed vertically? In one placed horizontally? 

10. Construct the image of a rod 1 ít. long placed with the lower 
end 10 in. in front of a plane mirror, and the upper end placed 16 in. 
in front o f i t. 

11. Under what conditions will the image given by a concave mir
ror be upright? When will it be smaller than the object? 

12. Construct the images of a vertical rod 1 ft. long, placed 16 in., 
3 ft., and 8ft., respectively, in front of a concave mirxor whose radius 
of curvatura is 4 ft. • 

13. Construct the image of the same rod, placed 3 ft. in front of a 
convex mirror whose radius of curvatura is 4 ft. 

LABORATORY WORK 

1 . Write your name so that it will read correctly when seen reflected 
from a plane mirror. 

I 
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2 . Draw upon a board about 1 ft. square two lines MM' and NN' 
(Fig. 426), at right angles to each other. Stick a Jong piu into the 
board at a point A' on the line NN'. Place a 
narrow strip of mirror on its edge facing the 
Jine MM'. Stick a pin iu the front edge of the 
board at E, and placing the eye so that the pins 
E and .(i' are seen in the same line, put a third 
piuat A on the line NN', so that its image will 
corne on the line EA'. Measure the distances 
of A and A ' from the line M111'. Do these 

NTM N A A' 

M' 
E. 

distances verify the law as to the image of a FIG. 426 
point in a plane mirror? 

3. Cut two strips of plane mirror 4 in. long and 1 in. wide. Fix 
these in a vertical position so that they make au angle of 30° with 
each other. Place the eye at the upper end of the strips, and some 
pieces of colored paper in the angle between the mirrors at the lower 
eud. Observe that the -rellectiou gi ves a geometrical design, and also 
notice that this is never repeated. Why? 

4. Take a concave mirror into a dark room and place it vertically 
upon a table. Make a scale of equal parts upon a piece of ground 
glass. Place this in ñ·ont of the mirror, and hold a gas llame back 
of it. Receive the image of t he acale upon a second similar acale. 

FIG. 427 

Change the reapective poaitions of 
the lighted acale and the one upon 
which the image is received, until 
the image of the sca.le exactly 
coincides in size with the scale 
upon the screen. Measure the 
focal length of the mirror. 

5. Paste paper over the convex 
surface of a convex mirror. Make 
two holes A and B (Fig. 427) in 
the paper at equal dista.nces from 
the middle of the mirror. Place 
it so that the aun can ahine upon 

it through an opening in the screen HK. The ra.ys falling on A and B 
will be refiected at H and K as bright spots. By changing the posi
tion of the screen StlCh a position can be found that HK = 2 AB, 
wh-eu LM is equa.l to the principal focal distau ce of the mirror. Why? 
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III. T HE REFRACTION OF LIGHT 

467. Refraction. - ExPERIMENT 233. - Fill a rectangular glass 
tank (a battery jar will do) nearly full of water, to which add a few 

drops of milk. Make 
a pasteboard cover for 
one end of the jar. 
Make a hole C (Fig. 
428) in this paste-

D A board, and by means 
of a hand mirror di-

FIG.428 
rect a beam of sunlight 
against it. Observe 

that if the beam is thrown in the direction AC perpendicnlarly agaiust 
the side, it passes through without change of directiou; but if its 
direction is BC, or EP, the ray bends just at the point where it 
strikes the water. 

Tbis bending of a ray of light on passing from one 
meuium into another is called 1'if1·action. 

468. Angles of Incidence and Refraction. - Let the inci
dent ray AB (Fig. 429) strike the surface of water at B. 
On passing into the A 

water, the refracted ray D 

will take the direction 
BO. Draw the normal 
DE to the surface at B; 
then the angle ABD is 
called the angle of in
cidence and the angle 
EBK the angle of re
j?·aation. The angle 
OBL, which is the dif
ference between the an-
gles of incidence and FIG. 429 

refraction, is the angle of deviation. The lines FG and 
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HK drawn perpenclicularly to the normal DE are the sines 
of the angles of incidence and refraction respectively if 
we consider the radi us B G- to be unity. The ratio of the 
sine of the angle of incidence to the sine of the angle of 
refraction is called the índex of refraction. In Fig. 429 

h . d f f t· . FG t e m ex o re rac wn lS HK. 

469. The Laws of Refraction. 
I. W7Len a 1·ay o f light passes from a les s refractive to a more 

refractive medium it is bent towm·d the perpendicular to tll.e 
surf ace at tl¿at point. Wl¿en it passes j1·om a mo1·e 1·ejractive 
to a les s 1·ej1·active medium it is bent from the pe1pendicula1·. 

Il. Tlte incident and 1·ejracted ray s are in the same plane. 
III. W7¿ateve1· the incident angle, the índex of refraction 

for any two media is a constant quantity. 
EXPERIMENT 234.-Cover the side of the tank used in Experiment 

233 with paper from the middle of which a large circle bas been 
cut. Draw in ink a vertical 
diameter AB (Fig. 430) and a 
borizontal one CD. Fill the 
tank with water to the line CD. 
Put a cover over tbe top, and 
through a narrow slit send a 
beam of light so that it will 
meet the water directly behind 
the intersection of the diame
ters. Measure FG and HK for 
dillerent angles of incidence, 
and the ratio will be found a 
constant. 

470. Cause of Refraction.- W hen a beam of light mov
ing in one medium strikes the surface of another, its 
velocity is changed. If the new medium is more refrac
tive, or optically denser, than the old, the velocity will de
crease, while if it is less. refractive, or optically rarer, 
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the velocity will increase. Suppose the beam has the 
wave frontLF, and is moving in the direction 0]). When 

FJG. 431 

the ray EF meets the sur
face xy its velocity, in the 
new medium, will dimin
ish, and by the time the 
ray .AL has reached Bit 
will have goue only the 
distance FG from F, the 
ray 0]) will bave reached 
H, the new wave front 
will be B G, and the new 
direction will be ])H. 

471. Indices of Refraction.-Since the ether is the real 
medium for the transmission of light, and since the velocity 
is greater in ether alone e i. e. in a vacuum) than in ether 
associated with any kind of matter, there are two kinds of 
indices of refraction : one is the absolute índex, shown when 
the ray passes from a vacuum into a substance ; the other 
is the relative índex, shown when the ray passes from one 
substance into another. The relative índex of two sub
stances is found by taking the inverse ratio of their abso
luta indices. 

TABLE OF AnsoLUTE lNDICES OF REFRACTION (YELLOW LIGHT) 

Substance !nd ex Substance Index Substance Index 

Vacuum 1.00000 Alcohol 1.360 Flint Glass 1.651 

Air 1.00029 Car bon. 1.624 Dlamond 2.47 Blsulpbide 
to 

Water 1.334 Crown Glass 1.516 .. 2.75 

The índex of refraction is not the sa.me for lights of dif
ferent colors. The indices given above are for yellow 
light. For the purposes of this book the índex of r efrac-
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tion for light passing from air to water will be taken as t. 
to crown glass ~. to flint glass t. and to diamond ~- . 

472. Total Reflection; Critica! Angle.- ExPERtMENT 235.
Fill the tank used in Experiment 233 with water, and by means of a 
mirror M (Fig. 432) directa ray 
of sunlight through an opening, 
O, in the pasteboard end near 
the bottom, so that it will strike 
the surface of the water. By 
changing the direction of the 
ray a point S may be found such 
that if the ray strikes the sur
face of the water to the right of 
S it will pass through this sur

FIG.432 

face, but if it strikes at S, or to the left of S, it will be totally refl.ected, 
making the angle NSR = angle NSO. 

That angle of incidence at which the ray, instead of 
passing into the air, shall just graze the surface of the 
water, is called the critical angle, and varies with the 
media. The critical angle for light passing from water into 

FIG.433 

air is about 48.5°; 
from crown glass 
into air, 42° ; and 
from diamond into 
air, 24°. 

473. Cause of To
tal Reflection.- If 
a point Pis placed 
at the bottom of 
a v~ssel of water 
(Fig. 433), it will 
send rays of light 

in all directions and the path of any of them can be traced 
by applying the law for refraction. To construct the path 
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of any ray take the point P · as a center and with any ra
dius as PN draw an arc NA. Draw the ray PB at an 
angle of, say, 18° from the normal, and with the point B 
as a center and PN as a radi us describe an arc cutting the 
normal BH at H. Draw the sine of the angle BP N. It 
is OIJ. Lay o:ff the sine FE equal to t OIJ ; then will the 
line BE determine the direction of the refracted ray. The 
direction of other rays can be determined in the same way, 
as P KL. It is evident that when the sine of the incident 
ray from P multiplied by t is equal to the radi us PN, 
the refracted ray will just skim along the surface of the 
water, as P MV. Beyond the point M the ray will be 
totally reflected, according to the usuallaw. 

The entire space above the surface of the water would 
be seen, by an eye placed beneath the surface, within a 
circle limited by a còne of rays the angle of which is 97°. 
Beyond that circle, the surface of the water acting as a total 
reflector would reflect the bottom and things lying upon it. 

ExPERIMENT 236.- While sitting at a table, hold a glass of water 

FIG. 434 

high above the head. Observe the images of 
bodies upon the table. Notice that you 
cannot look through the surface. Put a 
spoon in to the glass and notice that the part 
in the water is refiected from the surface. 

ExPERIMENT 237.-Fill a beaker two 
thirds full of water. Into this thrust a test 
tube with a slip of paper init. Notice that 
there is a position at which total reflection 
takes place and the paper cannot be seen 
through the water. Pour a little water into 
the test tube, and notice that wherever the 
inside of the tube is wet the paper can be 
seen. ~plain. 

474. Effects of Refraction.-Whenever a straight stick 
is placed in water at an angle, as AB (Fig. 435), it appears 
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bent at the surface of the water D, the part BJJ below 
the sm·face seeming to rise, the end B taking the position 
(J. This effect is due A 

to the refraction of the 
ray BF at F, where it 
takes the direction F E, 
and since the apparent 
position of a body is in 
the direction of the ray 
that enters the eye, the E~~~~~FgiG~. ~435~~~==:~ 
point B is seen at (J. 

For the same reason a pond into which a person looks 
in a slanting direction seems to be shallower than it 
really is. 

Refraction takes place in gases also, when rays pass 
from one medium into another of different density. This 

B 

FIG. 436 

gives rise to two 
effects at sunrise 
and sunset. 

First.-The sun 
is seen when it is 
really below the 
horizon. If the 

line AB (Fig. 436) represents the horizon at the point A , 
the sun, though below it, at the point S, appears to be at 
the point S': for the rays from S, on striking the atmos
phere of the earth and constantly passing into denser 
layers, are bent downward, and as the ray that enters the 
eye is from the direction S'A, this locates the s un at S' . 

Second.- Another effect is that u pon the apparent shape 
of the sun. The rays that are nearest the horizon are bent 
the most, so that the lower side appears higher than it 
really is, with reference to the upper side. This causes 

BOADLEY'S PBYS, - 26 
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the lower side to appear more :flattened than the upper. 
This e:ffect is shown in Fig. 437, which represents 

-• ··. t~t e e . 
photogra.phs of 
the rising sun, 
at forn· eleva
tions. 

FIG. 437 

475. Refraction through Plat es with Parallel Sides.

FIG. 438 

ExPERD:rENT 238. - U pon a card draw a circle 
with two diameters at right angles to each other. 
P lace a piece of plate glass or of thick winclow 
glass over the card as in Fig. 438. As Jong as this 
is looked at perpendicularly to the card no distor
tion is seeu, but if it is turned so that the line 
of sight is not perpendicular to the card, there 
is seen a break in both sides of the cü·cle and 
in the vertical diameter. 

When light strikes the side of a transparent plate 
with pa.rallel sides, as at E (Fig. 439) it is bent toward 
the normal at E, taking 
the direction EH, which 
is determined by the rel-

L 

ati ve index of refraction, A B 
~--------~~------~~ 

h . h t• sin i t at 1s, t e ra 10 -.-. 
Slll 1" 

When the light reaches 
H it is bent away from 
tbe normal in the direc-

a D 

tion HK, wbich is deter-

. el b th t • sin i ' K mme y e ra 10 -.-1• Fw. 439 
s1nr 

But this ratio, by the laws of refraction, is the reciproca! 
of the first ratio ; and from the figure 1· = i'. Hence 
i = r1, and the direction of HK is parallel to LE. 
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476. Prisms.- If the surfaces of the transparentmedium 
are not parallel, the emerging ray will not be parallel to the 
incident ray. When 
the cross section of the 
medium is a triangle 
the medium is a prism. 
The path of a ray pass-
ing through a prism 
is shown in Fig. 440. 

L 
When the ray from L 
strikes the prism at ]) 

.A 

K 

FIG. 440 

it is bent toward the normal and passes through the prism 
in the direction JJH. When it passes out of the prism at 
H it is bent from the normal in the direction HK. Since 
the ray is bent twice in the same direction it is seen that 
a 1·ay of ligl¿t passing thro;gh a prism is bent towa1·d the 
base. If the eye is placed at K, the soUI·ce of light will 
be seen at L'. The position of any object seen through 
a prism is apparently moved toward the 1·ejraating angle, 
which is the angle formed by the intersection of the two 
faces under consideration. 

The angle of deviation is the angle which the incident 
and emergent rays form with each other. In Fig. 440 it 
is the angle KNO. This angle varies with the refracting 
angle of the prism, the índex of refraction of the medium, 
and the angle of incidence. There is for every prism a 
mínimum angle of deviation, and this is obtained when 
the angles of incidence and emergence are equal. 

477. Lenses. -A Iens consists of a transparent body 
bounded by two sm·faces, one or both of whicb are curved. 
The curved sm·faces are usually spherical. There are six 
forms of lenses in common use, which may be classified 
in two groups of three each : 
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1. Double convex 
2. 
3. 
4. 

Plano-convex 
Converging meniscus 
Double concave 

5. Plano-concave 
6. Divergiug meniscus 

LIGH T 

} 
Converging lenses. 
Thicker in the middle than at the edge. 

} Diverging lenses. 
Thinner in the middle than at the edge. 

These lenses may be considered as being formed as 
follows : 

!,,---------.,---------,,\ 
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FIG. 441 

1. Intersection of two spheres. 
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2. Intersection of plane and sphere. 
3. Intersection of small sphere by large sphere. 
4. Intersection of cylinder by two spheres. 
5. Intersection of cylinder by plane and sphere. 
6. Intersection of cylinder by two spheres. 

478. Center of Curvature ; Principal Axis ; Optical 
Center. - T he centers of the spheres whose surfaces 

FIG. 442 

bound a Iens are its 
cente1·s of cu1·vatu1·e, as 
O and 0 1 (Fig. 442) . 
The straight line pass
ing through these cen
ters is the principal 

axis of the Iens. In the plano lenses the principal axis is a 
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line passing through the center of curvatura of the curved 
sm·face, and normal to the plane surface. The optical 
cente1· of a lens is that point through which a ·ray of light 
passes with practically no change in its direction. In a 
double convex lens having the same curvatura for both 
sides, it is the center of the figure. In plano lenses it is 
at the intersection of the cnrved surface and the principal 
axis. Any ray which passes th.rough the optical center, 
but does not pass through the center of curvatura, is a 
secondary axis, as HO in Fig. 442. 

479 . The Path of a Ray through aLens.- Suppose the 
ray to come from the point P on the principal axis and to 
strike the lens at the point A (Fig. 443). The direction 
AB through the lens may be found as follows: 

Describe from A as a center two arcs of circles with 
radii that are to each other as 3 : 2 et being the index of 

FIG. 443 

refraction of the lens). From E, the intersection of the 
ray with i he arc DE, draw a line parallel to the normal 
01 A, and from H, where the parallel intersects the second 
arc, draw HA and prolong it to B. 

In a simihn way determine the directiou, BK, that the 
ray will take on emerging from the leos. 
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480. The Foci of Convex Lenses. - The posi tions of the 
luminous point for which we may determine foci in convex 
lenses are similar to those considered for conca ve mirrors. 
The determination of the focus of any point req uires the 
dt·awing of the paths of two rays only. If the luminous 
point is on the principal axis, that is taken as the path of 
one ray. If it is not, a secondary axis is drawn. 

(a) Wl~en tlw Luminous Point is at an Infinite Distance. 
-In this case the incident rays are parallel, and if we 

take the índex of re-

: 

o, , ~o fraction as Ï• the focus 
____ ___;.;__---l-~--..::;;.;":....___ is very near the center 

of curvature for a dou
ble convex leus, and at 
twice that distance for 

a plano-convex leus. This is the p1·ínci.pal focus, and 
its distance from the lens is the focal length of the leus. 

( b) Wl~en tlw 
Luminous Point 
is at Mo1·e than 
~~ice the l?ocal 
L ength. - If the 
path of the ray 

FIG. 445 

PA is constructed, it will be found to intersect the prin
cipal axis at P', between 01 and twice the focal length. 

(e) When the Luminous Point is at ~~ice the l?ocal 
L ength. -A construction will show that the focus is also 
at twice the focal length on the other side of the lens. 
These poi.nts consti tu te con}ugate foci. 

( d) When the Lu,minous Point is at L ess tl~an Pwice and 
More than Once the l?ocal L ength. - This is the con verse 
of (b), a-s is shown in Fig. 445, since if the luminous point 
is P ', its focus will be P. . 
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(e) When the liwminous Point is at tJ¿e Principal Focus. 
- This is the converse of (a), and the emergent rays will 
be parallel to tbe principal axis. I 

(f) When the Luminous Point is between tJ¿e Principal I 
Focus and the Lens. -'In this case tbe rays will emerge 
as divergent rays, and the focus will be virtual, on tbe 1 

same siue of the Iens as tbe luminous point, aml fartber , 
away from the Iens. 1 

Converging lenses render parallel rays converging, in
crease the convergence of converging rays, and decrease 
the divergence of diverging rays, or render tbem parallel 
or converging. 

481. Formula for Convex Lenses. - The relati ve. posi
tions of a point and its image can be det ermined if ibe 
principal focal lengtb is known. Tbis relation is expressed 
by tbe formula 

1 1 1 -=-+f p p'' 
(60) 

in wbich f is the principal focal lengtb, p tbe distance of 
the point P from the Iens, and p 1 the distance of its image 
from the Iens. 

482. The Foci of Concave Lenses. - (a) When the Inci
dent Rays a1·e Parallel.- Iu this case the rays emerge 
as divergent rays 
(Fig.446),andthe 
focus is virtual. In 
thc double concave 
Iens ( crown glass) 
the focus is at the 
center of curva

O' a -------- \ 
·--•. ¡.. Y, 

FIG. 446 

ture; in the plano-concave (crown glass), at twice that 
distance from the Iens. 

l 
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(b) Wl~.en the Incident Rays are 1Jive1•ging.- In this 
case a construction will show that the emergent rays are 
more diverging, and that the virtual focus is nearer t he 
lens than in case (a). 

(e) When tlte Encident Rays are Oonve1·ging.- In this 
case the rays are rendered less converging, and the posi· 
tion and kind of focus (if any) will depend upon the 
amount of convergence in the incident rays. 

Diverging le~ses render parallel rays diverging, increase 
the divergence of diverging rays, and decrease the con
vergence of converging rays, or render them parallel or 
diverging. 

483. The Formation of Images by Lenses. - ExPEnnmNT 

239. - Tak:e a convex Iens, a candle, and a screen into a dark room. 

Fio. 447 

Place the three on a table 
as in Fig. 447, and by 
varying the relative dis
tances study the images 
of the candle formed on 
the screen by the Iens. 
Since the image of an 
object is made up of the 
foci of all its points, 
verif¡ th~ posi tions given 
for these foci in § 480. 

484. Geometrical Construction of Images. - The image 
which any lens will give of an object can be constructed 
with great accuracy. To do this two rays only are 
oeeded from each end of the object. These rays are 
the secondary axis, which will pass through the optical 
center of the lens, and a ray parallel to the principal axis, 
which, after passing through the lens, will pass through its 
principal focus. The image of the arrow AB (Fig. 448) 
formed by the lens ]) will be A' B'. The parallel ray A ff, 
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passing thrqugh the lens in the direction G H, will then 
pass through 0', and its intersection with the ray A.O 

1~ 
D 

FIG.448 

continued will give the image of A at the point A.'. The 
image of B can be found in the same way. 

485. Spherical Aberration.-The rays that pass through 
a convex spherical lens near the edge do not focus at the 
same point as those that pass through near the middle of 

Fm. 449 

the lens. This can be shown by construction as in Fig. 
449. The ray LA comes to a focus at P, and only those 
rays quite near tlic center focus at O. The e:ffect of this 
is to make the outsicle of the image indistinct when the 
center is distinct, and vice versa. This defect may be 
remeclied by usiug a diaphragm with a hole in it, in front 
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of the Iens, as ])])'. This makes the image more distinct, 
but as it cuts off the light from the outside, the image is 
not so bright. 

PRACTICAL QUESTIONS AND PROBLEMS 

1. Suppose P to be a lumiuous point at the bottom of a dish filled 
with water to the line AB. Coustruct the patbs of the rays PC, PD, 

::=-: 
~ = ~--=-=-----=-=------= 
=::=::: 
=----= = :f:!=-

--- --== 
p 

FIG. 450 

etc., makiug angles of 10°, 20°, 
30°, etc., with the normal PN. 
T race as many of these paths 
as will strike on the surface 
AB. Let AB be 10 in. long 
and the water 6 in. deep. 

2. Suppose you place a block 
o f glass (index: o f refracti on= n 
2 in. thick, upon a point P, 
resting ou the table. Coustruct 
the paths of rays passiug from 
it at the same angles as PC, 
PD, etc., in No. 1. 

3. Explain why the amount 
of light reflected from a diamond is greater than that from a piece of 
glass cnt in the same shape. 

4. Why does an oar placed in the water appear bent? 
5. Why is there a di:fference between the apparerit diameters of 

the full moon when it is rising and w heu it is well up in the sh.-y? 
6. Why does a vertical straight line, when looked at in a slanting 

direction through a piece of ordinary window glass, appear to be full 
of short bends, while if it is looked at through a piece of plate glass it 
appears straight? 

7. Prove that a ray of light passiug through a prism is bent 
toward the base. 

8. Constrnct t he path of the emergent ra.ys of a double convex leus 
when the lurninous point is between the principal focus and the Iens. 

9. Construct the paths of the rays emerging ñ·om a double conca ve 
leus when the incident rays are diverging. 

10. The radius of curvatura of each surface of a double convex 
leus is 2 ft. Construct the image it forms of an arrow 3 ft. from the 
Iens. 
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11. When the image of an object 18 in. from a convex Iens is 
thrown upon a screen at a distance of 5 in. from it, what is the focal 
length of the Iens? 

12. Find the focus of a point 24 cm. from a convex Iens when the 
focallength is 18 cm. 

LABORATORY WORK 

1. Fill a rectangular tank, like a battery jar, nearly full of water. 
Put one end of a glass tu be or wooden rod in to the water, and place 
yourself in such a position that you can see it through the surface of 
the water, the side of the tank, and the end of the tank, at the same 
time. Explain. 

2. Attach a weight W to a 
wooden ball B, and put it in a 
tank of water (Fig. 451) . 
Place the eye at E, vertically 
above the ball, and then at E' 
so as to see the ball at an 
angle. Show by a figure the 
reason for the difference in the 
appearance of the ball. 

3. Empty the rectangular 
FIG. 451 

tank used in No. 1 and in one corner, or at the middle of one side, 
place a coin as at e (Fig. 452). Fix a meter stick vertically at M, 

A 

M 

É and take the reading of the point 
E, where a line from e just touches 

1í1' the top of the tank atA, and below 
wbich e cannot be seen. Fill the 
tank with water and read tbe point 
E', at which the edge of the coin 
can just be seen. Take measure
ments of the tank and make a 
dra.wing, from which compute the 

FIG. 452 índex of refraction from water to air. 

4. Set two carèlboard screens S and S' (Fig. 453) on a table, and 
in one of them make a srnall hole A . Set au alcohol lamp upon thè 
table and sprinkle some salt on the wick. The lamp will then give a 
yellow light. Mark the point Bon the sCl·eeu S' where the rays from 
L strike after passing tlu·ough the hole iu S. Place just behind the 
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hole a prism P, and mark the point e where the rays now strike. 
Measure all required rlistances and detez:mine the angle of deviation. 

s' 
. .B 

FIG.453 

s 
Rotate the prism on an axis 
parallel to the table and to 
the screens, and you will 
observe that the point e 
will move up toward B, and 
then, although you turn the 
prism in the sama direction, 
the point will turn and go 
down again. This shows 
that there is one particular 
angle of incidence at which 
the angle of deviation is 

least. This is called the minimum deviation. At that point what is the 
relation between the angle of incidence and the angle of emergence? 

5. In oneside of asmall wooden 
box or cask bore a 2-in. bole near 
the bottom. Just opposite to this 
boreahalf-inch holeandfit itwith 
a short brass tube. Fit a large 
cork to the 2-in. hole and mount 
in it as large a leos as you can, 
so that when a beam of sunlight 
is sent through it the focus will 
be inside the brass tube. Now 
fill the cask with water and send 
the beam of sunlight throngh the 

FIG. 454 

leus, and the whole stream passing out t he brass tube will be illumi
nated. Why? Make the stream asmooth one by rounding out the inside 

Fio. 455 

of the outer end of the brass tube. I ntro
duce a colored glass plate at A and observe. 

6. Make a similar experiment with a 
glass rod or tube be ot as in Fig. 455. Ilold 
one end toward a flame and look in the 
other end. The en tire end is aglow. Show 
the reason for this by a figure. 1 7. Fasten a sheet of paper u pon a table 
and draw a straight line across it, as .11M' 
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(Fig. 456). Set a thick piece of plate glass on its edge so that 
one face is on the line M.M'. (If the plate glass is not very thick, 
clamp two or three pieces together.) Paste a piece of paper on the 
back of the glass with a line drawn on it so as to be vertical when the 
glass is in place. Mark 
the bottom of this line, as N ... --·- ---,A N' 

at A. Place the eye at

1 

( H ~~~"-\, \ M 
the other edge of the 
table at E and stick a pin 
in the paper at C and FM=---'-----1r-----*='--->+--=:...; 

another at B in line be- \.,, / JB 
1 

tween the eye and the ,g,/ 
line of sight to the line A. o/, D 
Remove the glass and E/ "--
describe a circie with the ¡1)-
pointB-onthelineM.il1' F IG. 456 

-as center· and BA as 
radius. Complete the figm·e and find the ratio of KD to AH. 
is this ratio? 

What 

8. The cross section of a given prism is a right triangle. Suppose 
a ray of light to strike perpendicularly against the middle of one of 
the sides- forming the right angle. Construct the path of the ray 
through the prism and also its direction on passing from the prism 
into the au:. 

9 . Take a convex Iens, candle, piece of ground glass with a centi
meter scale marked on it, and a screen in to a dark room. Place the 
screen on one side of the Iens, and the ground glass scale ou the other. 
Place the candle close behind the scale and move the se1·een unti! the 
distinct image of the scale falls upon it. Measure the length of the 
image and measllre the distances of the scale and the screen from 
the Iens. Repeat with the scale at clifferent distances, and tind the 
relation of the distance of the image to the distance of the object 
from the Iens. 

10. Substituta tbe distances obtained in the preceding experiment 
in t he formula for convex lenses and tind the focal length of the Iens 
you have been using. Take the average of all yonr determinations 
and verify by taking the Iens into tbe sunlight and finding the image 
of the sun. 

I 
I 

i 
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IV. DISPERSION .A.ND POLARIZATION 

486. The Dispersi on of Light. - ExPEHIMENT 240. - Take a 

prism into a dark room and hold it in front of a horizontal slit in a 
shutter. vVhen a bearu of sunlight passes tbrough the prism it is not 
only refra.cted, but sepa.rated into a band of colors on the opposite 

wall. 

This dispersion is due 
to the :fact that the in
dex o:f r efraction in a 
glass prism varies with 
the wave length. 

The spectrum :formed 

FIG. 457 
is called the solar spec
trum, and consists of a 

series o:f colors passing imperceptibly :from violet, which 
is refracted the most, through indigo, blue, green, yellow, 
and orange, to red, which is refracted the least. 

ExPERI MENT 241.-Paste two narrow bands of paper, on e violet 
and the other r"ed, u pou a black card, and look at them through a prism. 
It will be seen that the red rays are refra.cted less than the violet. 

487. Recomposition of White Light. - Since the spec
trum is :formed by the unequal dispersion of white light, it 
is possible to reproduce white light by bringing all the 
spectrum colors to one place. This can be done by using a 
second prism reversed, a concave mirror, or a convex lens. 

EXJ'ERIMENT 242.-Set up a 

prism in a dark room and let 
the sunlight strike it through a 
slit in the shutter. Let the 
spectrum fall upon a double 
convex lens pla.ced at about its 
focallength from the wall. The 

FIG.458 

spectrum colors being brought together at the point P (Fig. 458) will 
produce a brilliaut white spot. 

I 
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488. Chromatic Aberration. - ExPERIMENT 243. -Place a 
large double convex lens perpendicular to the sun's rays (Fig. 459). li 
a set·een is placed at S, a picture of the sun will be formed having an 
outer fringe o f red, but if the screen is placed in the position S 1 the 
fringe will be violet. 

This effect, which is quite 
common in single lenses, is 
called ch1·omatic aben·ation, and 
is due to the unequal refraction 
of .the different colors. 

489. The Achromatic Lens. ,.,..-:; 
- Achromatism, or the for

Fra. 459 

mation of images without colored fringes, is secured by 
combining a plano-concave leus of fiint glass with a double 

convex leus of crown glass. These are of such 
curvatures t ha.t the dispersion of one is neutral
ized by that of the other, while the refraction is 
retained. The refractibn of the combination 
is less, however, than that of the double convex 

Fra . 460 lens alone. 

490. The Rainbow. - One of the most familiar and 
striking results of refraction and dispersion in nature is 
scen in the rainbow. Whenever rain is falling and the 
sun is shining upon it, from a point not too high in the 
heavens, an observer standing with his back to the sun 
will see one and sometimes two of these brilliant bows. 

The inner or p1·imary bow is composed of the spectrum 
colors in their order, the r ed being on the outside and the 
violet on the inside. The outer or seconda1·y bow is com
posed of the same colors, but in an inverse order. 

491. The Primary Bow. - When a beam of sunlight L 
strikcs upon a raindrop at A (Fig. 461), the light that 
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passes in to the drop is refracted atA and dispersion begins 
at the same place, so that when the light strikes the baclc 

!'! 
I I 

of the drop it is 
as a spectrum, 
with the red ray 
above on account 
of its refraction 
being the least. 
AtRVpart of the I I 

¡. 1· ~====~R light passes out 
v of the drop, but 

part is reflected. 
Since the angle of 
incidence .AR O is 
greater than the 
angle .A VO, the 
angle of reflec· 
tion ORR' must 

\ \ 

\ \ . . 
V" 

FIG.461 

be greater than the angle 
the rays will cross at B 
and emerge (in part) from 
the drop at R' and V' in 
the directions R' R" and 
V' V''· The other spec
trum colors will be re
fracted in regular order 
between R" and V". 

O VV', and for this reason 

R 
o 
y 
G 
B 
r 
v 
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The angle of incidence at which these resolts are ob
taiucd is such that the red ray leaves the d.rop aL an angle 
of 42° to the direction of the entering ray, antl the violet 
ray at an augle of nearly 40°. Hence the red ray is seeu 
at :w angle of 42° and. the violet at angle of about 40° 
to a line ch-awn from the observer directly away from 
the stm. 

Siuce the angle for the red ray is two degrees more than 
. for the violet, it is evident that if the eye is placed at .E 
(Fig. 462) the different colors will be seen re:fl.ected from 
different drops, and. that the drop giving the red ray will 
be lügher than any of the others. This explains why the 
red is on the outside of the primary bow. 

492. The Secondary Bow. - T he sun's rays striking on 
the lower side of the raindrop at A. (Fig. 463) will be 

FIG.463 

refracted and dispersed to VR , and then after two re:fl.ec
tions part of them will emerge from the drop, the red at an 
<tngle o f 51° and the violet at an angle o f 54 ° to thc direc
tion of the entering ray. This means that the eye will 
receive the violet ray from a higher elevation than the red 
ray, and hence that the violet will be on the outside of the 
secondary bow. 

493. Why the Raintoow is Circular. - Since ihe rain
drop is a sphere, the red rays of the primary bow are 

HOADLEY'S PIIYS, -27 
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sent off in the form of a cone having the drop at its vertex 
and making an angle of 42° with the axis of the cone. 
The red ray, thcl'efore, can be seen, from different drops, 

v 
in any direction thn.t 
makes an angle of 42° 
~th the axis of tbe 
bow, that is, ~th the 
line that passes through 
the sun and tbe eye of 

-~e:::;_~!;.;';;.to---"~..----;-+-H-- the observer; and hence 
JjJ its form will be circular. 

Fra. 464. 

In Fig. 464 the sun is 
¡mpposed to be at the 
horizon. 

494. Color.-\Ve bave seen that the amount of reírac
tion that a ray unclergoes when passing through a prism 
is dependent upon ü s wave length. W e haye also seen 
that different amounts of refraction give rise to cliffercnt 
colors when white light falls u pon the prism. W e may, 
then, define color as a property of light that depencls upon 
its wave length. 

495. The Color of Opaque Bodies is determined by their 
relative power of absorbing and refl.ecting certain wave 
lengths. A body that absorbs all the colors except red, 
refl.ects that color and is red. 

ExPERDfENT 244. - Paste a strip of white paper npon a black card 
and, holding it in tbe sunligbt, examine it by looking througb a prism. 
The edges of the paper will gi ve the spectrum colors. Examine in the 
same way strips of red and blue paper, and the spectrum in each case 
will give only the color that the paper reflect.s. 

ExPERIMENT 245. -Paste a strip of white paper, 10 in. long and 
t in. wide, on a black card. P aste, at right angles to this, pieces t in. 
wide and 2 iu. long. Place a prism as in Fig. 465, and examine the 
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strips. The spectra of the narrow strips into which we may suppose 
tbe long strip to be divided, will overlap and give white light except 

FIG. 465 

at the ends, one end being red and the otber violat. The spectrum of 
each narrow line will be a complete spectrum. 

If the color that a body reflects is red, it will not appear 
red unless the light that shines upon it has red in it. 

EXPERmENT 243.-Take s li ps o f differen tly colored paper in to a 
dark room and examine them under the light from a pbotographer's 
lamp, giving a ruby red light, or under tbe yellow light from a candle 
upon which some salt bas been sprinkled. 

This experiment shows the importance of selecting colors 
under the same light as that in which they are to be used. 
A color that is exactly suitable by daylight may have an 
entirely cli:fferent appearance by gaslight. 

496. The Color of Transparent Bodies (viewed by trans
mitted light) depends upon the color that they transmit. 
If a body transmits all colors equally, it is colorless. If it 
transmits one color only,- yellow, for example,- then it 
will ha ve that color; but if it transmits several, its color 
will be that which results from combining the trans
mitted colors in the relative amounts in 'vhich they are 
transmitted. 

497. Newton's Disk. - Sir Isaac Newton used a metbod 
of combining colors that depends upon the principie of 
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persistence of vision in the eye. If a ca.rdboard disk is 
painted red on one sector and yellow on the other, as 

B A in A (Fig. 466), and if it 

Q is then rapidly rotated on 
an axis passing through the 
middle of the disk, the color 
will appear to the eye to bc 

FIG. 466 
orange. This is purcly a 
physiological result, the red 

sensation following the yellow sensation so quickly that 
the resultis a combination of the two. If violet and rcd 
are used instead of yellow and red, thc result will be pur
ple. Combinat.ions of auy colors, in any proportions, can 
be made by having a disk of each color slit radially, as B 
in Fig. 466, so that they can be slipped over one anothcr 
while on the axis. 

498. Compl~mentary Colors. - If blue and orange are 
used in the right proportions in N ewton's disk, the resulting 
affect will be practically white. Two colors which, added 
together; produce white, are callen complementa1·y colots. 

A chart, like that shown 
in Fig. 467, is convenient 
for showing complementary 
colors. I t is so arranged 
that the combination of the 
two colors opposite will pro
duce white. The various 
shades and tints of these 
colors can be formed by 
combining two or mor e 
colors in different propor
tions. 

Complementary colors frequently 

FIO. 467 

give pleasing effects 
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when used near each other, as in the arrangement of 
ribbons, fl.owers, and leaves. 

ExPIDI~IMENT 247. -Place a square of any bright color in a brilliant 
light and look at it steadily for a minute or two. Turn the eyes u pon 
a piece of white paper, anli a square of the same size, but ~f the com
plementary color, will be seen. 

The constant looking at a certain color in this experi
ment seems to render the retina less sensiti ve to the same 
color in white light, hence the complementary colm; is seen. 

499. Mixing Pigment Colors. - The results obtained 
above bave beeu obtained by mixing spectrum colors. 
The same results will not be obtained by mixing pig
ments. A mixture of yellow and blue color produces 
white, but a mixture of yellow and blue pigments gives 
green. 

500. The Spectroscope is an instrument for the produc
t ion and study of the spectra from different som·ces. It 
has three essential parts, which are shown in dia.gram in 
Fig. 468. 

The collimatm· O is provided with a slit at the end 
nearest the light L, and a Iens so arranged that the light 
will pass from 
the collimator to 
tbc prism in par
allel lines. 

The prism P 
is fixed in such a · · 
position that the 
refracted beam 

p 

Fio. 468 

passes through it and emerges in the direction PT. The 
telescope T is movable, and can be focusec.l on any ray 
that cm9rges from the p1·ism. A general view of one 
form of the instrument is shown in Fig. 469. 



422 LIGHT 

501. Spectrum Analysis.- The kind of spectrum that 
is given by any source of light depends upon the physical 
condition of the source. There are three kinds of 
spectra : the continuous spectrum, the brigAt line spec
trwm, and the absol'ption or dark line spect1·urn. 

FJG. 469 

EXPERIMENT 248.-Examine the fia me of a candle by the spectro
scope, and it will be seen to be contiuuous from the red end to the 
violet, passiug through all the intermediate colors by imperceptible 
gradations. 

502. First Law of the Spectrum. - Wlten the source of 
• light is an incandescent solid, líquid, or dense gas, the spec-

trwm is contínuous. 
The continuous spectrum in Experiment 248 is the 

spectrum of incandescent carbon from the candle. The 
same kind of spectrum is obtained from a lamp or gaslight. 

ExPERDIENT 249.- Dip a platinum wire in a solution of salt and 
hold it in a Bunsen flame. Examine the fiame with the spectroscope, 
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a.nd instead of a continuous spectrum, a bright yellow band will be 
seen in the middle of the place occupied by the yellow of the continu
ous spectruro. (A s mall ball of cotton or lamp wicking on the end of 
a wire can be used in place o f the platinum wire.) 

This yellow band is called the sodiwm line or ]) line, 
and on being closely studied is seen to be made up of two 
narrow lines with a dark band between them. 

503. Second Law of the Spectrum. -Incandescent gases, 
not unde1· g1·eat p1·essure, give a spect1·um made wp of bn"ght 
colored lines on a dadc background. 

Each line has a definite position in the spectrum, and is 
characteristic of the substance which produces it. 

ExPERIMENT 250.-Examine sunlight by the spectroscope, a nd 
the colored spectrum will be seen to be crossed by a series of dark 
lines. Moisten a platinum wire with a solution of salt and hold ib in 
a Bunsen fiame in front of the slit. One of the dark lines, the D 
line, will be made darker. Shut out the sunlight and examine the 
sodium fiame alone, and the D line will show in the same place as a 
brigh t yellow li ne. 

W e see in this experiment that the passage of sunlight 
through sodium vapor - itself capable of giving a bright 
line - intensifies the dark line in the solar spectrum. 
The fact that this dark line is in the same place as the 
bright line does not mean that there is no sodium in the 
sun, but instead means that the sodium vapor in the sun's 
atmosphere absorbs t he light of the same wavc length as 
that given out by incandescent sodium, ancl makes this 
part of the spectrum look dark in comparison with the 
rest of it . 

504. Third Law of the Spectrum. - The vapo1· oj any 
substance will absorb the light given out by the same sub
stance in a state of incandescence. 

Such spcctra are absorption spectra. 

I 
! 

r 
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505. Fraunhofer Lines. - The clark lines clescribed 
above are callcd Lho Fraunlwfer lines, and on account of 
their invariable position are used as standards of wave 
length. A careful study shows that tbere are 377 bright 
lines in the spectrum of iron that exactly coincide with 
the same number of dark lines in the solar spectrum. 
The conclusion follows that iron exists in t/¿e atmosphe1'e 
o f the sun in a state o f vapo1·. 

The positions of the most prominent of the Fraunhofer 
lines are shown in F ig . 4 70, in which the violet end of the 
spectrum is at the right. 

AB C D E F G H 

I I I I li 11 I 
FIG. !l70 

The accompanying table gives the wave lengths of some 
of the dark lines of t he spectrum. T here are parts of the 

visible spectrum in the red end 
L!ne Color Wa.vo Lcngth In mm 

A. Darklled 

B 

e OraJlJ!:<l ,CJ()()G4GS 

D Yellow .00068116 

Da Yellow • 0006890 

E, LightGreen .0006270 

b, Dark Green .oootillli 

F Blue .0001861 

G DarkBiue .0001308 

R Violet ·-

that have longer wave lengths 
than the .A.line, as well as parts 
in the violet tbat bave shorter 
wave lengths than the H line . 
A comparison o f these shows 
that the wave length for red 
light is about twice that for 
viole t . 

506. The Invisible Spectrum. - The visible spectrum is 
by no means tbe limit of the dispersion secured by the 
prism. Beyond the reti are a series of longer waves that 
can easily be cletected as heat rays, while heyond the violct 
are shorter wavc~ ihat have great chemical activity, and 
are called the chemical or actínic mys. 
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ExPERIMENT 251.- Cut a piece of photographic printing paper 
into strips and pin thern end to end upon the wall of a dark room so 
as to forma long strip. By means of a prism tru:ow the solar spectrum 
upon the middle of the s trip, wbich should extend a third of its length 
beyond each end of the spectrum. Mark the position of every color 
and the end of the visible spectrum. After a short exposure notice 
tbat the greatest effect on the paper is at the violet end of the spectrum 
or just beyond it, and that at the red end there is practically no change. 

507. Doppler's Principie applied to Light Waves.- The 
position of the dark lines of the spectrum is invariable only 
when the distance between the source of light and the oh
server is :fixed. If this distance is regularly diminishing, 
the wave length corresponding to a given line diminishes, 
and if it is increasing, the wave length increases. 

If the spectrum of a. star is examined, and it is found 
that the O line, for instance, is located at the right of the 
position of that line R 0 v 
in the solar spectrum, I li I 
as the lighter l ine in . . . . 
Fig. 4 71, the explana FIG. 471 

tion is that the star is moving toward us and thus 
shortening the wave length that produces the line. If 
the displacement is to.ward the red end of the spectrum, 
then the star is receding from us. Since the velocity of 
the star determines the amount of tbis displacement, tt 

measurement of this amount can be used ns a basis for 
calculating the velocity of the star 's motion. 

508. Interference. - W e ha ve already seen the results 
of interference in sound waves. Two waves may meet in 
such a way as to strengthen each other or to neutrali:;;e 
each other. Similar phenomena occur in light, as is showu 
in the following experiment. 

EXPERIMENT 252. - Against a piece of plate glass press the curved 
side of a plano-conv~x Iens wit.b great focallength. On looking at the 
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upper surface of the Iens at an angle, a series of concentric circles 
will be seen, each one of which will be made up of the colors of the 
spectrum. lf a shcet of red glass is placed between the Iens and the 
light, so that light of that color alone falls upon the leus, the rings 
will be altarnata dark aud red bauds. 

These rings are called Newton's rings. The colors seen 
on looking at a thin film of oil on water, a soap hubble, or 
a crack in a piece of ice, are examples of interference. 

509. Explanation of Newton's Rings. - When light 
strikes the lens the refracted ray is partly reftect,ed at 

A and its phase is 
changed. Some otber 

'D refracted ray will 
be reflected from B 
( without change of 
phase) and will pass 

vA into the air in the 
¡__ ________ ___:!:B~ __ --.JI same path as the first, 

Fm. 472 OD. If the distance 

AB is a quarter wave length the reflected rays are in the 
same phase and give light, but if it is a half wave length 
the reflected rays are in opposite phases and there is inter
ference or darkness. As the space between the curved 
surface of the Iens and the plane glass increases gradually, 
there is a distance that corresponds to a quarter wave 
length for every color of the spectrum. 

510. Diffraction. - ExPERIMENT 253. -Expose a photographic 
dry plata to daylight. Develop and fix i t. Wash thoroughly and dry. 
Wi th a fine needle or the point of a knife blade draw a series of paral
Jel lines through the film to the glass. Ilold this plata close to the 
eye and look through it at the flame of a candle. There will be seeu 
brilliaut spectrum colors extending on either side of the fiame. 

ExPERI~H:NT 254.- On o ne half o f the plate used above, draw two 
¡¡ets of parallellines at right angles to each other, dividiug the film 
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into small squares. Look through this at an arc or incandescent 
light, and fine liues C1f spectra will be seen to ex:tend at right angles 
from the light. 

A fine silk handkerchief gives a good effect when looked 
through, especially when the light examined is an arc light. 
A plate of glass upon which a little lycopodium powder 
has been sprinkled gives a series of beautiful rainbow 
e:ffects when a candle or any bright light is seen through it. 
The cause of these phenomena is that rays of light on pass
ing through a narrow slit spread out into a diverging band, 
or are diffracted, and if the edges of the slit are near each 
other interference takes place and gives colored fringes. 

The diffraction grating consists of from 10,000 to 20,000 
parallel lines to the inch, ruled on glass or on speculum. 
metal. If on the former, the light passes through, if on 
the latter, it is reflected from the polished and ruled 
sm·face. Spectra of wide dispersion can be obtained from 
such gratings, and they are used in place of the prism in 
spectroscopic work. The spectrum given by the grating 
is called the normal spectrum, since in it the distribution 
of the different wave lengths is uniform. 

511. Polarized Light. - The vibrations of tha ether 
that produce a ray of light are transversa vibrations. If 
the circle in Fig. 473 
is taken to represent a 
cross section of a ray of 
light, the vibrations set 
up in the ether a re sbown 
not only as transverse, 
but as transversa in 
every direction. If all 

FIG. 473 FIG. 474 

the vibrations were parallel transversely, as in Fig. 474, 
then the ray would be a ray of plane polarized light. 



428 LIGHT 

Polarized light presents to .the eye nothing to distinguish 
it from ordinary light, but it presents certain very interest
ing phenomena when stuclied under statecl conclitions. 
Tlle crystal tourmaline has Lhe proper ty of permitting 
vibrations in only one plane to emerge from it; that is, it 

polarizes light. 

ExPERmgN'f 255. - Place two tourmaline crystals one over the 

other aud parallel to each other. The light that passes through one 
will pass through the other. N ow turu on e of them 
unti! it crosses the other at right angles, as in Fig. 
475, and no light at all passes th1·ough the crossed 
portion. The a.ction is as though each Jet through 
only those vibrations which are parallel to its length. 
Now put between the tourmalines a piece of quartz 

Fm. 475 or Iceland spar, and ou turniug one of the tom·ma-

lines brilliant colored effects are observed. The effect of the quartz, 

theu, must be to turn the plane of polarizatiou and to enable a part of 

the light to pass through the second tom·maline. 

512. Double Refraction.-If a crystal of Iceland spar is 
placed upon a sheet of paper on which there is a black 

dot, the eye placed above the spar will 
see two clots, one a short distance from 
the other and apparently above the sur
face of the paper. This action of Iceland 
s par u pon light is called double ?'efraction. 
One of these rays, the upper in Fig. 476, 
obeys the ordinary laws of refraction and 
is called the ordinary ray ; the other does 
not obey these laws and is called the ex-

FIG. 476 

t1·aordinary ?'ay. Another peculiarity of these rays is 
that they are polarized. 

If a crystal of Iceland spar is cut along the diagonal AB 
(Fig. 476). and then cemented together again with Ca.nacla 
balsam, it has the property of permitting only the extraor-
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clinary ray to emerge. This is oalled a Nicol's prism and 
is much used in the study of polarized light. 

EXPb:Rt:\IENT 256.- Lay a sheet of black paper u pon the lable. 
Over this lay a sheet of glass G (Fig. 477). Cut out about a dozen 

FIG. 477 

pieces of thin glass, and holding them as at A in the figure, look 
through them at a piece of mica M !aid upon the glass sheet. llold 
the thin glasses at various angles aud elevations, and determine the 
position in which the most brilliant effects are produced. 

The study of substances by polarized light has become 
a matter oí great importance, since it reveals d.ifferences 
in physical structure that cannot be discovered by other 
means. The same results are obtained if the eye is placed 
below the glasses in such a position that the polarized ray 
is reflected from B. 

PRACTICAL QUESTIONS AND PROBLEMS 

1. Make a drawing of a prism, the refractiva angle A of which is 
60°, and trace the path of a ray from A. 

L as it passes through and out of the 
prism. Using the same incident ray L, 
increase the angle A by 10° successively 
and show the change in the emerging 
ray until it no longer emerges ñ·om the 
side AC. Where does tbe ray emerge? 

2. Wbat is the reason tbat the outside 
of the image of a landscape formed by a 

1•' !0. ,¡¡¡¡ 

single Iens is indistinct? What is the remedy? Why is it soma
times colored ? What is the remedy for this? 
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3. Why is the rainbow circular? Why do we not see the entire 

circle? 
4. Do the different colors in the rainbow, seen by an observer, 

come from the same or different drops? Prove your answer by a 

drawing. 
5. Suppose you were examining the light from a distant body with 

a spectroscope, what conclusions would you draw about the body if the 

spectrum were continuous? If it were crossed by dark lines? If it 

were made up of bright lines? 
6. Taking the velocity of light as 186,0QO mi. per second and the 

wave length of yellow light from the table on page. 424, find how 

many waves of this color strike the eye per second. 
7. Suppose that in the spectrum of light from a star it is found 

that the D line is displaced toward the violet end of the spectrum. 

What is the meaning of the displacement? 
8. ' òV"hy, wben looking at the moon through a sct·een door, do we 

see fo ur diverging streamers of light? What direction do they take? 

Why? 
LABORATORY WORK 

1 . Take a prism into a dark room and place in such a position 

that a ray of sunlight passing through a slit in the shutter will be 

Fio. 479 

thrown as a spectrum upon the 
wall. Mark the position of the 
ends of the spectrum and take the 
measurements necessary to meas
ure the angle of dispersion. Make 
a drawing of the experiment to 
scale. 

2. Make a hole in the middle 
of a black cardboard se~·een, and 
directly in front of it suspend the 
bulb of an air thermometer filled 
with water. Throw a bearn of 
sunlight through the se~·een and 
study the circular rainbow tlu-own 
back upon it. Fix the bulb at dif
ferent distances from the screen 

and determine the angle between the incident and emergent rays. 

Cover certain portions of the bulb and determine the part of the sui-
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face necessary to produce the bow. Make drawings of the paths of 
t.he rays and compare with F ig. 461. 

3. Lay upon the table two pieces of colored paper, as red and 
yellow, atA andB (Fig. 480). At C, midway between them, support a 

A 
FIG. 4SO 

B 

piece of plata glass vertically. Place the eye at E, and look atA through 
the glass in such a way that the refiection from B will be seen in the 
same place. Study the effect of different 
colors combined in this way. 

4. By tbe use of a rotating wheel such as 
is shown in Fig. 481 and a set of color disks, 
match different pieces of colored ribbon or 
paper. Make a table of the colors used and 
the relativa amounts of each. This wheel is 
so arranged that the proportion of each color 
used can be read off on a graduated circle 
outside the color disks. 

5. Locate with the spectroscope the bright 
lines given off by burning sodium and lith
ium in a Bunsen flame. Note their color. 
Burn different compounds iu the fiame and 
notice whether you cau detect the presence FIG. 481 

of either sodium or lithium. 
6. Select two pieces of glass that are not fiat, and place them in a 

photographic printing frame, with their convex sides together, and a 
piece of black paper between the glass and the cover of the printing 
frame. Change the pressure and observe the corresponding change in 
the interference phenomena. 
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7. Make a simple polariscope as follows. Take a baseboard AB 
(Fig. 48:..), about a foot long, n.nd at one end set up a ground glass 
screen C. Lay a sheet of black paper upon the base, and over it !ny a 
glass plate D. Fix au armE by abrace H, making an angle of about 
35° with AB. At the upper end fasten the piece K, and at L set in a 
piece of plate glass. Bore a hole through the middle of K, and put 
through it a brass tube carrying a Nicol's prism. Set this in such a 
place that the light can come in through C and be reflected froru D. 

FIG. 482 

Examine tbin sheets of mica, selenite, quartz, etc., by supporting them 
on the shelf L and looking at them through the Nicol's prism, turn
ing them while you look. Beautiful effects can be obtained from mica 
cut at different thiclmesses. Examine the glass stoppers of bottles, 
especially the pa1·t tbat has been pressed for a handle wbile the glass 
was hot. The existence of dark spots while the Nicol is tm·ned 
means that the glass is in a strained coudition, and liable to break on 
receiving a light blow. 

8. Put between a photographic negative and the printing paper a 
sbeet of transparent red celluloid, from which a circular disk has 
been cut. Print this in the usual way and observe the effect of the 
ceilu:leid. 

· ·• 1··~~ the experiment with celluloid oi' the different spectrum 
colors: a'nd determine the relative actínic values of the colors . 

. . .:~ . 

.• f. · •. 
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V. ÜPTIC.AL INSTRUMENTS 

513. The Simple Microscope is merely a convex lens, 
usually of short focal length. The object is placed be
t ween the princi
pal focus and the 
lens, and the im
age is virtual, up
right, and larger 
than the object. 
If the object .AB 
(Fig. 483) is 

FIG. 483 

F' 

placed as shown, the position of the image of the point .A 
is determined by the intersection, at .A', of aF1 and A O. 
(See § 480.) B' is found in a similar way, and the posi
tions of these two points determine the position of the 
whole image. 

514. The Compound Microscope (Fig. 484).-The sim
plest form of the compound microscope consists of two 

b 

BOADLEY'S PHYS. -28 
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converging lenses, an object glass O, and an eyepíece :E. 
'l'he distance between these is so arranged that the object 
glass forms a real, enlarged, inverted image of the object 
between the eyepiece and its focus. The function of the 
eyepiece is to enlarge this image, so that the eye sees the 
enlarged and inverted image at ab. 

515. The Astronomical Telescope. - The ordinary as
tronomical telescope (refracting) is much like the com- · 
pound microscope in principie. But while both lenses 
magnify in the microscope, owing to the nearness of the 
object to the object glass, the eyepiece alone magnifies in 
the telescope. This is due to the fact that the object is at 
a distance, and the image formed by the object glass is 
nearly at its principal focus and very small. 

516. The Terrestrial Telescope.- The image gi ven by 
the astronomical telescope is an inverted one. This is not 
very objectionable when one is looking at the heavenly 
bodies; but it is more convenient, in a telescope to be used 
on objects on the surface of the earth, to have the imaga 
erect. This result is secured by putting two converging 
lenses between the object glass and the eyepiece. 

517. Galileo's Telescope; the Opera Glass.-The sim
plest form of telescope is Galileo's telescope. This has but 
two lenses : a convex object glass and a concave eyepiece 
(Fig. 485). The eyepiece is placed between the object 
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glass and the image formed by it. Being concave, the eye
pi~ce causes t.he rays to cliverge and appear to the eye to 
corne from ab, which thus forros an enlarged upright image. 
Opera glasses consist of a pair of these telescopes. 

518. The Optical Lantern is used for the purpose of 
thl'owing an enla.rged picture of a lantern slide upon a 
screen. The essential parts are some brilliant som·ce of 
light, as the lime cylinder L (Fig. 486), a condensing Iens 
G formed of two plano-convex lenses with curved surfaces 

p 

H 

o 

FIG. 4S6 

toward each other, a glass lantern slide 8, upon which is 
the picture to be enlarged, and a projecting Iens P, a 
combination of lenses for enlarging the picture. The 
arc light is often used as a source of light, and soma
times an oil lamp, though this is in;ferior to the otbers. 
Wben the lime light is used the lime cylinder is raised 
to incandescence by the beat from an oxybydrogen blow
pipe. 

519. The Carnera, used in pbotography, consists of a 
light-tight box having at one end an acbromatic Iens and 
at the other a ground glass plate ttnd a space in which a 
plateholder containing a sensitized plate can be placed. 
In order to regulate the amount of light passing through 
the _Iens and to increase the distinctness hy cutting off the 

• 
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outside rays, the 
Iens is provided 
with a series of dia
phragms with dif
ferent-sized open
ings. The carnera 
is so constructed 
that the distance 
between its ends 
can be varied. By 
making this dis

tanca right the image is brought to a focus on the ground 
glass, then the sensitized plate is put in its place and the 
exposure is made. The plate is afterward developed by 
means of certain chemicals. This process reduces thc 
silver salts in the film to a metallic condition, forming 
a dark layer wherever the light has acted. The salt 
that has not been acted upon by the light is dissolved 
out by putting the plate in a solution of hyposulphite 
of sodium, after which the plate is washed and dried. 
The plate is now called a negative, and prints can be 
made from it upon sensitized paper. 

520. The Eye as an Optical Instrument. - The eye is a 
minute carnera, with dark chamber, Iens, and screen upon 
which the image is formed. The sclerotic coat 8 (Fig. 
488) forros the wall of t he dark chamber, and is extended 
in front as a t ransparent coat called the cornea (O). The 
Iens of the eye is formed of an elastic, transparent sub
sta.nce, and is called the C'rystalline lens. It is held in 
place by the suspensory ligament and separates the eye 
into two chambers, that in front of the Iens being filled 
with a colorless t ransparent fluid called the aqueous humor, 

while the larger chamber behind it is filled with a jelly-
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like substance called the vitreous kwnwr. Extending over 
the front of the Iens is a coiored curtain, the i?·is, which 
determines the color of the eye, and which has a circular 
opening in the center called the pupil. The image of an 
object is brought to a focus upon the inner lining of the 
cye called the retina, from which the sensation of sight is 
carried to the brain by means of the optic nerve. The 
yellow spot Y is the most .sensitiva part of the retina, and, 
since it is on the axis of the eye, is the point on which 

the image of the particular thing we are looking at is 
formccl. 

\Ve bave seen that in the carnera either the Iens or the 
ground glass must be movable in order that a focus may 
bc found for objects at clifferent clistances. The clistance 
betwcen the crystalline Iens ancl the retina, however, is a 
lixed ilistance, aucl the focus is obtainecl by a change in 
the curvatura of the front of the lens, thus changing its 
focal Iength. This property of the Iens to change its 
focus for objects at di:ffereut distances is called accommo
dation. 

521. The Blind Spot. - At the inner si de of each eye 
where the optic nerve enters there is a blind spot. This 
can be readily proved as follows : Close the left eye and 
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look steadily at the cross on this page with the ríght. A 
position for the book can be found in which, while you 

+ o 
look steadily at the cross, the circle will disappear. 
When this position is found the circle may be brought 
into view by moving the book either nearer to the eye or 
farther away. 

522. The perfect adaptability of the retina of the eye 
as a scr·een for receiving the image formed is shown as 
follows: 

ExPERIMENT 257.-Fix a convex Iens in the shutter of a dark 
room. Place a white paper screen in such a position that the middle 
of the_ image of the la.ndsca.pe will be in focus. The edges will be 
blurred and indistinct. Now bend the screen into the arc of a circle, 
a.nd all parts of the picture on a horizontal axis will be equa.lly dis
tinct. 

This experiment shows that tbe entire field of view in 
the eye is made ilistínct by tbe spherical forro of the 
retina. 
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ADDITIONAL LABORATORY WORK 

1 . Weight of Unit Volume ofa Sub.~tance.-Sawoutacherryblock 
about 3 in. square and 1 in. thick and boil it in paraffin. Weigh the 
block in both grams and ounces. Take four measurements of each 
dimension at the edges of the block. Take the average of each set 
of four measurements for 
the true dimensions. From 
these dimensions compute 
the volume of the block 
both in cubic centimeters 
and in cubic inches. Ca.l
culate the weight of one 
cubic centimeter and of one 
cubic inch of the block. 

2 . Cent er of G1·auity and 
W eight of a Lever. - Screw 

A 

I 

o 
AF 

FIG. 4S9 

a small block (B, Fig. 489) to one end of a straight lever about two 
feet long. Make a saw cut near A with a thin-bladed saw. Cut out 

A' o' 
I\ F 

I 

lever at A. 

o fBI -lo"' el 

FIG. 490 

a block, F, with a trian
gular cross section and so 
locate it that the lever will 
remain in a horizontal posí
tion when balanced upon 
one of the edges of the 
block. Wheu it is in that 
position make a mark dí
rectly over the edge of the 
fulcrum and measure its dis
tanca from the end of the 

Thís gi ves the distance of t he center of gravity from A. 
439 



4-!0 APPENDIX 

Placii1g the fulcrum block near the edge of the table, balance the 
lever upon it by suspending a scale pau and weights from a cord in 
the notch A' (Fig. 490). Calling the weight of the lever W, and 
that of the scale pau, suspension, and small weights to, fi nd the weight 

of the l?ver from the expression W=w~g:. Verify by weighing 
on a sprmg scale. 

3 . Levers of the Second a.,¡d Tl!ird Classes. - Bore a s mall bol e 
through the 50-cm. mark on a meter stick and support the stick on a 
wire nail driven in to a post. If necessary, wind a few turns of copper 
wire upon one end of this stick and slide tbem along until the stick 
comes to rest in a horizontal line. Suspend a scale pau and weights 
from some scale division, as 30, by a loop of strong threaçl, and from 
some other division, as 5, bring the lever to a horizont!!.l position by 
attaching a spriug balance. l\Iake a record of the balance reading, 
weight, and distances, and from these verify the law for !evers of the 
second class. Repeat with different weigbts and measures. 

Make the e~--periment with the spring balance nearer to the fulcrum 
than tbe point of suspension of the weights, and verify the law for 
!evers of the third class. 

4. Errors o f a Spring Balance. - Suspend the balance from some 
suitable point by the ring handle and take a zero reading, that is, 
observe whether the pointer reads zero with no load. Snspend weights, 
ounces or grams, that are like the numbered divisions on the balance 

a 
scale, from the hook of the balance. Make a record of 
the true loads and the readings on the scale, and from 

\ I / these make au enor curve. To do this, lay off on cross
........__V section paper a borizontal li ne to represent the readings 

D B 
of the scale and from this lay off tbe errors, the + errors 
above the line and the - errors below. Preserve this 

E curve for future reference. 
Repeat the experiment, suspending the scale by the 

hook. 
Determine the horizontal error by placing the scale 

on borizontal supports, face up, jarring tbe scale to over
come friction, and takiug the zero readiug. 

5 . Images formed by a Convex Cylindrical 1Jfirroi·.-
!A Draw a straight line lengthwise on a sheet o[ paper and 

Fxa. 491 lay it on a table. Stand a cylindrical mi.rror upon the 
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line with its center of curvatura at O. Place a small cube on the 
line as shown in Fig. 491. Study the image of the cube as seen from 
above the other end of the line at A . Put a mark on the corner B 
and answer the following questions: 

Is the image real or virtual ? 
What directions do the images oí the sides BD and BE take? 
.Al:e the images larger or s maller than the object? 
Repeat the experiment with the cube at different distances from 

the mirror. 

6 . Images formed by a Ooncave Oylind1·ical Mirror.-Repeat the 
experiment with a coucave cyliudrical mirror, and write aoswers to 
the same questions. 

7 . Vil"tual Image jol"med by a Lens.-Set up a diverging Iens iu a 
vertical plane, and behiud ït, at such a distance that the image of its 
whole lengtb can be seen in the Iens, a fóot nile, AB (Fig. 492). 
Place a second rule at D between the eye and the Iens. With the eye a 
measured distance above 
the table look toward AB 
nnd read on the scale D 
where the line of sight 
írom A B cuts it, and also 
where the line oí sight 
írom the image oí AB 
cuts it. l\reasure all dis-
tances a nd make a draw-

:4=IJ: o 
FIG. 492 

ing to scale. Change tbe distance of the eye from the table, repeat: 
the measurements, and transfer the results to the drawing. Is the 
image real or virtual? Is it larger or smaller than tbe object? Is 
it upright or inverted 'l 

8 . Fow· Forces al Ri,qlil Angles in One Plane.- Lay off on the sur
iace oí a board, made like a drawing board, with. crosspieces at the 
end, any convenient number of small squares, and at the corners of 
eacb square drill a hole of the proper size to admit a Jarge wire nail. 
Place the board on a number of bicycle balls upon a table. Put nails 
in four oí the holes and attach to each of them a cord to which a 
spring bahwce is hooked. Apply a pull to eacb balance unti! the 
cords are parallel to the sides of the squares a nd the board is in equi
librium. i\lake a drawing to represeut the board. Dra.w a line to 
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represent the point of application, intensity, and direction of each 
pull. Construct the resultants of the forces taken two at a time, aud 
find the direction and intensity of each. 

9. Compa1·ison of Masses by Acceleration Test. - Since F= Ma 
(Formula 8, page 40), one means of comparing the masses of bodies 
is to compare the velocities that are obtained on subjecting these 
masses to the action of equal forces. To make this comparison, cut 
from a small rubber tube a piece about two feet long, and attach each 
end to a small carriage that runs with little friction. Tack a long 
strip of paper to the table and draw a line four feet long on it and 
then short cross liues at each end and at the middle. ..A.ttach a cord 
to the rear of each caniage and after pulling them apart pass the 
cords over two small pulleys and tie them together as showu in Fig. 

493. Load each carriage 
A and buru the cord at A. 

e::tr=if:::::•¡¡====¡;====::====g;¡==:¡;B· Observe where the collision 
o occurs. Vary the load in 

FIG. 493 one of the carriages unti! 
this takes place at e, mid

way between them. Wheu this occw·s the masses should be equal. 
Verify by weighing each carriage and its load. 

10. Action and Reaction: Elastic Collision.- Suspend two celluloid 
balls, A and B, of different diameters, in such a way that they will 
just touch each other in a horizontal line when at rest. Draw A to 
one side a measured distance and !et it fall against B. The release 
can be made by fastening a short thread to A with a bit of wax, on 

FIG. 494 

the side opposite to B, tying it to a hook in the support, and then 
burning the thread. Do this a number of times and froro the average 
of the measured distances through which tbe balls move, and their 
ma~ses, found by weigbing, fiud whether ~h~ to~a¡ IP.Qmentum after 
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collision is the same as before collision. To do this, represent tbe 

momentum of a ball by the product of its mass and the distance 

through which it moves. Repeat with A stationary aud B drawn 

aside. Vary the experiment by dra.wiug both balls aside, using an 

arrangement like tbat shown in Fig. 494 for simultaneous release. 

11. Action and Reaction: [nelastic Collision.- Repeat No. 10 after 

sticlring a baud of putty around one or both the balls. Observe and 

make a record of the d.ifferent results and explain the reason for the 

difierence. 

12. Increase of Pressure of a Gas heated at Constant Volume.- A 

glass tube AD is closed at one end and connected by means of a 

rubber tube with a second tube EF. 
The part AB of this tube is filled with 
dry air, while the rest of the tube, BD, 
the rubber connecting tnbe, and a part 
of the tu be EF are filled with mercury. 
To find the volume of the air at zero the 
part AB is thrust through a cork tbat 
fits the opening in the bottom of the cyl
inder H. The cylinder is then filled 
with water with ice in it and the point 
B is kept at the bottom of the cork K. 
"'When the position of B remains un
changed, and C is at the same level as 
B, measure the distance BD. Remove 
the ice from the cylinder, let the water 
run out by takiug out the plug P, put 

H 

-
PI 

K 

Fia. 49.'S 

e B 

F D 

on the cover, and connect S to a som·ce of steam. Keep the distance 

AB constant by raising the tube EF, and measure the distance of C 
above B when tbe stea.m pom·s freely from the opening at P, and AB 

shows no furtber tendency to increase in length . Reo.d the barome

ter and from the data obtained find the inorease in pressura per degree 

of temperatura. 

1 3. Increase of Volume of a Gas heated at Constant Pressure.

With the air at zero, determine t he position of the end of the mercury 

column the sa.me as in the first part of No. 12. Replace the ice water 

by steam as before, but t hrust the tube AD further into the steam 

cylinder through K, keepihg the surface of the mercury just in sight. 



444 APPENDIX 

Also, keep the mercury levels C and B in the sa.me horizontal line by 
lowering EF. When, the air column shows no further increase, the 
barometer and the new distance BD (or B' D) must be read. From 
the data obtained, determine the amount of expansion of dry air per 
degree o:l' change of tempera.ture. This is the coeflicient of expansion 
of volume at constant pressura. In order that the volume of the tube 
may be proportional to its length, a tube must be selected of wliform 
interna! diameter. 

14. Number o f Vibrations of a Tuning Fork.- Arrange a tuning 
fork so that it shaJl trace its vibrations on a piece of smoked glass, 

FIG. 496 

and support a short pendulum so that it shall vibrate close to the end 
of the fork. The pendulum, like the fork, must be provided with a 
stylus as shown in Fig. 496, and on being vibrated it will trace traus
verse lines on the smoked glass. Count the num ber of vibrations made 
by the pendulum per minute. Put both the fork and the pendulum 
into vibration and draw the smoked glass under them. Count the 
vibrations recorded by the fork between two intersections of the traces 
of both fork and pendulum, and from these numbers compute the 
number of vibrations of the fork per second. 

15. Study of a Singlejluid Galvanic Cell.- Make up a small 
copper-zinc cell with dilute sulphuric acid. Place the metals in the 
acid and observe any action at their surfaces. Couple them to a 
galvanometer and observe whether there is any change in the action 
at these surfaces. Observe and make a record of the deflectien of the 
galvanometer. Remove the zinc from the cell and amalgamate it with 
mercury. Repeat the experiment with the amalgamated zinc and make 
a record of the observations. 
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16. Study of a Twrrjluid Galvanic Cell.- Make up a Daniell cell aa 
follows : Place a strip of. a.ma.lga.ma.ted zinc in a. solution of dilute 
sulphw·ic acid in a porous cup. Outside the p01·ous cup place a copper 
pla.Le in a saturated solution of copper sulphate. Couple the cell to a 
galva.nometer and notice the defiection. Remove both the zinc and 
the copper from the cell, and weigh separately after the líquids bave 
dra.ined off. Replace the plates in the cell and close the circuit for a. 
half ho ur. W eigh each plate again and make a record of the change 
iu weight of each aud of the defiection of the needle of the galvar 
nometer. Expla.in. 

17. Lines o f Force about a Galvanometer.-Cou ple a cell, switch, 
and the tangent galvanometer (Fig. 325) iu circuit as shown in Fig. 
497, placing the coils of the galvanometer in the magnetic meridian. 
Lay a large sheet of cross-section paper on 
the table with one set of tines in the mag
netic meridia.n a.nd place the galvauom
cter stand in the middle of it. Send a 
current t.hrough the circuit, and, holding 
a small compass in the hand at the same 
level as the middle of the galvanometer, 

FIG. 497 

observe t he direction that the needle takes in different posi tions around 
the galvanometer. Transfer these posi tions to the cross-section paper 
and draw the di.rections of the lines of force. 

I ncrease the corrent by nsing two cells and repeat. 
Turn the galvanometer so that the coils are at a right angle to the 

magnetic meridian and repeat the experiments. Explain the results. 

18. Resistance of Wires by Substitution : Different Length.ç. - Apply 
the method of Experiment 195 to wires of the same material and 
cross sect ion but of different lengths. 

19. Change of Resistance with Change o f Temperature.-Wiud a 
coil of :fine German si! ver wire around a wooden spool in such a way 
that its turns do not corne in contact. Submerge the coil in a beaker 
of ice-cold water a nd measure its resistance on the 1Yheatstone bridge. 
Submerge the coil in a beaker of hot water and measure the resistance 
aga in. Take the temperature of the water in both cases, and compute 
tbe change of resistance for a change of one degree in temperature. 

20. Electric Motor.- Assemble the parts oí a s mall motor t ha.t 
may be run by a battery, aud operate it. Couple a voltmeter to the 
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terminals of the motor, take readings at different speeds, and observe 
that the "back electro-motive force" increases with the speed. Couple 
an ammeter in series with the motor and observe the effect of an 
increase of speed upon the current. 

21. The Dynamo.- Assemble the parts of a small dynamo. Run 
it at the proper speed; cou ple it to a voltmeter, and measure the volt
age. Prove that the voltage depends upon the speed by running the 
dynamo at a slower speed and again measuring the voltage. 

812 



ANSWERS TO NUMERICAL PROBLEMS 

Page 15. -1. 7.74m. 2. 241.5km. S. 44 f t . . 39in. 4. 39.681b. 
P age 16.-5. (a) 1417.4 g., (b) 1.4174 kg. 6. (a) 1. 944 1. , 

(b) 1.944 kg. 7. 39.79 cm. 
Page 52. - 4. (a) 250 ft. , (b) 32.6 ft., (e) 60 ft. per second. 

6. 16,000. 7. 4,900,000. 8. 321.6 poundals. 9. 662.6 ft. per second. 
10. 365.6 ft. 11. 86.02 Ib., a little west of southwest. 12. 15 min. 
1S. 20 ro in. 7.6 sec. cliagonally upstream. 

Page 53. - 14. 30.67 ft. per second, a little north of nor theast. 
15. Resultant = 28.3 Ib., a little south of southeast. 16. i of its length 
f rom tbe end. 17. 4ft. from one end. 18. 11.79 mi. 19. 32.3 Ib. 
20. 66.97 Ib. 

Page 67. -1. 37,800. 2. 1936 foot poundals. S. 6005. 
4. 10,602 foot pounds. 5. 288,000 foot pounds. 6. 135,360 foot 
pounds. 

Page 68. - 7. (a) 58,060,800 foot pounds, (b) 8.06 H.P. 8 . . 609 H.P. 
9. 1 hr. 26.8 min. 10. (a) 875 foot pounds, (b) 376 foot pounds. 
11. 4,212,985 foot pounds. 12. 20.41 kilogrammeters. 14. (a ) 6, 
(b) 6.4. 

Page 69. - 16. 157 Ib. 19. (a) 3198.2 foot pounds, (b) 4924.5 foot 
pounds. 20. 352,000. . .. 

Page 83. - 2. (a) 578.88 ft., (b) 112.66 !t..., · :.:. ·{o) 192.96ft. 
per second. 3. (a) 326.62 ft., (b) 128.64 ft., (e) 300~. 4. 179o.6 ft. 
5. 15,840 foot pounds. 6. 100.5 ft. 7. 6120 ft. ·.-8. (a) 4.5 ~èÇ. , 
(b) 325.62 ft. 9. 8.95 in. 10. (a) 40ft., (b) 20ft. per secontl. 
11. 23.9 cm. 1S. 87.96 in. 14. 1.108 sec. · 

P age 84. - 18. 90.45 cm. . 
P age 101. - 3. Downward, 22.25 units to ~Irè right of F.; upward, 

22.2,) units to the left of F. 4. 696 Ib.* !;. 12.886 ft. from F. 
P age 102.-9. 4ft. 10. 63 in. 12. 533:3t Ib.* 13. lï.86 Ib.* 

14. (a) 32.141b.,* (b) 525ft. 15. 122.22 ft. 16. (a) 2t, ( b) 16.49 ft., 
(e) 53.4. 

Page 103.- 19. (a) ;., of the weight, (b) .976 of the weight. 
20. 116i Ib.* 22. 3il,929.31b.* 2S. 6. 24. 89J%. 25 .. 625. 

P age 127.-1. (a) 21601b., (b) 76.391b. 2. lO Ib.• 4 . (a) 7501b. 
(b) 562.5 Ib., (e) 281.251b. 5. (a) 500 Ib., (b) 250 Ib., (e) 1251b. 
6. 54 Ib. 7. 356S. 75 tons. 8. 3515.625 Ib. 

Page 1 28.-9. 65.1lb. 10. (a) 52 kg., (b) 989.6 g. 11. (a) 378 g , 
(b) 75!lg., (e) 1512 g. 12. (a) 9375lb., (b) 28, 1261b. 13. (a) 13,000 k~ .• 
(b) 50,000 kg., (e) 12,000 kg., (<l) 75,000 kg. 14. ?S.63 Ib. 
15. 147.46 ft. 16. 281,260 Ib. 17. 5t ft. from top. 18. 2ft. from top. 
19. 753.98 g. 20. 592.48 g. 21. (a) 2660 g., (b) 9216 g. 

Page 136. - S. (a) 350 Ib., (b) 2.8. 4 . (a) 2.84, (b) 150 c. c. 

• The answers for problems in machines are gi ven for equilibrium. To 
produce motiou the friction of the machine must be overcome also. 
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6. Top, 11,400 g. ; bottom, 13,200 g. ; side, 6150 g.; end, 2952 g. 
7. 11.43. 8. 374.61 kg. 9. (a) 12,766.5 Ib., (b) 1,595,812.5 foot pounds. 
10. 64.24 g. 11. 366.5 Ib. 12. 2.65. 1S .. 874. 14. 1.841. 15. l.tJ2. 

Page 137.- 16. 96.24 g. 17. 16.8 cm. 18 .. 48. 19. (a) 8.7, 
(b) 8.346, (e) 8.64, (ci) 8.356. 

Page 159. - 1. 500.67 mm. 2. (a) 424.12 Ib., (b) 106.03 Ib. in each 
rlirection. S. (a) 12,960 lb., (b) 1 7,2SO Ib. , (e) 25,920 lb. 4. 58.185 kg. 
5. 5.61 m. 6. 992.5 g. 7. 576 cu. in. 

Page 160.-8. (a) 812.52 cm., (b) 10.8 mm. 9. 43,200 Ib. 
10. 7991.5 m., or about 5 mi. 11. 105 in. 12. 3.21 atmospheres. 
13. 33.2 ft. 17. lh· 

Page 172. - 4. 6825 ft. 6. 12.1 sec. 6 .. 61 sec. '1. (a) 2.84 sec., 
(b) .41 sec. 9. 8. 

Page 188. -2. 7.68 in. S. 337.9 m. per second. 6. 4. '1. (a) 81 

(b) g, e, and c. 8. 133 per second before, 123 per second after. 
Page 189. - 12. At least 20,515lb. 
Pa ge 202. - 1. 48 cm. 2. 2 m. 
Page 203. - S. 2¡ ft. from en d. 4. 2.34 Ib. 6. 2.4 ft. 
Page 212. -1. 2Ó!0

• 2. 20t0
• 3. (a) 73!° F., (b) 24t° F., 

(e) - 9!° F. 4. (a) 20~° C., (b) -5° C., (e) - 22J° C. 
Page 213.-5. -40°. 7. 234.2°. 8. (a) 491!0

, (b) 459f0
• 

P age 235. -1. .054 in. 4. 677.68 c.c. 7. 3125 Ib. 
Page 236. - 10. 101.4~ C. 11. 78.7° C. 
P age 241.-3. 36.6°. 4. '87. 7°. 5. .109. 6 . 6¡ kg. 
Page 242.-7. 13lb. 8. 12.27lb. 9. 2.71 kg. 10. 5736. 

11. ca¿ 83.08 calories, (b) ra.ise it to 10.385°. 12. 1250. 13. 93.11 g. 
14. 28 . 15. 23.64°. 16. 32.03°. 17. 22.97°. 18. Raise it to 19.09°. 

Page 291.-11. 18.66 sec. 
Page 304.-1. .184 amp. 2 .. 124 amp. 3 .. 341 amp. 4 .. 143 amp. 

6. (a) 1.326 amp., (b) 2.28 amp. 
Page 313. - 1. 777,600. 2. 47,520 !esser calories. s. 25.38°. 

4. 4.21 amp. 5. 4. 75 g. 
Page 330. - 1. 3 hr. 32 roin. 23 sec. 2. 18 mi u. 38 sec. S. 10.62 ohms. 

4. 64.53 ohms. 5. (a) 110 ohms, (b) 73t ohms, (e) 55 ohms, 
(à) 44 ohms. 6. 5.09 ohms. 

Page 331.-7. 2.51 ohms. 8. 4.29 ohms. 9. 3.52 ohms. 
10. (a) 55 watts, (b) 3.44 watts. 11. (a) 1.1 amp., (b) 45.45 ohms. 
12. 450. 1S. 29.5. 14. (a) 360, (b) 17.78 ohms, (e) 6.67 ohms. 

Page 369. - 8. 5.00ohms. 9. (a) 127.25ohms, (b) 135.73ohms, 
(e) 1192.77 volts, (à) 10,305 watts, (e) 427.68 watts. 

Page 370. - 10. 36. 11. (a) 17.78 ohms, (b) 6.67 ohms. 
12. 1.25 ohms. 13. (a) 427.5, (b) 47. 14. (a) .52 amp., (b) 52 watts, 
(e) 3.25 watts. 15. (a) 1.04 amp., (b) 48.08 ohms. 16. 5.1 ohms. 
17. (a) 3.2 volts, (b) .3'28 ohms, (e) 7,257,600 !esser calories. 
18. (a). 21,000 watts, (b) 1000 watts. 19. (a) 13 amp., (b) 213 amp. , 
(e) 200 amp. 

Page 371.-20. 39. 21. 11,000,000. 
Page 379.-5. 8 roin. 18 sec. 6. About 285,000. 
Page 380. - 7. 7.11. 8. 576. 10. 41.42 ft. from one and 58.58 ft. 

from the other. 11. 24 ft. 12. 15 ft. 
P age 411. - 11. 3.9 in. 12. 72 cm. 
Page 430.-6. About 500trillions. 



FORMULAS 

PAGE SUDJECT FORMULA NUYBER 
•• 

38 Velocity S=vt 1 
s s .. V= t ' t=-v 

38 Acceleration v = at 2 
v t= ~ .. a=¡• a 

38 S = tat2 3 

.. 2S 
a=--¡-• t =~ 

38 S= 3!_ 4 
2a 

38 v = ....!2aS 5 
39 s= ta(2t -1) 6 
39 Momentum b=MV 1 

40 Force F=Ma 8 

50 Centrifugal Force 
Mv2 

9 F=-
e ?• 

50 
Wv2 

F= -
e gr 

10 

56 Work Work=FS 11 

57 Horse Powe'r Hp _ Foot pounds 
· · - 33000 x minutes 

12 

58 Energy P.E. = Wh 13 
58 J{.E. =tMv2 14 

58 Wv2 
15 KE.= -

2g 
HOADLEY'S PUYS. - 29 449 
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PAGE SuBJECT FORMULA NUMBER 

60 Attraction F _1lnli' 
u - ----cz:¡-a 16 

62 vV eight above snrface of earth W:w=d2 :D2 17 
63 \Veight below surface of earth W:w=D:d 18 
71 Falling boclies having initial velocity v = V + at 19 

or v=V +gt 
74 Falling bodies from position of rest v=gt 20 
74 s=tg(2t-1) 21 
74 s= tgt2 22 

79 Simple Pendulum t =27r~ 23 
g 

80 t : t' =-vi: Yfi 24 
88 General Law of Machines Fd=RD 25 
91 Lever P: R = R. arm : P. arm 26 

92 Balance with unequal arms W=v'lV'lV" 27 
93 Wheel aud Axle (power applied 

to wheel) P:TV=?·:R 28 
95 Fixed Pulley P=W 29 

95 Movable Pulley P =tW 30 

96 System of Pulleys 
w 

31 P= -
n 

Inclined Plane : 
97 Power parallel to L, P:W=H:L 32 

l'I 97 Power parallel to B, P:W=H:B 33 

99 Wedge P: W=-!T:L 34 
100 Screw P: W=p: 21rR 35 

101 Coefficient of Friction 
p 

36 f =-w 
124 Líquid Pressure P=HaW 37 

132 Specific Gravity of Solids 
w 38 Sp. Gr.= 

W - W 

150 Homogeneous .A.tmosphere H =p 
w 39 
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PA.GE SUBJBCT F ORMULA Ntm:BER 
150 Boyle's Law VP= V'P' 40 
169 Velocity of Sound in Air v=332.4v1+.003665t 41 

170 Velocity of Sound in any Gas V=332.4 
Vd 

42 

170 Velocity of Sound in any Medium V=~ 43 

176 Velocity and Wave Length V=NL 44 
177 Velocity from Resonance Tube v = 4 N (l + 1·) 45 
210 Thermometer Readings e = t(F - 32°) 46 
210 F= t-0+32° 47 
225 Linear Expansion L'= L (l +Kt) 48 
239 Specific Heat Mts=M't's' 49 

268 Electrical .Attraction or Repulsion, f=±Qq 
d2 

50 

273 Electrical Capacity 0=51 51 v 
301 Ohm's Law O=E 52 

Currents sent from Generators: R 
SE 

302 In series coupling O= Sb+R 53 

302 In parallel coupling E 
54 0=--

.È.+R 
p 

303 In series and parallel O= SE 55 
Sb+R 
p 

306 Heating Effects of Current H=.2402Rt 56 

318 Resistance of Cond.uctors l 57 R=Kd} 
328 Com bined Resistances of Parallel 

Circuits R=_f!!_ 
g+s 

58 

369 E.M.F. of Dynamo E=nON 
108 

59 

407 Focal Lengtb of Convex Lenses !=!+.! 
f p p' 

60 



452 APPENDIX 

TABLE OF CONVERSION F ACTORS 

,, 
1'0 CJI<!.NOE To MttLTUtLY BY 

f 

: 
Inches Centimeters 2.54 

Feet Me ters .305 
' 111iles Kilometers 1.609 

l\leters Inches 39.37 

Kilometers 11Iiles .621 

Square inches Square centimeters 6.452 

Square yards Square meters .836 

I 
Square centimeters Square inchcs .155 

Square meters Square yards 1.196 

Cubic inches Cubic centimeters 16.387 

Cubic yards Cubic meters .765 

Cubic centimeters Cubic inches .061 

Cubic meters Cubic yards 1.308 

Fluid ounces Cul>ic centimeters 29.57 

Quarts Li ters .946 

Cubic centimeters Fluid ounces .034 

Li ters Quarts 1.057 

Grains l\lilligrams 64.799 

Ounces (Avoirdupois) Grams 28.35 

Pounds ( Avoirdupois) Kilograms .454 

Ounces (Apothecary) Grams 31.103 

Pounds (Apothecary) Kilograms .373 

Grams Grains 15.432 

Kilograms Pouuds 2.205 

TABLE OF 8PECIFIC GRA VI TIES 

Aluminum, cast 2.57 Mercury 13.596 

Copper, cast 8.88 Nickel 8.60 

Gold, cast 19.30 Platinum 21.45 

Iron, cast 7.08 Silver, cast 10.45 

I 
Iron, wrought 7.85 'l'in, cast 7.29 

Lead, cast 11.34 Zinc, cast 7.10 

) 

1.· 

l' 



No. 
DIA>I. 

"' M114* 

1 289.3 
2 257.6 
3 229.4 
4 204.3 
5 181.9 
6 162.0 
7 144.3 
8 128.5 
9 114.4 

10 101.9 
11 90.7 
12 80.8 
13 72.0 

T.ABLES 

WmE TABLE (CoPPER) 

Temperatura= 7ó° F. Sp. Gr. = 8.89. 

Ou_vs PER FEET PER 
~o. 

DIAl!. OIOIS PER 

1000 FEETt Potn<D L~ M.1LS* 1000 FEET t 

.12 3.95 14 64.1 2.59 

.16 4.99 15 57.1 3.12 

.20 6.29 16 50.8 4.02 

.25 7.93 17 45.3 5.07 

.31 10.00 l S 40.3 6.39 

.40 12.61 19 35.4 8.29 

.50 15.90 20 32.0 10.16 

.63 20.05 21 23.5 12.82 

.79 25.28 22 25.4 16.15 
1.00 31.38 23 22.6 20.38 
1.26 40.20 24 20.1 25.70 
1.59 50.69 25 17.9 32.40 
2.00 63.91 30 10.0 103.30 

• Mil is a thousandth of an inch. 

453 

FEET PER 

Potr.<o 

80.59 
101.63 
128.14 
161.59 
203.76 
264.26 
324.00 
408.56 
515.15 
649.66 
819.21 

1032.96 
329;3.97 

t The resistance column may be ex:tended by observing that twice the 
resistance of auy number is approximately the resist.·mce of the third 
number further on in the table; e.g. the resist.'tnce for No. 10 is 1 ohm, 
for No. 13 is 2 ohms, for No. 16 is 4.02 ohms, etc . 

• 
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Aberration, chromatic, 415. 
sphorical, 393, 409. 

Absol u te zero, 212. 
Absorption, of he1Lt, 221, 222. 

of gasos, 158. 
o f liq uids, 115. 

Absorption spectrum, 422, 423. 
Accelerated mot'iou, 37, 71-74. 
Accumulators, 309. 
Achromatism, 415. 
Actínic rays, 424. 
Adhesion, 25. 
Agonie line, 256. 
Air, 143-150. 

expansion of, 228. 
saturated, 231. 
wave motiou in, 167, 168. 

Ait· pump, 15:>-157. 
Air thcrmometer, 211. 
Alcoholmeter, 135. 
Alternator, 350, 351. 
Ammcter, 320. 321, 330. 
Amplitude, oí oscillation, 79. 

oí vil>rations, 165, 166, 186. 
Aueroid bnrometer, 148. 
Anglo, crit.ical, 399. 

of deviatiou, 396-403. 
of incicleuce, 49, 382, 396, 397. 
oí refiection, 49, 382. 
of refrnction, 39ti, 403. 

Anion, 307. 
Anuual variation, 255,256. 
Aperture, of a mirror, 388. 
Arc lighting, 3G3-3(i,;. 
Arcbimedes, principie of, 130. 
Argon, discovery of, 144. 
Armn.lure, 347. 
Astatic galvanometer, 319, 320. 
Athcrmauous bodies, 2'22. 

Atmosphere, 143-151 ; see Air. 
Atmospheric electricity, 287. 
Atoms, 7, 345. 
Attraction, electr ical, 268. 
Attractive forces, 11. 
Atwood's method, 75. 
Audibility, limit of, 202. 
Aurora Borealis, 289. 
Axis, of Iens, 404, 405. 

of mirror, 388. 
of suspension, iu pendu.Lum, 81. 

Axle and wheel, 93, 91. 

Balance, defined, 92. 
Jolly, 140. 

Balancing columns, 139. 
Barometer, 147-149. 
Battery, described, 29!, 295, 301-304. 

Leyden, 280. 
main, iu telegraph, 354. 
resistauce oí, 329. 
secondary, 308, 309. 

Beam of light, 374. 
Beats, 179. 
Bell, elcctric, 353. 
Blake trausmitter, 362. 
Body, defiued, 7. 

íalling, 76. 
floating, 131, 132. 

Boiling point, 209, 230-233. 
Boyle's Law, 150. 
Bright line spectrum, 422, 423. 
Brush discharge, 285. 
Bunsen photometer, 379. 
Buoyant force of liquids, 131. 

Calorie, 237. 
Calorimetry, 237-241. 
Carnera, 376, 435, 436. 
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Capacity, electrical. 273, 274. 
unit o!, 15. 

Capillarity, 112-11-1. 
CapiUary attraction, 114. 
Carbart-Clark cell, 318. 
Catbion, 3fll. 
Catbode, 3fll; rays, 3U, 342. 
Cells, 295-30-1. 

electro-moti ve !orce of, 318. 
storage, 309. 

Center, of curvatura, 388, 40!. 
of gravity, 63. 
of moments, 89. 
of osoillatiou 81, 87. 
o f percussiou, 87. 
of pressura, 124. 

Centígrada scale, 210, 211. 
Ceutimeter, 14. 
Centimeter-gram-secoud system of 

Dleasurement, 15. 
Centrifuga! force, 50, 51. 
C. G. S. system of measurement, 15. 
Cbarcoal, absorptiou by, 158. 
Cbal'les, Law of, 228. 
Cbemical actiou, 215. 
Cbemical cbanges, 10. 
Cbemical effects of current, 306-309. 
Chcmical rays, 424. 
Cbro01atic aberration, 415. 
Chro01atic scale, 185. 
Circuit, shunt or parallel, 321. 
Coa!, energy stored in, 247. 
Coefficien to! linear expansion, 2?..5, 226. 
Coherer, 358. 
Cohesion, 25, 108. 
Coil, induction or Rubmkorff, 337-340. 
ColliDlator , 421. 
Colloids, ll6. 
Color, 222, 418-421. 
Comma, 184. 
CoDlmutators, 347. 
Complementary colors, 420. 
Compound dynamo, 350. 
Compound lever, 93. 
Compound microscope, 433. 
Compound pendulum, 80. 
CoDlpressibility, 22, 142. 
Compression, beat caused by, 215. 
Concave lenses, 407, 408, 441. 
Conca ve mirrors, 388-392, 441. 
Condensation, in sound, 168. 

Condensation of vapors, 234. 
Condensar, 278. 
Coudensing pump, 156. 
Conductors, elt:ctrical, 269, 270. 

oí beat, 215, 216. 
Conjugate foci, 389, 406. 
Conservation o f energy, 60. 
Coutinuous corrents, ~3. 
Contin nous forces, 11. 
Continuous spectrum, 422. 
Convection corrents, 215-217, 227. 
Converging leuses, 407. 
Conversion factors, table of, 462. 
Convex lenses, 406. 
Convex Dlirrors, 392, 393, 440. 
Cooling curve oí water, 244. 
Crest o f wa ve, 166. 
Critica) angle, 399. 
Crookes tubes, 341. 
Crystallization, 28. 
Crystalloids, 116. 
Corrent, electric, 273, 293-313. 

01easurement oi, 329, 330. 
parallel, 333. 
unit of, 316. 

Curvatura, center of, 388, 40!. 
Curve, use of tbe, 32, 33. . 
Curvilinear motion, 36, 49. 
Cyclonic storm pressure, 149. 

D'Arsonval galvanometer, 320,321. 
Declination, magnetic, 255. 
Density, defined, 132. 

of at01osphere, 149, tr>O. 
of liquida, 13-l. 

Depth, relation of pressura to, 122. 
Deviation, angle of, 403. 

rninimuDl, 403. 
Dew point, 231, 232. 
Dialysis, 116. 
Diathermanous bodies, 222. 
Diatonic scale, 183. 
Dielectrics, 270, 276. 
Difference of potential, 273, 300. 
Diffraction, 426, 427. 
Diffusion, defined, 383. 

of gases, 159. 
of liquids, 115. 

Dipping needle, 25-1. 
Discbarge, elcctrical, 279, 280, 283-287, 

340,341. 
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Discontinuous currents, 293." 
Discord, 188. 
Dispersion of light, 414-427. 
Di~tillation, 234, 235. 
Dtverging lenses, 408. 
Divisibility, 23. 
Doppler's principie, 181, 425. 
Double refraction, 428. 
Drum a.rmature, 348. 
Ductility, 27. 
Duplex telegrapby, 3117. 
Dynamics, 36. 
Dynamo, 345-351. 
Dyne, 40. 

Ebnllition, 230. 
Ecbo, 171. 
Edison current meter, 317. 
Efficiency of macl.tines, 88. 
Elasticity, defined, 24, 25. 

of gases, 142. 
of liquida, 119. 

Electric bell, 353. 
Electric beating, 306. 
Electric ligbting, 363-368. 

_ Electric motor, 368. 
Electrical capacity, 273, 274. 
Electrical macbiues, 281-283. 
Electrical mensurements, 316-333. 
Electricity, 265-372. 

atmospberic, 287. 
cells, 295-300. 
commercial applicatiou of, 353-372. 
conductors and ínsulators, 269, 270. 
corrent, 293-316. 
difference of poteutial, 272, 273. 
kiuds of, 207. 

Electrodes, 295. 
Electrolysis, 307. 
Electrolyto, 307. 
Electro-mngnet, 312, 313. 
Electro-metallurgy, 308. 
Electrometer, 330. 
Electro-motive force, 300. 

measurement of, 330. 
unit of, 318. 

Electrons, 345. 
Electropborus, 277, 281. 
Electroplatin¡r, 308. 
Electroscopes, 2H8. 
;Electrosmtic i nd uction, 274. 

Electrotyping, 308. 
E. M. F. (Eiectro-motive force) , 300, 

318, 330. 
Energy, conservation of, 60. 

defined, 9, 57-00. 
stored in coal, 247. 

Equilibrant, 44. 
Eqnilibrium, 64, 65. 
Erg, 56, 57. 
Etb er, nature of, 373. 
Evàporation, laws of, 230, 231. 
Expansibility of gases, 141, 228. 
Expansion, by heat, 208, 224-230. 

oi liquids, 226, 227. 
oi solids, 224-226. 

Experiments, defined, 10. 
suggestions for, 16, 17. 

Eye, as optical instrument, 436-438. 
Eyepiece of microscope, 434. 

Fahrenheit scale, 210, 211. 
Falling bodies, 71-78. 
Films, 111. 
Fixed pulleys, 95. 
Flames, sensitiva, 200. 
Flat keys, 184. 
Floating bodies, 131, 132. 
Floating magnets, Mayer's, 262. 
Fluid, 8. 
Fluoroscope, 343. 
Flux, magnetic, 251. 
Focallength, 389. 
Foci, of lenses, 406, 407. 

of mirrors, 389-391. 
Foot, unit of lengtb, 12, 13. 
F oot poundal, 56. 
t root-pound-second system of meas

urement, 15. 
Force, 11, 41-51. 

electro-moti ve, 300. 
magnetic lines of, 251, 252, 334, 

336. 
measurement of, 1Z-15, 40. 
moment of, 89, 90. 

Force pump, 157. 
Formulas, 449-451. 
Fountain in vacno, 145. 
F. P. S. system oí measurement, 15. 
Fractional distillation, 235. 
Fraunhofer lines, 424. 
Freezing point, 209, 230. 
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Frictlon, defined, 100, 101. 
electricity developed by, 270. 
heatiog effeets of, 214. 

Frictioual machiues, 281. 
Fulcrum, 90. 
Fus i on, defiued, 229. 

latent beat of, 239. 

Galileo's method oi measuring veloc-
ity, 73. 

Galileo's telescope, 431, 435. 
Galtou's whistle, 202. 
Galvauic battery, 2().1-.296. 
Galvanometers, 310, 319-321, 329. 

calibration o f, 329, 333. 
Gases, 8, H1-162. 

absorption of, 158. 
atmosphere, 143--150. 
con vectiou, 217. 
diffusion of, 159. 
distinguished Crom vapors, 234. 
expansion oí, 141, 228. 
kiuetic theory or, 141. 
properties of, 141-143. 
transrnissiou o f sou nd by, 164. 
velocity of sound iu, 167- 170. 

Geissler tubes, 3!1. 
Gold-lea( electroscope, 268. 
Gram, 14. 
Graphical method of recording results, 

32, 33. 
Grating, diffrnction, 427. 
Gt·avitation, law of universal, 60. 
Gravity, center of. 63. 

defined, 6Hi7. 
specific, 130-140. 

Gravity cells, 297,298, 318. 
Gravity unit of force, 40, 41. 
Grids, 309. 
Gro u ping of cells, 302-J04. 

Hardness, 28. 
Hare's apparatus, 139. 
Harmonic motion, 166. 
Harmonies, 193. 
Harmony, 187. 
Heat, 206-247. 

absorption, 221, 222. 
and work, 244-247. 
calorimetry, 237-241. 
defined, 206. 

Heat, expansion, 208, 224-230. 
f usi on, 229. 
latent, 239, 240. 
lumiuous, 222. 
measnrement of, 237, 238. 
mechauical equivalent of, 244. 
physical effect on bodies, 207. 
produetion aud transmission 01, 

21-!-223. 
radiatiou oí, 215-222. 
rays, 424. 
solidi ficatiou, 230. 
som·ces or, 214, 215. 
specific, 237, 238. 
transmissiou of, 215-233. 
vaporizatiou, 230-235. 

Heat loss, 30Ci. 
Heating, electric, 306. 
Hoffman's apparatus, 307. 
Uomogeneous atmosphere, 150. 
Hornogeneous medium, 219. 
Horse pow er, 57. 
Ilydraulic press, 120, 121. 
Hydrogeu, weight oí, 143. 
Hydrometer, 135, 137. 
Hypothesls, defiued, 10. 

Images, formed by concave mirrors, 
391, 392. 

by convex mirrors, 393. 
by lenses, 408. 
hy plane mirrors, 383, 385-388. 
by rays of light passing through a 

small openiug, 376. 
mulliplo, 385, 386. 
real, 393. 
virtual, 383, 393. 

Impaet, beat caused by, 215. 
Impeuetrability, 21. 
Impulsi ve fot·ces, 11. 
Incandescent lighting, 365-367. 
Incideucc, angle of, 49, 382, 396, 397. 
Incident ray, ::182. 
lncllned plane, 88, 96-98. 
Indestructibility, 23. 
Index of refraction, 397-399. 
Iuduced current, 334. 
Iuductiou, cbarging by, 274, 27lí. 

electrostatic, 274. 
magnet i e, 257, 258. 
self, 337. 
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l ndnction coil, 337-340. 
lncluction macbines, 281. 
Iuertia, 23, 24. 
Insulators, 26!l, 270. 
Interference, in light, 426. 

in sound wa.ves, 174. 
in wave motion , 173. 

International pitch, 18!l. 
Intcrpolation, in the graphical 

method, 33. 
Intervals, musical, 182, 183. 
Ionization, 345. 
Ions, 307. 

Jolly balance, 140. 

Key in telegraph, 354. 
Kcynote, 1113, 184. 
J<ilogram, 14. 
Kilogmmmeter, 56. 
Kinematics, 36. 
Kinetic energy, 58. 
Kiuetic theory, o f gases, 141. 

of heat, 200. 
Kinetics, 36. 

Laboratory work, 16, 17. 
L:~etometer, 135. 
L'lntern, optil'al, 435. 
Latent bea.t, oí fusion, 239. 

oí vaporization, 240. 
Leclanché cell, 298, 299, 318. 
Length, unit oí, 12. 
Lenses, 403-408. 

achromatic, 415. 
Lever, 88, 90-!)3, 430, 440. 
Leyclen jar, 27!), 280, 283-285. 
Light, 373-438. 

dispersion of, 414-427. 
intensity of, 377-a7!l. 
natura o f, 373-.'377. 
optical instruments, 433-438. 
polarized, 427-12!). 
refle<'tion of, 382-3!l.J. 
refraction of, 3!l6-413. 
velocity of, 376, 377. 

Lighting, electrio. 363-368. 
Lightnin~. 287-289. 
LightninA' rocls, 280. 
Line, in telegraph, 35-1-356. 

Lines of force, magnetic, 251, 252, 
310, 334, 336. 

Líquids, 108-140. 
absorption of gases by, 158. 
expansiou of, 226, 227. 
mechanics of, 119-130. 
specific gravity of, 1;J4. 
transmission of pressure by, 119. 
transmission of sonnd by, 164. 
velocity of sound in, 170. 

Liter, 15. 
Longitudinal vibrations, 165. 
Loops, 167, 192, 19-l. 
Lost volts, 370. 
Lnminous bodies, 373. 
Luminous beat, 222. 

Machines, 87-107. 
electrical, 281-283. 
generallaw of, 88. 

Magdeburg hemispheres, 145. 
Magnetic drag, 368. 
:\fagnetic effects of corrent, 309, 310. 
:\lagnetic field. 251, 252. 
Magnetic incluction, 257, 258. 
Magnetic lines oí force, 251, 252, 334, 

336. 
Magnetic meridian, 249. 
Magnetic needlc, 249. 
Magnetic substanccs, 251. 
1\Iagnetism, 247-264. 
1\Iagneto, 346. 
Magnets, 248-250. 
Main battery in telegrapb, 354. 
l\fajor cbord, 183. 
Malleability, 27. 
Mancc's method, 329. 
Manomctor, 151, 152. 
Manomotl'ic flames, 199: 
1\fass, 14. 
l\fatter, defined, 7. 

properties of, 21-28. 
states of, 8, 9. 

Maximum corrent, cell arrangement 
for, 303, 30!. 

l\fayer 's tloating magnets, 262. 
niean vel oci ty o 37 o 

Measuremeut, electrical, 316-333. 
o!atmospheric prcssure,145-147. 
of current, :l29, 3!30. 
of expansion, 224-228. 
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Measurement, oí forces, 12-15, 40. 
of beat, 237, 238. 
oi temperatura, 208. 
ot velocity, 37, 38. 
of velocity oí sound, 176, 177. 
of work, 56. 
systems ol, 11-15. 

Mecbauical equivalent of beat,~
Mechanical powers, 88. 
Mechanics, of liquids, 119-130. 

of solids, 36-107. 
llfegadyne, 41. 
Megohm, 317. 
MeWng poiut, 229, 230. 
Meniscos, 404. 
Metals, specific gravity of, 137. 
Me ter, staudard, 12, 13. 
Microhm, 317. 
lllicrometer cali per, 19. 
Micropbone, 361. 
l\1icroscope, 433, .13-1. 
Milliampere, 317. 
l\1illimeter, 14. 
Mirrors, conca ve, 388-3fl2, 441. 

convex, 392, 393, 440. 
plane, 383, 385-388. 

Mixtures, metbod oí, 238. 
Molar forces, 11. 
Molecular forces, 11, 108-116. 
Molecular magnets, 259. 
1\Iolecules, 7, 8. 
l\Iomen t o f a force, 89, 90. 
Momentum, 3!1. 
Monochord, 190. 
.Morse alphabet, in telegrapby, 357. 
Molion, accelerated, 37, 71-74. 

curvilinear, 36, 49. 
defined, 36, 37. 
Newton's laws of, 39, 40, 47, 48. 
oi pendulum, 78. 
refleoted, 48. 
simple harmouic, 166. 
uniform, 37. 
wave, 167, 168. 

Motor, electric, 368. 
Moutb instruments, 193. 
Music, 180, 182-188. 

Needle, dipping, 254. 
magnetic, 249. 

Negative electrioity, 267. 

Neutral equilibrium, r,;;. 
Neutral point of magnet, 251. 
Newtou's disk, 419, 420. 
Newtou's laws of motion, 39, 40, 47, 

48. 
Newton's rings, 426. 
Xicbolson hydrometer, 1a1. 
Nicol's prism, 429. 
Nodes, 167, 192, 19-!. 
Noise, 180. 
Nonconductors, 270. 
Nonluminous heat, 222. 
Norunagnetic substn.uces, 251. 
Normal spectmm, 427. 
Nortbern Ligbts, 289. 

Object glass of microscope, 434. 
Octa ve, 182. 
Ohm, 300, 317. 
Obm's Law, 301. 
Opaque bodies, 373, 374, 418. 
Opera glasses, 435. 
Optical center of Iens, 405. 
Optical instruments, 433-438. 
Opticallan torn, 435. 
Optical metbod of combining vibra-

tions, 198. 
Oscillation of pendulum, 78, 79, 81, 87. 
Osmose, 116. 
Overtones, 193. 

Parallel circuit, 324, 328. 
Parallel currents, 333, 334. 
Parallel forces, 44, 120 . 
Parallelogram of forces, 43, 44. 
Pascal's Law, 120, 121, 144. 
P. D. (Difference of potential), 273, 

330. 
Pencil of rays, 374. 
Peudulum, 78-87. 
Penombra, 375. 
Percussiou, ceuter of, 87. 
Phouograpb, use of, 201. 
Photometers, 379. 
Photometry, 378, 379. 
Physical chauges, 10. 
Physical forces, 11. 
Physicallaw, 10. 
Physical pores, 22. 
Physical units, 12-16. 
Physics defincd, 7. 



Pigments, color of mixed, 421. 
Pitch, 180, 189. 

oí screw, 99. 
Pith-ball electroscope, 268. 
Plane, inclined, 88, 96-98. 
Plane mirror, 383, 385-388. 
Plano lenses, 404. 
Pinte machine, 281. 
Plates, vibration of, 196. 
Platinoid, 322. 
Plmnb line, 61. 
Plunge battery, 299. 
Points, electrification at, 272. 
Polariscope, 432. 
P olarity, 2!9. 
P olarization of voltaic cell, 296. 
P olarized light, 427-429. 
Porosity, 22. 
Potential, electrical, 272, 273. 
Potential energy, 58. 
Poundal , unit or !orce, 41. 
Press, hydraulic, 120, 121. 
Pressura, atmospheric, 144-147. 

in liquids, 119, 121-126. 
Pressura gauge, 152. 
Prism, 403. 

Nicol's, 429. 
Projectiles, 76-78. 
Proof plane, 268. 
Propagation of light, 374. 
Pulley, 94, 95. 
Pumps, 153-157. 

Quantities, electrical, 316. 

Radiation oí hoat, 215-222. 
Radio-active substances, 344. 
Rainbow, 41H18. 
Rare tactions, 168. 
Ray, extraordinary, 428. 

incident, 382. 
luminous, 374. 
ordinary, 428. 
reflected, 382. 

Renction, 48. 
Real focus, 389. 
Real image, 393. 
Rénumur scale, 213. 
Recomposition or white light, 414. 
Rectilincar molion. :l6. 
Reed instruments, l!J3. 

INDEX 

Reflecteci motion , 48. 
Reflected ray, 382. 
Reflection, angle or, 49, 382. 

law or, 49. 
of light, 382-395. 
of sound, 171. 
total, 399, 400. 

Re!raction, angle oí, 403. 
double,428. 
of light, 396-413. 

Relay, 355. 
Repellent forces , 11. 
Repulsion, electrical, 268. 
Residual discharge, 280. 
Resino us electricity, 267. 
Resistance, in electricity, 300. 

laws of, 317, 318. 
measurement or, 323-329. 
unit o f, 317. 

Resistance box, 322. 
Resouance, 174.-178. 
Resonance tube, 176, 177. 
Resonator, 175. 
Retarded motion, 37. 
Rheostat, 351. 
Ring armature, 347, 348. 
Rods, vibration of, 195. 
ROntgen rays, 342-345. 
Ruhmkorff coi!, 337-34.0. 
Rumford's photometer, 378, 379, 

Saturated air, 231. 
Saturated solution, 29. 
Savart's wheel, 180. 
Scale, musical, 182, 183-185. 

thermometric, 210. 
Screw, 99, 100. 
Second, 15. 
Seconds pendulum, 80. 
Selectiva absorption, 222. 
Selí-induction, 337. 
Semitone, 184. 
Sensitiva flames, 205. 
Series dynamo, 349. 
Sharp keys, 184. 
Sheet meta! gauge, 19. 
Shunt circuit, 32!. 
Shunt dynamo, 349. 
Shunt, tenth, :J29. 
Si ph on, 152, til.'3. 
Siren, 181. 
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Solar spectrum, 414. 
Solen oid gal vanometer, 320. 
Solenoid, maguetic properties or, 311, 

:JI2. 
Sulidiflcation, 230. 
Solids, absorptiou oí gases by, 158. 

defiued, 8. 
expausiou oí, 2"25, 226. 
fnsion oí, 229. 
mechanics oí, 36--107. 
tmnsmissiou oí souud by, 164. 
velocity of sound iu, 170. 

Solutiou, saturated, 29. 
Souometer, 100, 191. 
Sound, dcfincd, 163. 

intcnsity oí, 186. 
interference oí, 174. 
reflection oí, 171. 
resonance, 17-!, 175. 
transmissiou oí, 164. 
velocity oí, 168-170, 176. 
wave motion, 163-168. 

Sounder, in telegraph, 355. 
Space, 12-14. 
Specific gravity, 130--140. 

table, 452. 
Specific gravity bottle, 134,135. 
Spccific gravity bulb, 135. 
Specific heat, 237, 238. 
Specific inductiva capacity, 276. 
Spectroscope, 421. 
Spectrum, 422427. 

solar, 414. 
Spherical aberration, in mirrors and 

lenses, 393, 409. 
Spherical form of Iiquids, 108. 
Spberoidal state, 233. 
Sprengel's air pump, 156. 
Stable equilibri nm, 64-66. 
Static electricity, 265, 266. 
Static laws, 91. 
Statics, 36. 
Steam engine, 245, 246. 
Steelyard, 92. 
Storage cells, 309. 
Strings, vibration of, 190, 191. 
Substances, 7. 
Suction pump, 157. 
Suríace, of a liquid. 109-111, 125. 

unit or, 13. 14. 
Surface tension, 110, lll. 

Suspension, axis or, 81. 
Sympathetic vil>rations, 178. 

Tangent galvanometer, 319. 
Telegraph, 353-359. 
Telephoue, 359, 300. 
Telescope, 434, 4:35. 
Temperatura, and staudard of length, 

12. 
delinee\, 206. 
influence on sou nd velocity, 169. 
measuremcut of, 208. 

Temperatnt·c coefficieot, 318. 
Temporary magnets, 248. 
Tenaci ty, 26, 27. 
Tension, surface, 110, 111. 
Tenth shunt, 329. 
Teuths, estimation or , 18. 
Theories, 10. 
Therrual unit, 2.~7. 
Thermometcr, 208-212. 
Three-wire system of incandescent 

lighting, 367. 
Thunder, 289. 
Timbre, 187. 
Time, unit of, 15. 
Toepler-Holtz machine, 281-283. 
Tonic sol-fa system, 183. 
Torricellian vacuum, 147. 
Torsional vibrations, 165. 
Total reflcction, 399, 400. 
Touch-paper, 217. 
Transformation of energy, lí9. 
Transformar, 367. 
Trauslucent bodies, 373. 
Transmitter, microphone, 362. 
Transparent bodies, 373, 374, 419. 
Transposition, 185. 
Transversa vibrations, 165. 
Trough oí wave, 166. 

Umbra, 371í. 
Uniform forces, 11. 
Uniform motion, 37. 
Units, 12-15,40, 41, 56, 237, 316, 318. 
Unstable equilibri nm, 65. 

Vacuum, 155, 156, 398. 
Torricellian, 147. 

Vapori7.1.tlon, 141 , 230--235,240. 
Variable forces, 11. 
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"Variable motion, :rr. 
Velocity, defined, :rr. 

measuromeut oi, :r7, 38. 
or falling bodies, 72. 
or light, 376, 377. 
or souud, 169, 170, 176, 177. 

Veutilatiou, 218. 
Vibrations, amplitude of, 79, 165, 186. 

combination of, 197, 198. 
describeu, 165. 
of strings, plates, and rods, 190-

197. 
phonograph records, 201. 
sympathetic, 178. 

Virtual focus, 389, 3$JO. 
Virtual image, 383, 393. 
Viscosity, surface, 110. 
Vitreous electricity, 267. 
Volt, 300, 318. 
Voltaic cell, 29-1-296. 
Vollameter, 307. 
Voltmoter, 321, 330. 
Volumc, unit or, 14. 

Water, compressibility of, 121. 
density of, 13Jo. 

Water, standard in specific gravily, 
132. 

weight o f cubic foot o f, 124. 
Water equivalent, ~. 
Water-gram degree, 237. 
Water-pail forge, 372. 
Watt, 330. 
Wave length, 165, 166, 176. 
Wave motioQ, 163-168, 173, 174. 
Wedge, 98, 99. 
Weight, u, 61--63. 

of gases, 143. 
Weston ammeter and -voltmeter, 321, 

322. 
Wheatstono bridge, 324, 326. 
Wheel and axle, 93, 94. 
Wind instruments, 193. 
\Vire table, 453. 
Wireless telegraphy, 358. 
Work, 56, 57, ZH-247. 

X rays, 342--345. 

Yard, standard, 12. 

Zero, absolute, 212. 




