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Abstract:

As discussedat the end of the precedingunit, the superposition principle
for waves implies the existence of interference e®ects. In the presen
unit we shall study sud interferencee®ectsin greater detail. As we shall
see,the interferenceof wavesleadsto someremarkable obsenations, gives
rise to important practical applications, and hasfar-reaching implications
which will be explored in subsequeh units.
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SECT.

A. INTERFERENCE AND PHASE DIFFERENCE

Consider two sinusoidal waves w; and w,, of the same frequency
presern at the samepoint. We now extend our discussionof text section
F of Unit 430 by examining more closely how the interference between
two sudch wavesdependson the phasesof these waves.

COHERENCE VERSUS INCOHERENCE

» Coherent waves

The waves may be producedin such a way that a de nite relation
betweentheir phasesis maintained at all times. (For example, this would
be true for the soundwavesproduced by two loudspeakers operated from
the sameamplier of a stereoset.) Such waves are called \coherent" in
this sense:

Def. | Coherent waves. Waveswhosephasedi®erence (A-1)
remains always the same.

For example, if the maximum of one wave occurs always at the same
instant as the maximum of the other wave, the waves are coherert and
\in phase" (i.e., their phasedi®erenceremains equal to zero). Similarly,
if the maximum of one wave always occurs at the sameinstant as the
minimum of the other wave, the wavesare coherernt and half a cycle \out
of phase" (i.e., their phasedi®erenceremains equal to one-half cycle).

» Incoherent waves

On the other hand, waves may be produced in such a way that
nothing assurestheir synchronization. The phasesof the wavesmay then
vary relative to eat other in someuncoordinated manner. Such waves
are said to be\incoherent" in this sense:

Incoheren t waves: Waves whose phase di®er-
encevaries so that it is equally likely to assume
any value.

Def. (A-2)

For example, the light emitted from two di®erert lamps (e.qg., light bulbs)
isincoherent sincethe individual atomsin the lamps emit light completely
independertly of ead other. Hencethe light wave emitted by one atom
can have any phaserelative to the light wave emitted by another atom.
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Thus the maximum of one wave occurs sometimesat the sameinstant as
the minimum of another wave.

» Interferencee of Coherent Waves

Let us rst discussthe simple caseof two coherent sinusoidal waves
preser at the samepoint, where one of thesewavesw; hasan amplitude
A, and the other wave w, hasan amplitude A (smaller or equalto A,).
By the superposition principle, the resultant wave at any instant is then
simply equal to the sum w = w; + wq of the individual waves. How
doesthe intensity I of this resultant wave depend on the phasedi®erence
betweenthese waves?

» E®ective phasedi®erenae

Becausesinusoidal waves repeat themseles after ewvery cycle, a
phasedi®erenceof someintegral number of cyclesis equivalent to a phase
di®erenceof zero. (The maxima of both waves occur then also at the
sameinstant.) Henceall obsenable results depend only on an \e®ective"
phasedi®erencebetween0 and 1 cycle (disregarding any integral number
of cycles). For example, a phasedi®erenceof 1.5cycle is equivalent to an
e®ectie phasedi®erenceof 0.5cycle.

» Wavesin phase

Supposethat the two wavesare\in phase”(i.e., that their e®ective
phasedi®erenceis zero) so that the maximum of one wave occurs always
at the sameinstant asthe maximum of the other wave. (SeeFig. A-1a and
Fig. A-1b.) Then the amplitude A of the resultant wave hasits maximum
possiblevalue: A,.x = A1 + Ay, (SeeFig. A-1c.) Correspondingly, the
intensity I of the resultant wave hasthen alsoits maximum possiblevalue
I.ax, given by Relation (E-2) of Unit 430:

Imax = 7142 = ’7("41 + A2)2 . (A"?’)

max

Thus
Inax = 7 (AT + A3+ 24, A),
or
Inax = 11 + Iz + 27A; As, (A-4)

where I; = yA? is the intensity of the rst wave and I, = A3 is the
intensity of the secondwave. This maximum possibleresultant intensity is
obviously larger than the sumof the individual intensities [by the last term
in Eq.(A-4)] and corresponds to the most extreme caseof constructive
interference.
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—(A1+Ay)

Fig. A-1: (a), (b) Two sinusoidal wavesin phase. (c) Resul-
tant wave equal to the sum of thesewaves.

If the waveshave equal amplitudes, A; + A; = 2A4;. Then Eqg. (A-3)
becomessimply, for A; = As,

Lnax = 4yA2 = 4l (A-5)
the result previously obtained in Relation (F-3) of Unit 430.

» Waves one-half cycle out of phase

Supposethat the two wavesare one-half cycle \out of phase” (i.e.,
that their e®ectie phase di®erenceis one-half cycle) so that the maxi-
mum of one wave occurs always at the sameinstant as the minimum of
the other wave. (SeeFig. A-2a and Fig. A-2b.) Then the amplitude A
of the resultant wave has its minimum possiblevalue A,,;;, = A1 As.
(SeeFig. A-2c.) Correspondingly, the intensity I of the resultant wave
hasthen alsoits minimum possiblevalue:
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Fig. A-2: (a) and (b), Two sinusoidal waves one-half cycle
out of phase; (c) Resultant wave equal to the sum of the
wavesin (a) and (b).

Imin = ’YAQ = ’Y(Al i A2)2 . (A'6)

min

Thus
Imin = Y(A} + A3 i 24, 4)),
or
Inin = I1 + I j 27A1As, (A-T)

where I; = yA? and I, = yA3 are the intensities of the individual waves.
This minimum possibleresultant intensity is obviously smaller than the
sum of the individual intensities [by the last term in Eg. (A-7)] and cor-
respondsto the most extreme caseof destructive interference.

If the waves have equal amplitudes, A; i As = 0. Then Eq. (A-6)
becomessimply, for Ay = Ay,

Imin = 07 (A'8)

the result previously obtained in text section F of Unit 430.
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-A

Fig. A-3: (a) and (b), Two sinusoidal wavesone-fourth cycle
out of phase; (c) Resultant wave equal to the sum of the
wavesin (a) and (b).

» Waves one-fourth cycle out of phase

As a nal example,supposethat the two wavesare one-fourth cycle
out of phaseso that the maximum of one wave occurs always when the
other waveis zero. (SeeFig. A-3a and Fig. A-3b.) Then the resulting wave
(shown in Fig. A-3c) is sinusoidal with an amplitude A and an intensity
I intermediate betweenthe valuescorresponding to extreme constructive
and destructive interference. [Indeed, one can show that A% = A2 + A2
sothat I = I, + I,. Thusthere is no interferencein this special case.]

NON-INTERFERENCE OF INCOHERENT  WAVES

Consider now the situation where the two waves are incoherent. In
the course of time the phase di®erencebetween the waves varies then
in random fashion and is equally likely to assumeany value. Corre-
spondingly, the waves then tend to interfere as often constructively as

10
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destructively, with the net result that the interference e®ectscancel on
the average. Hence

‘for incoherert waves,I = I + I,. (A-9)

In other words, becauseof the cancellation of all interference e®ects,the
resultant intensity of incoherent wavesis simply equalto the sum of their
individual intensities. (For example,the resultant intensity of light com-
ing from two di®erent lamps is simply equal to the sum of the intensities
due to eat lamp sincethe light from theselamps is incoherert.)

» Discussion

Let us examine the preceding conclusion more closely Since two
incoherert waves interfere as often constructively as destructively, one
expects (and can verify in greater detail) that the resultant intensity
of the waves is the average of the extreme values for constructive and
destructive interference,i.e., that

I= %(Lnax + Imin)~ (A'lO)

If weusethe results Eq. (A-4) and Eq. (A-7) for I,.x and Iy, EQ. (A-
10) yields indeed the result I = I; + I, sincethe last terms in Eq. (A-4)
and Eq. (A-7) have opposite signsand thus cancel.

Resultan t Amplitude and Intensit y of a Wave

Two sinusoidal waves of the samefrequency arrive at the same
point, the amplitude A, of the secondwave being twice as large
asthe amplitude A, of the rst wave sothat A; = 2A;. (a) Expressthe
intensity I, of the secondwave in terms of the intensity I; of the rst
wave. (b) Supposethat the two wavesare coherert and in phase(so that
the amplitude and intensity of the resultant wave are maximum.) Express
the amplitude A,,.. Of this resultant wave in terms of A;. Expressthe
intensity I,,., of this wave in terms of the intensity I; of the rst wave. (c)
Supposethat the two wavesare coherert and one-half cycle out of phase
(sothat the amplitude and intensity of the resultant wave are minimum).
Expressthe amplitude A,.;, of this resultant wavein terms of A,. Express
the intensity I,,;, of this wave in terms of I;. (d) Supposethat the two
waves are incoherert. Expressthe intensity I, of the resultant wave in
terms of I;. (e) What is the averagevalue (I,.x+ Imin)/2 of the intensities
found in the two extreme casesof parts a and b? Compare this average

11
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value with the resultant intensity I;,. of the incoheren wavesin part c.
(Answer: 4) (Suggestion:[s-3])

Each of the two sinusoidal sound waves, of the samefrequency

arriving at a givenpoint P from two loudspeakershasan intensity
of 10 *watt/ m2. (a) What is the intensity of the resulting sound heard
at P if the two soundwavesat P are coherert and in phase?(b) If they
are coherert and one-half cycle out of phase?(c) If they are incoheren?
(Answer: 2) (Suggestion: [s-1])

(@) A loudspeaker, connected to an audio-ampli er, emits a

~21 soundwave corresponding to the tone of middle C and produces
an intensity of 10 °watt/ m? at somepoint P. Supposethat a second
identical loudspealer is placednext to the “rst loudspealer (at a distance
much lessthan the wavelength) and is connectedto the sameampli er
in exactly the sameway as the rst loudspeaker (so that ead speaker
now producesan intensity of 10' > watt/ m? at the point P). What then is
the intensity of the resulting sound heard at P? (b) Two violinists stand
side-hby-side, separated by a distance much lessthan the wavelength of
the tone of middle C played by ead of them. If the intensity of the
sound produced by ead of them at a point P is 10' > watt/ m?, what is
the intensity of the resulting sound heard at P? (Answer: 7) (Suggestion:
[s-5])

More practice for this Capability: [p-1], [p-2], [p-3]

12
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SECT.

B INTERFERENCE AND PATH DIFFERENCE

In the precedingsectionwe studied the interference e®ectsproduced
by two waves at some given point. We now examine the interference
e®ectsthat wavesfrom two sourcesproduce at various points.

» Small coherent sources
Considertwo sources,S; and S;, eat small comparedto the wave-
length of the wavesthey emit. They are a distance d apart. The waves
they emit are coherent: the two sources'wavesare of the samefrequency
(and thus of the samewavelength X in the surrounding medium) and the
two waves are emitted in phase That means, for example, that a wave
maximum is always emitted at one sourceat the sameinstant that a wave
maximum is emitted at the other source. The wave fronts of the spherical
waves emitted by two such sourcesare illustrated in Fig. B-1.

» Path di®erence
We now focus attention at any point P that is a distance r; from

source S; and a distance r, from source S, (seeFig. B-2a.) During the

time a wave travelsfrom a sourceto P, the phaseof the wave changeshy

an amourt dependert on the distance traveled by the wave (changing by

one cycle while the wave travels a distance of one wavelength ). If the

distancesr; and r, traversedby the two waves are di®erert, the phases
of the waves changeby di®erert amounts. Although the two wavesleave

the sourceswith the samephase,they arrive at P with a phasedi®erence
determined by the di®erencein the distancestraveled by the waves, i.e.,

by their \path di®erence."

Def. | path Di®erence: ¢r= 1 (B-1)

» Intensity maxima

If the path di®erence¢ r of P from the two sourcesis equal to
0, or, 8\, 82), ..., the corresppnding phase di®erenceis zero or some
integral number of cycles. Hencethe wavesleaving the sourcesin phase
arrive at P alsoin phase. Accordingly, they interfere there constructively
to produce a maximum intensity I,,,... The points where the intensity is
maximum are thus all those for which the path di®erencet r satis es this
condition:

I= I 0 €r=0 8§\ §2)\ .| (B-2)

13
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Imin /

lma>g,

(central)

\\l\m\ip

Fig. B-1: Wave fronts of waves emitted in phasefrom two
sources.

Thesepoints are on the dotted lines marked I, in Fig. B-1.

» Intensity minima
If the path di®erence¢ r of P from the two sourcesis equal to

8(1/2)\, or 8(3/2)\, or §(5/2)\,. .., the corresponding phasedi®erence
produced in the waves is some odd number of half cycles, Hence the
wavesleaving the sourcein phasearrive at P soasto be half a cycle out
of phase. Accordingly, they interfere there destructively soasto produce
a minimum intensity I,,;,. The points where the intensity is minimum
are thus all those for which the path di®erencesatis es this condition:

. 1.3 _5
I= Imin if ¢Cr= §§)\, § E)\7 § E)\, (B-B)

14
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(@) (b) (©) P
P
S !
I I !
S P -
d St |
d r r
2 S; 2 d
Sy S2
Ar=ro—r14 Ar=0 Ar=d

Fig. B-2: Path di®erencet¢ » of a point P from two sources.
(a) Arbitrary point. (b) Point equidistant from the sources.

(c) Poaint in line with the sources.

These points are those lying in Fig. B-1 on the dotted lines marked by

Imin-

» Interference pattern

The wave fronts in Fig. B-1 or in the photograph of Fig. B-3 illus-
trate pictorially how the wavesfrom the two sourcesinterfere at various
points in space.For example,if the wavesleave the sourceswith the same
phaseand travel the same distance, they must arrive in phase. Henceat
all points equidistant from the sources(i.e., the points on the dotted
\central" line in Fig. B-1) the waves interfere constructively to produce
maximum intensity. On ead side of this certral line there is another line
along which the waves interfere constructively becauseone wave travels
one wavelength farther than the other. On ead side of this certral line
there is also another line along which the waves interfere constructively
becauseone wave travels two wavelengthsfarther than the other.

On the other hand, betweentheselines there are other lines along which
the waves interfere destructively becauseone wave travels farther than
the other oneby (1/2))\, (3/2)A, .. ..

VALUE OF PATH DIFFERENCE

Let us examine more closely the path di®erence¢ » between two
sourcesand any point P, since ¢ r determines crucially the interference
obsened at P.

15
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Fig. B-3: Photograph shawing in-
terference of waves on a water sur-
face. The waves are produced by
two sources (rods moving repeti-
tively up and down through the wa-
ter surface).

» Possiblevaluesof ¢ r

The minimum magnitude of the path di®erenceis zero. As
indicated in Fig. B-2b, this path di®erenceoccurs when the point P is
equidistant from both sources,i.e., when the line from the midpoint
betweenthe sourcesto P is perpendicular to the line joining the sources.
The maximum possible magnitude of the path di®erenceis equal to the
distance d between the sources. As indicated in Fig. B-2c, this path
di®erenceoccurs when P is in line with the two sources. Thus the
magnitude of ¢ r liesin the range

04 ¢rj d (B-4)

» ¢ r for distant point

The path di®erence¢ r = r5 | r; can be found particularly easily
when the point P is far from the sources(i.e., so that the distance of
P from either sourceis much larger than the separation d between the
sources). As indicated in Fig. B-4, the lines from ead sourceto P are
then nearly parallel. Hencetheir common direction can be corveniertly
speci ed by the angle # which theselines make with respect to a \central

16
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central line

N

Fig. B-4: Path di®erenceof a point P from two sourceswhen
the distanceof P from thesesourcesis much larger then their
separation d.

line" perpendicular to the line joining the sources.(SeeFig. B-4.)

How then is the path di®erence¢ r related to the separation d be-
tweenthe sourcesand to the angle # which speci es the direction of the
point P relative to the sources?

» Calculation of ¢ r

To nd an approximate value of the path di®erence¢ r, we draw
in Fig. B-4 the line S1 B perpendicular to the nearly parallel lines S; P
and S, P. The distancesS; P and BP are then both nearly equal to r;.
Hencethe distance S; B = o r1 = ¢ r is the path di®erencewe wish to
‘nd. In the right triangle S;S2B the hypotenuse S;5; is equalto d. To
“nd the angle S35 B, labeled 6 in Fig. B-4, we note that S; B makes an
angle of 90* with S; P, while S;S, makes an angle of § + 90¢ with S;P
(since S1 B makesan angle 6 with the certral line which is perpendicular
to S152). Hencethe angle S»S, B, equalto the di®erenceof theseangles,
is simply 6. Thus the sine of this anglein the right triangle S25; B is

_ 5B _¢r
S5 d

sothat

(8-5)

This result is a good approximation for the path di®erenceas long as
the distance of the point P from the sourcesis much larger than their
separation.

17
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Fig. B-5: Positions of intensity maxima and minima along a
line at a large distance from two sources.

» ¢ r and anglef

The path di®erence¢ r betweenthe point P and the two sources
dependsthusin a simple way on the angle 6 specifying the direction of P
relative to the sources.In particular, if P is along the certral line where
0 = 0,sinf = 0sothat ¢ = 0. But if P isin line with the sources,
6 = 890 sothat sind = § 1and ¢ r = 8§ d. Theseconclusionsagreewith
our previous commerts, asillustrated in Fig. B-2b and Fig. B-2c.

LOCA TION OF INTERFERENCE MAXIMA  AND MINIMA

Since sinf = ¢ r/d, Eq.(B-2) and Eq.(B-3) allow us to nd the
anglesof the lines along which the intensity produced by the wavesfrom
the sourcesis either maximum or minimum (e.g., of the dotted lines in
Fig. B-1). Thus Eq. (B-2) and Eq. (B-3) imply that:

A A
1= Ipax f ing=0 82,82, ...
i sind=0 §d 8 pi
1) 3 5\
2d %20 830

(B-6)

I=Iin if sing = §

» Observation of interference

The interference e®ectscan be conveniertly studied by observing
the intensity produced along someline parallel to the sourcesat some
large distance L from them. (SeeFig.B-5.) As a result of interference,
one then obsenes along the line a successionof intensity maxima and
minima are speci ed by the anglesin Eq.(B-5) or, equivalerntly, by the
distancesy = Ltan # measuredalong the line from the certral position
corresponding to the angled = 0.

18
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Fig. B-6.

Interference due to Tw o Sources (Cap. 2)

Interference and path di®erence (sourcesin phase): Two small

loudspeakers emit sound waves which have a wavelength of 2m
and which are in phase. At ead of the following points, is the intensity
of the resultant wave a maximum as a result of constructive interference,
or a minimum as a result of destructive interference? (a) At a point at
a distance of 6m from ead of the spealers. (b) At a point at a distance
of 4m from the rst speaker and 6m from the secondspealer. (c) At a
point 4m from the rst speaker and 5m from the secondspeaker. (d)
At a point 6m from the “rst speaker and 3m from the secondspealer.
(Answer: 3)

Interference and path di®erenee (sources out of phase): In the

- precedingproblem B-1, Supposethat the speakers emit the same
soundwavesone-halfcycle out of phase. What then would be the answers
to the questionsin that problem? (Answer: 1) (Suggestion: [s-2])

Interference at various points around two sources: Two radio

antennas are separatedby a distance of 100m. Figure B-6 shows
various points Py, ... P> (numbered like the numbers on a clock), at a
large distance of 3000m from the antennas and equally spacedaround a
circle. The antennas emit radio waveswhich have a wavelength of 100m.
The amplitudes of these waves at all the points P are nearly the same.
(a) What is the path di®erencefrom the antennasat the point P, which
is on the certral line equidistant from the antennas? (b) What is the
path di®erenceat the point P;? (c) What is the path di®erenceat the
point P, at an angle of 30* from the certral line? (d) Doesthe intensity I
obsened at the point P, correspond to a maximum or minimum possible
intensity due to the two antennas? (e) What is the intensity at Ps? (f)

19
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What is the intensity obsened at P; and at Py? (g) What is the intensity
at P,? (h) What is the intensity at P, at Ps;, and at P;? (Answer: 5)
(Suggestion: [s-9])

Dependene of ¢ » on d and #: (a) For a given separationbetween

two sources,is the path di®erencefrom a point P to thesesources
larger or smaller if P is located at a larger angle # from the certral line?
(b) For a given point at a large distance from two sources,is the path
di®erenceof P from these sourceslarger or smaller, if the separation
betweenthe sourcesis larger? (c) Supposethat the path di®erenceof a
point P from two sourcesis supposedto be A\/2 (so that the wavesfrom
the sourcesin phaseinterfere at P destructively). If P is at a larger angle
0 from the certral line, must the separation betweenthe sourcesthen be
larger or smaller? (Answer: 10)

Location of observel interferenae: Two sources,emitting in phase

waves of wavelength A, are separatedby a distance d = 2\ (as
illustrated in Fig. B-1). Points where the intensity is maximum are then
located along the certral line for which 8 = 0. (a) Intensity maxima are
then also obsened at distant points at which the magnitude of the path
di®erenceis A and 2)\. At what anglesfrom the certral line are these
points located?(b) Intensity minima are obsered at distant points where
the magnitude of the path di®erencds (1/2) A and (3/2) A. At what angles
from the certral line are these points located? (Answer: 6)

Interference on a distant screen: Considerin Fig. B-5 interfer-

encemaxima and minima located at small anglesé (so small that
tan 6 ¥asin#). (a) What then are the valuesof y specifying on the screen
the positions of the certral intensity maximum and the two neighboring
intensity maxima? (b) What are the valuesof y specifying the positions
of the two intensity minima next to the certral maximum? Expressyour
answersin terms of L, d, and A. (Answer: 11)

20
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SECT.

C INTERFERENCE DUE TO TW O SOUR CES

By using the results of the precedingsection, we can now discussall
the featuresof the interferenceof wavesfrom two sources. (For simplicity,
we assumethroughout that the interferencee®ectsare obsened at points
whosedistance from the sourcesis much larger than the separation d of
the sources.)

SOUR CES IN PHASE

» Location of maxima and minima

Let us rst considerthe casewhere the two sourcesemit the waves
in phase Then the interference maxima and minima are located at
points whosepositions relative to the sourcesare speci ed by the angles
6 in Egs.(B-6). Thus:

. o A A
I= Iax if sing = 0, §E’ §23,
1\ 3 5\
23 %20 %20

(C-1)
I= I, if sinf = §

Thus the intensity is maximum along the certral line § = 0 (where
all points are equidistant from the sources). There is a successiorof other
intensity maxima located symmetrically on both sidesof this line. The
intensity minima are located betweentheseintensity maxima.

According to Eqgs.(C-1), the separationbetweenadjacert interference
maxima (or adjacert interferenceminima) increasescorresponding to the
ratio A/d of the wavelength A compared to the separation d between
the sources. If the separation d between the sourcesis kept xed but
the wavelength A\ is made larger, the separation between the adjacert
interference maxima is thus correspondingly also larger. On the other
hand, if the wavelength X is kept xed but the separation d betweenthe
sourcesis made larger, the separation betweenthe adjacert interference
maxima is correspondingly smaller.

» Casewher d < \/2
The angle 6,,;, betweenthe certral interference maximum at 6 =
0 and the “rst interferenceminimum is such that
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NI -

SiNOmin =

This angle 6., is larger if the ratio Ad is larger. Indeed, if
(1/2)( A/d) > 1, sin6,,;, exceedsts maximum permissiblevalue of 1. This
meansthat no intensity minimum is then obsened anywhere. Indeed, it
is easyto seewhy this happens. In order to obsene destructive interfer-
enceanywhere, the path di®erence¢ r from the sourcesmust somewhere
be at least aslarge as (1/2) A. But the maximum possiblepath di®erence
is equal to d. Hence destructive interference can be obsened anywhere
only if d is at leastaslarge as(1/2) A. If d is much smallerthan (1/2) A the
sourcesare so closetogether that the path di®erencebetweenthem and
any point is always negligible comparedto A. Then the waves, leaving
the sourcesin phase, arrive everywhere nearly in phaseand thus never
interfere destructively.

» Intensities of maxima and minima

Supposethat we obsene the waves arriving in a small region far
from the sources. Since the wave from ead source travels then nearly
the samedistance, the amplitude of ead wave decreasesdy nearly the
samefraction. Hencethe ratio of the amplitudes of the wavesarriving in
this region is nearly the sameasthe ratio of the amplitudes of the waves
leaving the sources.

Suppose that the amplitudes A; and A, of the waves arriving in
the region are the same(becausethe waves have equal amplitudes when
leaving the sources). Then the obsened intensity maxima and minima
are, by Eq. (A-5) and Eg. (A-8), equalto

Irnax = 7(2‘41)2 = 411 ; Imin =0 (C_3)

where I, is the intensity which would be obsened from one wave
alone.

If the wavesarriving in the region have di®erert amplitudes A; and
A,, the obsened intensity maxima and minima are, by Eq.(A-3) and
Eq. (A-6), equalto

Imax = 7(A1 + A2)27 Imin = ’7(141 i A2)2 (C'4)
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» Energy conservation

At points where the waves interfere constructively, the intensity
Inax is larger than the sum I; + I, of the intensities produced by the
individual sources.At points where the wavesinterfere destructively, the
intensity 1.,;, is smaller than the sum I, + I, of the intensities produced
by the individual sources.But the averageintensity I, averagedover all
points of space,is equal to

}: %(Imax"' Imin) = Il + -[2 (C'S)

[For example, if the waves have equal amplitudes, 1 = (1/2)(41, +
0)= 2L.]*

* Similarly, for waves with di®erert amplitudes, the result
Eq. (C-5) follows from Eq. (A-4) and Eq. (A-7).

Hencethe consenation of energyis properly satis ed, despitethe interfer-
encee®ects.Thus the two sourcesdo emit a total power equalto the sum
of the powers emitted by ead. But this power doesnot travel from the
sourcesuniformly in all directions. Instead, the emitted power is larger
than the sum of the powers along those directions where the wavesinter-
fere constructively, and is smaller than the sum of the powers along those
directions where the wavesinterfere destructively.

SOUR CES ONE-HALF CYCLE OUT OF PHASE

Suppose that the waves leaving the sourcesare not in phase, but

1/2 cycle out of phase. What then would happento the interface pattern?
The two wavesstill acquire the previously discussedphasedi®erenceas a
result of the di®erencet r in the paths traveled by the waves. Howe\er,
the waveshave now alsothe additional phasedi®erenceof 1/2 cycle which
they had when leaving the source. The result is then merely that the
waves now interfere constructively at those points where they interfered
destructively before, and vice versa. Thus the interference pattern is
exactly the same as in the previous case of waves leaving the sources
in phase, except that all previous intensity maxima are now intensity
minima, and vice versa.
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INF ORMA TION  OBT AINABLE FROM AN INTERFER-
ENCE PATTERN

The obsenation of an interferencepattern allows oneto deducemuch
information about the sourcesemitting the waves:

(1) As is apparert from Eqgs.(C-1), the obsenation of the locations
(speci ed by the angle 6) of the obsened interference maxima and
minima allows one to obtain information about the separation d
betweenthe sources.

(2) As is apparert from Eq.(C-4), the obsenation of the relative in-
tensities of the intensity maxima and minima allows one to obtain
information about the relative amplitudes of the wave emitted by
the sources.

Thesecommerts indicate why (as discussedn the next unit) obsena-
tions of the interferenceproducedby X-rays emitted from moleculesallow
oneto obtain important information about the arrangemen of atoms in
moleculesof chemical or biological interest.

Interference due to Tw o Sources (Cap. 2)

Dependene of interference pattern on A and d: Two sources,

separatedby a distance d, emit in phasecoherert waves having
a wavelength A. (a) What is the magnitude of the smallest angle 6,,;,,
measuredfrom the certral direction, along which the wavesinterfere de-
structiv ely to yield an intensity minimum I,,;,, of the resultant wave? (b)
Supposethat the wavelength of the waves emitted by the sourceswere
larger. Would the angle 6,,;,, then be larger or smaller? (c) For what
wavelength \; would the angle 0,,,;, be 90*? (d) Where would the inter-
ferenceminimum I.,;,, be obsened if the wavelength is larger than \;?
(e) Supposethat the original wavelength (or frequency) of the emitted
waves is kept constart, but that the separation between the sourcesis
made larger. Would the angle 6,,,;,, then be larger or smaller? (Answer:
9)

Interference from two speakers: Two sma_ll loudspeakers, con-

nectedto the two channelsof a stereoampli er, are separatedby
a distance of 3.0m and emit in phasesound waveshaving a frequency of
400Hz and the sameamplitude. The wavesthen travel through the air
with a speed of 340m/s. At a distant point P, equidistant from both
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speakers, the obsened intensity of the resultant wave is then maximum.
(a) At what smallest-magnitudeangle, measuredfrom the line joining P,
to the mid-point betweenthe sources,s the intensity of the resultant wave
minimum? (b) At what smallest-magnitude angle is the intensity of the
resultant wave then again maximum? (c) Supposethat the frequency of
the wavesemitted by the speakerswastwice aslarge (i.e., 800Hz). What
then would be the answer to part (b)? (d) Supposethat the speakersemit
waveswith the original frequencyof 400Hz, but that the amplitude of the
wave emitted by one speaker was twice as large as the unchangedampli-
tude of the wave emitted by the other speaker. Would the magnitudes of
the anglesfound in parts a and b then be larger, smaller or the same?(e)
Would the previously obsened intensity maxima then be larger, smaller,
or the same?(Answer: 13) (Suggestion: [s-7])

Frequency measurement by interference: Two small loudspeak-

ers, separatedby a distance of 4.0m, are connectedto the same
amplier soasto emit two sinusoidal sound wavesin phase. Becauseof
interference,onethen obsenesa maximum intensity alongthe certral line
(everywhere equidistant from the speakers) and again at an angle of 20*
from this certral line. Usethis information, and the fact that the speed
of soundin air is 340m/s, to nd the frequency of the waves emitted by
the loudspeakers. (Answer: 8)

Directional antennas: Fig. C-1 shows two radio antennas, emit-

ting radio waves with a wavelength )\, separated by a distance
1/2 A. The four points P, ..., P, are far from the antennas and eadh
antenna separately producesat ead of these points a radio wave of in-
tensity I. The following questionsillustrate how the interference of the
wavesradiated by both antennascanbe usedto broadcastthe radio signal
preferertially along certain directions.

(a) Supposethat the antennas emit the radio wavesin phase. What
then is the intensity of the resultant radio wave at the points P; or P3?
What is the intensity at the points P, or P,? (b) Supposenow that the
antennas emit the radio waves 1/2 cycle out of phase. What then is the
intensity of the resultant radio wave at the points P; or P;? What is the
intensity at the points P, or P,? (Answer: 14) (Suggestion:[s-6])

More practice for this Capability: [p-4]
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SECT.

D INTERFERENCE DUE TO WAVES THR OUGH
HOLES

» Hole Equivalent to Source

A screenof somematerial is \opaque" to a wave if the wave cannot
passthrough the screen,but is absorbed or re°ected. (For example, a
screenopaqueto a sound wave might be a sheetof rock-wool, or a screen
opaqueto a light wave might be a sheetof cardboard.) Supposethat a
sinusoidal wave is incident upon suc an opaquescreenwhich cortains a
hole small comparedto the wavelength. The wave then producesin the
small hole a sinusoidal disturbance, which then producesin its neighbor-
hood a similar disturbance, which then producesin its neighborhood a
similar disturbance, .... Thus a spherical wave emanatesfrom the small
hole, as illustrated in Fig. D-1. Hencethe small hole acts like a small
sourceemitting a spherical wave in the region behind the screen.

» Interference from two holes

Suppose now that the opaque screencortains two small holes a
distanced apart. Thesetwo holesarethen equivalert to two small sources.
Hencethe waves emanating from these holes produce behind the screen
exactly the sameinterference e®ectsas the waves from the two sources
discussedin the precedingsections.

» Small Slits

Supposethat the two holesin the screenare long slits (perpendicu-
lar to the plane of the paper in Fig. D-1) of width small comparedto the
wavelength. Then the situation is similar to that for small holes, except
that all e®ectsoccur along lines perpendicular to the paper. Thus eath

Fig. D-1: Wave emanating from a small
hole in an opaquescreenwhen a wave is
incident upon this screen.
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interference

7><ima

lamp

Fig. D-2: Experimental ar-
rangemen for observingthe
interference of light passing
through two small holes.

filter  opaque observation
screen screen

slit acts like a linear source (emitting cylindrical waves) and interference
maxima and minima occur along lines perpendicular to the paper.

INTERFERENCE OF LIGHT

» Holes as coherent sources

One can only obsene the interference of light if the light comes
from two coherent sources. Thus one cannot use two separate lamps
sincethe light from them is incoherert. On the other hand, supposethat
one usesa single lamp at a position equidistant from two small holes (or
slits) in an opaque screen,as indicated in Fig. D-2. Then light emitted
by any individual atom in the lamp arrivesat both holeswith the same
phase. As a result, the holesact as coheren sourcesof light and the light
waves emanating from them can produce interference.*

* Light originally emitted by any individual atom canproduce
interferencee®ects.Sincethe light emitted by di®erent atoms
is incoherent, the total intensity due to all these atoms is
then the sum of their individual intensities. But this sum
merely results in an increasedintensity at every point, but
doesnot a®ectthe ratio of the intensities at two points, (i.e.,
doesnot destroy the interferencee®ectsdue to light from any
individual atom).

» Interference experiment

A lamp usually emits white light consisting of a mixture of dif-
ferent frequencies. To perform the interference experiment with light of
one selectedfrequency (or corresponding wavelength), one needsonly let
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Fig. D-3: Photograph of interference maxima
and minima produced by light passingthrough
two slits.

11

the light from the lamp passthrough a \'lter" consisting of a colored
glass plate which absorbs light of all frequenciesexcept the frequency
corresponding to the color of the plate. With suc a “Tter, the holesin
Fig. D-2 are then equivalert to two small sourcesemitting light of one
particular wavelength. The light emanating from these holes then pro-
duceson somedistant screen(e.g., on a photographic plate) a seriesof
intensity maxima and minima causedby the interferenceof the light. (See
Fig. D-3).

The preceding experiment demonstrating the interference produced
by light was rst performed in 1803 by Thomas Young (1773-1829),a
remarkable English physician who made seweral important cortributions
to physicsand alsohelpedto decipherthe Egyptian hieroglyphic language.
Young's experiment was important for thesereasons:

» Wave properties of light
(1) The experimertal obsenation of alternating light intensity max-
ima and minima demonstratesconclusiwely that light hasthe wave prop-
erties responsible for interference. Thus the experimert rules out the
possibility that light consistsof particles traveling along de nite paths.
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For in that casethe intensity obsened at any point for light coming from
two holes could never be lessthan the intensity for light coming from a
single hole. (In the caseof wavesthis can happen becauselight coming
from the secondhole can interfere destructively with light coming from
the rst hole.)

» Measurement of A

(2) By knowing the distance d between the holes and measuring
the separation between successie intensity maxima in the obsened
interferencepattern, onecan nd the wavelength of light. Thus one nds
that \ ¥ 7£ 10 “m for red light and \ ¥ 4 £ 10' " m for violet light.
From the known speed of light in vacuum, one can then calculate the
corresponding frequency of light.*

* Indeed, until very recertly it hasnot beenpossibleto mea-
sure directly the frequency of light since this frequency is
so large. Hencethe frequency of light has traditionally al-
ways beeninferred from measuremets from the wavelength
of light.

Interference due to Tw o Sources (Cap. 2)

Interference due to di®erent colors: Consider the experiment

of Fig. D-2, illustrating the interference of light passingthrough
two slits. Is the spacingbetweenthe adjacert intensity maxima, produced
on the obsenation screen,larger if the experimert is performed with red
light or with blue light? (Answer: 12) (Suggestion: [s-8])

Measuring wavelengthand frequencyof light: Light from a laser
- is incident perpendicularly on a blackened glassslide containing
two very narrow identical transparert slits (formed by scratching away the
black paint from the slide). The separation betweenthe slits is 0.40mm.
The interference pattern obsened on a screenlocated at a distance of
2.00m behind the glassslide then shows alternating intensity maxima
separatedby a distance of 3.1mm. (a) On the basis of this information,
what is the wavelength of the light emitted by the laser? Express your
answver in the unit \@ngstrom" (where 1@angstrom= 1A = 10 1°m). (b)
What is the frequency of this light? (Answer: 15) (Suggestion:[s-12])

More practice for this Capability: [p-5], [p-6]
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SECT.

E INTERFERENCE
SOUR CES

DUE TO REGULARL Y SPACED

» N sources along a line

Interference e®ectscan be particularly pronouncedand practically
usefulwhen one dealswith wavescoming from many sources.Let usthen
consider the situation of any number N of sources,eat of them small
compared to the wavelength, regularly spacedalong a line so that the
separation betweenany two adjacert sourcesis equalto d. (SeeFig. E-1.)
These sourcesemit in phase coherert waves of the same amplitude A,
and of the samewavelength A. We assumethat the intensity resulting
from thesewavesis obsened at points P sofar from the sourcesthat lines
drawn from the sourcesto P are nearly parallel. As indicated in Fig. E-1.,
the position of P relative to the sourcescanthen be speci ed by the angle
6 which theseparallel lines make with the \central" line perpendicular to
the line of the sources.What then are the interferencee®ectsobsened at
points P corresponding to various angles§?

» Constructive Interference

Since all sourcesare separatedby the samedistance d, the path
di®erencet r betweena distant point P and any pair of adjacert sources
is the same, by Eq.(B-5) equalto ¢ r = dsinf. Supposethen that this
path di®erenceis equalto someintegral number of wavelengths,i.e., that
dsinf = nA wheren = 0, 81, 82, .... Then the wavesemitted in phase
by two adjacernt sourcesarrive at P also in phase. Since this happens

Fig. E-1: N equidistant sourcesand a point P at a large
distance from these sources. (The point P is supposedto
be so far that the lines from the sourcesto P are nearly
parallel.)
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for any pair of adjacert sources,all the waves emitted in phaseby all
N sourcesarrive at P in phaseand thus interfere there constructively.
By the superposition principle, the amplitude of the resultant wave has
then its maximum possiblevalue A,,,, equalto the sum of the N equal
amplitudes A; of the individual wavesfrom the separate sources. Thus
Amnax = NA; and the corresponding intensity I,,;, of the resulting wave

IS
= yA2 = v(NA;)? = N%2(yA?) = N2, (E-1)

Imax max

where I; = vA? is the intensity which would be obsened at P from a
single sourcealone.

» Location of Interference
To summarize, one obsenes complete constructive interference of
the wavesfrom all sourcesat the special anglesé:

1= L= N°Ii, it dsing=n)| (E-2)
wheren=0,81,82 83 ...

(The integer n, specifying the number of wavelengths of path di®er-
encefor wavesfrom adjacert sources,is called the \order" of the interfer-
ence.) If n = 0, one thus obsenesalways (irrespective of the magnitude
of A\) maximum intensity along the certral line correspondingto # = 0.*

* The reasonis, of course,that any distant point P along this
certral line is equidistant from all the sources.

Symmetrically on both sidesof this certral maximum onethen obsenesa
seriesof similar intensity maxima correspndingto n= 81,82, ..., i.e,,
corresponding to anglesé sud that dsingd = 8§\, §2)\, ....

» Intensity of Interference

By Eq.(E-1), the intensity I,,., of the resultant wave is N? times
larger than the intensity of a wave from a single source. [This is because
the intensity is proportional to the squae of the amplitude, which is N
times larger than that due to a single wave.] If N is large, the intensity
I..x producedby constructive interferenceis then very much larger than
I,. For example, if there are N = 10° sources,the intensity Iextmax is
10° times larger than the intensity due to a single sourcealone!

» Sharpnessof Interference

The directions speci ed by the anglesin Eq. (E-2) are very special
sincethe wavesfrom all N sourcesarrive there preciselyin phase. Thus
all waves have there at any instant the same sign and the magnitude of
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their sumis correspondingly large. At anglesslightly di®erert from those
in Eq. (E-2), the wavesare no longer preciselyin phase. Thus someof the
waves are positive while others are negative, and the sum of these waves
is markedly smaller. At angleshalfway betweenthosein Eg. (E-2), about
as many waves are positive as negative, and the sum of these waves is
markedly smaller. At angleshalfway betweenthose in Eq. (E-2), about
as many waves are positive as negative so that the cancellation of these
wavesmakestheir sum nearly zero. If the number N of wavesis large, the
resulting intensity I,,.. = N2I, at the special anglesspeci ed by Eq. (E-2)
is thus very much larger than the intensity at appreciably di®erert angles.
Hencethe interference e®ectsare then very sharply de ned locations.

DIFFRA CTION GRA TING

An opaque screen with N equally spaced slits in it is called a
\di®raction grating."*

* The word \di®raction" refersto the spreading of wavesin
various directions when such waves are incident upon some
object.

Supposethat a lamp is placedfar from the grating soasto be nearly
equidistant from all its slits, i.e., sothat the wave fronts of light from the
lamp are nearly parallel to the grating. (SeeFig. E-1). Then light from
any atom in the lamp arrivesat any slit in phase. Thus the light emanat-
ing from the slits is the sameasthat producedby N coherent sourcesin
phase. Accordingly, one then obsenes sharp interference maxima at the
anglesspeci ed by Eq. (E-2).

» Practical grating for light

A practical grating for light is made by ruling on a transparent
glass plate a series of equidistant parallel scratches. The remaining
transparent regions betweenthe scratched lines constitute then the slits
of the grating. (For example, if 4000lines per certimeter are ruled on a
grating, the distance d betweenadjacert slits is 1/4000 certimeter.)*

* Although the slits betweenthe scratchesmay not be small
comparedto the wavelength of light, the main characteristics
of the interference pattern remain una®ected.

Sud a di®raction grating is useful for many practical applications:
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: n=3
n=2
: n=1
L0 1n=0 (central
: maximum)
lamp : n=-1
N=—2 Fig.E-2:  Interference
; maxima producedon an
n=-3 obsenation screen by
grating observation light passingthrough a
screen di®raction grating.

» Precise measurement of A

By measuring the anglesé at which the interference maxima are
obsened, one can usethe known grating spacingd to determine the wave-
length X of the light passingthrough the grating. If the number N of slits
is large the interferencemaxima are located at sharply de ned positions.
Hencethe measuremen of the wavelength can be very precise.

» Grating spectrometer

Suppose that light, consisting of a mixture of waves of di®eren
wavelengths, is incident on a di®raction grating. Then all such waves
interfere constructively along the certral direction # = 0, corresponding
to interferencefor n = 0 in Eq.(E-2). But for the various higher orders
n = 1,2,..., the angle 6 at which constructive interference occurs de-
pendson the wavelength A being larger for light with larger wavelength
than for light with smaller wavelength. If light consisting of a mixture of
wavelengthsis incident on the grating, the light emergingfrom the grat-
ing is then de°ected along di®erert directions corresponding to di®eren
wavelengths. [A device which usesa di®raction grating to separateand
measurethe componert wavelengths (or frequencies)of light is called a
\grating spectroscope" or \grating spectrometer.”] For example,if white
light (which consists of a uniform mixture of light of all visible wave-
lengths) is incident on a di®raction grating, the light emergingfrom the
grating in every order n = 1,2,... is spreadout in the colors of the rain-
bow, with violet light (which hasthe smaller wavelength) appearing at
an angle # smaller than red light (which hasthe larger wavelength).
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» Chemial analysis

Di®erert atoms or moleculesemit light having distinct frequencies
(and corresponding wavelengths) characteristic of the particular kind of
atom or molecule. Similarly, di®erent atoms or moleculesalso absorb
light having distinct frequencies(and corresponding wavelengths) charac-
teristic of the particular kind of atom or molecule. Henceit is possible
to identify various kinds of atoms or moleculesby using a grating spec-
trometer to analyze the wavelengths of light emitted by sudch atoms or
molecules(i.e., by doing \emission spectroscopy"). Similarly, it is possi-
ble to identify particular atoms or moleculesby analyzing the wavelengths
of light absorled by such atoms or molecules(i.e., by doing \absorption
spectroscopy").

By thus using a grating spectroscope to analyzelight which hasinter-
acted with atoms or molecules,one obtains a method of chemical analysis
extremely useful for identifying the kinds of atoms or moleculespresen
in various materials. This spectroscopicmethod is rapid, accurate, non-
destructive, and needsonly small amourts of material. Furthermore, the
method can be usedfor the analysisof inaccessiblesystems. For example,
one can identify the kinds and relative amounts of atoms presen in a
distant star by analyzing the light arriving from this star at the surface
of the earth.

Interference due to Regularly Spaced Sources (Cap. 3)

Spectrum produced by a grating:  Visible white light consistsof a

- mixture of light with wavelengthsranging from about 40004 (cor-
responding to violet light) to about 7000A (corresponding to red light),
where 1A = 10 '©m. Supposethat such white light is incident perpen-
dicularly upon a di®raction grating having 4000lines per certimeter. (a)
For interferencesproduced in “rst order, at what angle (from the direc-
tion of the incident light) doesthe violet light emerge? At what angle
does the red light emerge? Over what angular range is this rst-order
spectrum thus spreadout? (b) Answer the samequestionsfor the inter-
ferenceproducedin secondorder. (c) Answer the samequestionsfor the
interferenceproducedin the third order. (d) Is there any overlap between
the spectrum produced in “rst order and that in secondorder? (e) Is
there any overlap between the spectrum produced in secondorder and
that in third order? (Answer: 19) (Suggestion:[s-14])
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Measurement of wavelength: White light passesthrough a sub-

“<| stanceand is then incident perpendicularly on a di®raction grat-
ing having 5000lines per certimeter. The "rst-order spectrum of light
emergingfrom the grating then shows all the colors of the rainbow spread
out at various angles, except for the fact that darknessis obsened at
the particular angle of 17¢. Hencelight of someparticular wavelength \
must be missing from the white light incident on the grating becausethis
light wasabsorbed by passingthrough the substance.On the basisof this
information, what is the wavelength )\ of light absorbed by the molecules
in the substance?(Answer: 17)

Designof a grating: It is desiredto designa di®raction grating so

that yellow light, having a wavelength of 6.00£ 10 ”“ m produces
in secondorder an interference maximum at an angle of 30.0¢ from the
direction of the original light incident perpendicularly on the grating. (a)
What must be the spacing betweenthe adjacert slits of such a grating?
(b) If the grating is to have a width of linch (i.e., 2.54cm), what should
be the approximate number of parallel lines which must be scratched on
a glassplate of this width? (c) If greenlight is incident on this grating,
would the resulting interferencemaximum producedin secondorder be at
an angleequalto, larger than, or smallerthan 30.0°? (d) supposethat one
usedinstead a grating with the same separation between slits, but only
1/2 inch wide. If this grating wereilluminated with yellow light in exactly
the sameway, would the second-orderinterferencemaximum occur at an
angle equal to, larger than, or smaller than 30.0°? Expressthe intensity
I of this interferencemaximum in terms of the intensity |, obsened with
the original linch grating. (Answer: 22) (Suggestion: [s-16])

More practice for this Capability: [p-7], [p-8], [p-9]
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SECT.

F SUMMAR Y

DEFINITIONS

coherernt waves;Def. (A-1)
incoherernt waves; Def. (A-2)
path di®erence;Def. (B-1)

IMPOR TANT RESUL TS
Resultant intensity of two coherert waves: Eg. (A-3), Eg. (A-6)
in phaserl ., = v(A; + A45)?
1/2 cycle out of phase: I, = v(A1 | As)?
Resultant intensity of two incoherert waves: Eq. (A-9)
1= 1, + I, (no interference)
Interference of two coherent sourcesin phase: Eq. (B-2), Eq. (B-3)
I= Ipax ifCr= 07§)\,§32>\,...
. 1 5
I= I, ifCr= §§)\,§ E)"§ E/\""
Path di®erencefor point far from two sources:
Cr=ryj ri=dsind (if ri,ro A d)
Small hole is equivalent to small source. (Sec.D)
Interferencefar from N coherert sourcesin phase: Eq. (E-2)
I=1I,.c= N?I if dsinf = n\ wheren=10,81,82, ...

USEFUL KNO WLEDGE
Two-slit interferenceof light. (Sec.D)
Di®raction grating and its applications. (Sec.E)

NEW CAP ABILITIES

(1) Relate the amplitudes and intensities of two or more wavesto the am-
plitude and intensity of the resultant waveswhenthe individual waves
are either coherent (in phaseor 1/2 cycle out of phase)or incoheren.
(Sec.A; [p-1], [p-2], [P-3])

(2) Considertwo sources(or equivalert holes) emitting wavesin phaseor
1/2 cycle out of phase. Relate the locations of the interference max-
ima or minima to the path di®erence,and thus also to the distance
betweenthe sourcesand to the wavelength (or frequency). (Sects.B,
C1 and D1 [p'4]1 [p'5], [p'6])
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(3) Consider any number N of sources(or equivalent holes) regularly
spacedalong a line and emitting waves in phase. (a) Relate the
locations of the interference maxima to the separation between the
sourcesand to the wavelength (or frequency). (b) Relate the intensity
of such an interferencemaximum to the intensity from a single source.

(Sec.E, [p-7], [p-8], [p-9])

F Dependene of resultant intensity on individual intensities (Cap.

-1 1): (a) The wavesfrom two coheren sourcesinterfere construc-
tively at a point P so that the resulting intensity at P is maximum.

Supposethat the intensity of the wavesemitted by one of the two sources
is made larger. Doesthe intensity maximum at the point P then become
larger, smaller, or remain the same? Explain. (b) The wavesfrom these
two coheren sourcesinterfere destructively at someother point P' sothat

the resulting intensity at P' is minimum. Supposethat the intensity of
the waves emitted by one of the two sourcesis made larger. Does the

intensity at P' then becomelarger, smaller, or can either happen? Ex-

plain and give speci ¢ examplesto illustrate your answer. (Answer: 18)
(Suggestion: [s-13])

Interference and wave speed: Red light corresponding to a par-

ticular frequency is incident perpendicularly upon a di®raction
grating and thus producesin “rst order an interferencemaximum at some
angle #, from the direction of the incident light. Supposethat the experi-
mert is now performed with red light of the samefrequency but with the
whole apparatus immersedin water in which the speedof light is smaller
than in vacuum. Is the angle at which the rst-order interference maxi-
mum occursthen larger than, smaller than, or equalto the original angle
0,? (Answer: 16) (Suggestion:[s-11])
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SECT.
G' PR OBLEMS

Relation between resultant intensity and individual intensities:

Two coherent wavesat the samepoint have respective intensities
I; and I,. (a) What is the maximum possibleintensity of the resultant
wave, i.e., the intensity resulting when the wavesare in phase?(b) What
is the minimum possibleintensity of the resultant wave, i.e., the intensity
resulting when the wavesare 1/2 cycle out of phase?Expressyour answer
in terms of the individual intensities I; and I,. (Answer: 24) (Suggestion:
[s-18])

Amplitudes of waves determined from observe interference:

When two waves are in phase so as to interfere constructively,
the obsened intensity of the resultant wave is Inax - When these waves
are 1/2 cycle out of phaseso as to interfere destructively, the obsened
intensity of the resultant wave is In,in . (@) What then is the ratio A,/ A,
of the wave with the smalleramplitude A; comparedto the wave with the
larger amplitude A>? (b) What is the intensity I; of the wave with the
smaller intensity? (c) What is the intensity I, of the wave with the larger
intensity? (Express all your answers in terms of the obsened intensities
Imax and i) (Answer: 21) (Suggestion: [s-20])

Acoustic Interferometer: Figure G-1 shows an acoustic\in terfer-

ometer," a device useful for measuringthe wavelength of sound.
Here soundwaves, producedby a sourceS (such asa loudspeaker), travel
in the air inside two di®erent tubes. The sound waves then arrive at a
detector D (such as a microphone) where the intensity of the resulting
soundcan be measured. The left tube, SBD, hassome xed length, while
the length of the right tube SCD can be varied like that of a trombone.
Supposethat, as the right tube is gradually lengthened by pulling the
point C of this tube 1.70cm to the right, the intensity obsened at the

Fig. G-1.
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Fig. G-2.

detector D increasesfrom a minimum value to a maximum value. (a)
What then is the wavelength of the sound produced by the source S?
(b) What is the frequency of this sound if the speed of sound in air is
340m/s? (Answer: 25) (Suggestion:[s-17])

Interference of wavesof di®erent frequencies(beats): Suppose

that two sinusoidal wavesat the samepoint have slightly di®erert
frequenciesy; and v», asillustrated in Fig. G-2a. If the wavesarein phase
and thus interfere constructively at someparticular time t', they will then
not remain in phase becauseof their di®eren frequencies. Hence they
will later be out of phaseand thus interfere destructively, and still later
again be in phaseand thus again interfere constructively. The resultant
wave, shawvn in Fig. G-2b, behaves then like a sinusoidal wave with an
amplitude varying repetitiv ely with time. In the caseof sound waves,
such a slowly varying amplitude is perceived asa slow repetitiv e variation
of the intensity of the individual waves,a phenomenoncalled\b eats." (a)
To nd the time T elapsedbetween successie maxima of the resultant
amplitude, note that this time must be sud that, if the two individual
wavesboth have their maximum value at the sametime t', the wave with
the larger frequency vy repeats itself during the time T precisely once
more often than the wave with the smaller frequency v, (so that both of
thesewavesagain have their maximum valuesat the later time t* = t' +
T).
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By expressingthis relation in terms of an equation, express

T in terms of the frequencies/; and v». (b) The \b eat frequency"

1 is de ned as the number of successie repetitions per unit time of the

maximum amplitude. How is this beat frequency v, related to T? How

then is 1, related to the frequenciesy; and v, of the individual waves?
(Answer: 20) (Suggestion: [s-19])

Beats usal for tuning: Beats can be very useful for tuning mu-

sical instruments. For example, supposethat a piano tuner has
just tuned one of the sewral A strings of a piano sothat it producesa
tone with the standard frequencyof 440Hz. When soundingthis A string
at the sametime as another one of the A strings, he hearsthe intensity
varying with a beat frequency of 2.0 intensity maxima per second. He
also notes that this beat frequency decreaseswhen the frequency of this
other string is increased(i.e., when this other string is stretched more
tightly). On the basisof this information and the results of the preceding
problem G-4, what is the frequency of the tone produced by this other
string? (Answer: 27) (Suggestion:[s-21])

Note: Tutorial section G contains additional problems.
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TUTORIAL FOR G
AdditionalProblems

SHARPNESS OF INTERFERENCE MAXIMA FROM A GRAT-

ING: Considerlight emanatingin phasefrom the N regularly spacedslits
of a grating. In this situation, constructive interferenceproducesa sharp
intensity maximum in a very narrow angular range ¢ ¢ where the waves
from all the N slits arrive nearly in phase. Such neighboring sharp inter-
ferencemaxima are then separatedfrom ead other by someangle ¢ 6.
(a) Supposethat the wavesdid not interfere, sothat the intensity due to
light from all the N sourceswould be the same at all angles. What then
would be this intensity, expressedin terms of the intensity I; of waves
from a single slit? (b) Becauseof consenation of energy the e®ectof the
interferenceis to concerrate the total power, which would emergeinto
an angular range ¢ 6 in the absenceof interference,into the narrow angle
range 66 of a single interference maximum of intensity N2I,. Express
this fact in terms of an equation. (c) What then is the ratio §0/¢ 6 of
the angular width 66 of an interference maximum comparedto the an-
gular separation ¢ § betweentwo sud neighboring interferencemaxima?
(d) Supposethat the number N of slits in the grating were 3 times as
large, the separation d betweenthe slits remaining the same. How would
this a®ectthe angular separation ¢ # betweenadjacert interference max-
ima? How would this a®ectthe angular width 40 of each interference
maximum? (Answer: 63)

LIGHT OBLIQUELY INCIDENT ON A GRATING: Figure H-1

indicates light from a distant sourceincident on a grating at an angle ¢
with respect to the grating.

grating

incident

emerging
light

light

(Thus the incident wavefronts make an angle ¢ with respect to the grat-
ing.) What then is the condition that an interference maximum should,
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in n** order, be produced at large distancesfrom the grating at an angle
0 from the perpendicular to the grating? (Answer: 62)

INTERFERENCE OF OPPOSITELY MOVING WAVES: Two
waves, with the same wavelength A and the same amplitude A;, move
with the samespeedV in opposite directions, the "rst wave along 2 and
the secondwave opposite to £. (Seethe diagram.)

vz PP P, P

At a particular point P;, the rst wave attains its maximum value at
the sametime t; asthe secondwave attains its minimum value, so that
the resultant wave is zero at this time. (a) At this point P;, what is
the resultant wave at the times T/4, T/2, 3T/4, and T after the time ¢,
(where T' is the period of the waves)? What then is the amplitude of the
resultant wave at this point P;? (b) Consider now another point P, at a
distance M4 to the right of the point P;. What is the resultant wave at
P, at the time ¢,? What then is the amplitude of the resultant wave at
this point P,? (c) Considernow another point P5 at a distance A\/2 to the
right of the point P;. What is the resultant wave at P; at the time ¢, and
at the times T/4, T/2, 3T/4, and T after the time t,? What then is the
amplitude of the resultant wave at this point P;? (d) On the basisof the
answersto the precedingquestions,what is the distance betweenadjacert
points at which the resultant wave is always equalto zero? (Answer: 61)
(Suggestion: s-22)
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PRA CTICE PROBLEMS

RESULTANT  AMPLITUDE & WAVE INTENSITY

(CAP. 1): Two radio waves of the same frequency arrive at the
same point after being emitted by two di®erert antennas. The electric
“elds of these two waves have at this point the same direction and
are such that the amplitude of the electric "eld of the rst wave is
3volt/meter, while the amplitude of the electric "eld of the secondwave
is 2volt/meter. (a) Expressthe intensity I, of the secondwave in terms
of the intensity I; of the "rst wave. (b) Supposethat the two wavesare
coherert and in phase. Express the intensity of the resultant wave in
terms of I;. (c) Supposethat the two waves are coherent and 1/2 cycle
out of phase. Expressthe intensity of the resultant wave in terms of I;.
(d) Supposethat the two waves are incoherernt. Expressthe intensity of
the resultant wave in terms of I;. How doesthis intensity compare with
the averageof the intensities found for the two extreme casesin parts b
and c? (Answer: 52) (Suggestion: Reviewtext problemA-1.)

RESULTANT AMPLITUDE & INTENSITY WAVES (CAP.
1): (a) Two coherernt waves of the samefrequency have at a given point
amplitudes A; and A; whoseratio A,/ A; = 5/2. What then is the ra-
tio Inax/Imin Of the maximum intensity of the resultant wave produced
when both of thesewavesare in phase,as comparedto the minimum in-
tensity I,,;, of the resultant wave producedwhen both of thesewavesare
1/2 cycle out of phase? (b) Supposethat the ratio of the amplitudes of
thesewavesis A;/ A, = 2/5 (i.e., the reciprocal of the ratio in part (a)).
What then would be the ratio I,/ Inmin? (Answer: 55) (Suggestion: See
[s-4] and reviewtext problemA-1.)

RESULTANT AMPLITUDE & INTENSITY WAVES (CAP.
1): When two coherent waves are in phase so as to interfere construc-
tively, the intensity of the resultant wave is I,,,.. When thesewavesare
1/2 cycle out of phaseso asto interfere destructively, the intensity of the
resultant waveis I,,;,. Supposethat oneobsenesexperimentally that the
ratio Iax/ Imin = 49. Which of the following possibilities is then the ratio
A,/ As of the amplitudes of the two waves: 3/1, 3/2, 4/3, 5/3? (Answer:
51) (Suggestion: Reviewthe previous frame, [p-2].)

INTERFERENCE DUE TO TWO SOURCES (CAP. 2): Two
loudspeakers, separatedby a distance of 2.0m, are connectedto the same
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ampli'er and emit in phasesoundwaveswith a frequencyof 680Hz. The
speed of sound in air is 340m/s. As indicated in the diagram, a man
starts walking along a line parallel to the spealers, at a distance of 30m
from the spealers, starting at a point M equidistant from the speakers.
Thus the man hearsat M sound of maximum intensity.

30m

(a) How far along the line must the man walk before he hearsthe next
sound of maximum intensity? (b) How many maxima intensity of sound
can the man possibly hear (after the one at M) if he keepson walking
alongthe line in the samedirection? (Answer: 54) (Suggestion: See [s-10]
and review text problem C-2.)

INTERFERENCE DUE TO TWO SOURCES (CAP. 2): Interfer-

enceof light from two slits: Light, having a wavelength of 5.0£ 10 " m,
is incident perpendicularly on a pair of very narrow slits separatedby a
distance of 0.10mm. What then is the separation betweenthe adjacert
intensity maxima, obsened becauseof interference, on an obsenation
screen0.40m behind the two slits? (Answer: 57) (Suggestion: Review
text problemD-2.)

INTERFERENCE DUE TO TWO SOURCES (CAP. 2): Deter-
mination of wavelength from double-slit experiment: In the double slit
experimert illustrated in Fig. D-2 of the text, the narrow parallel slits are
2.0£ 10 “m apart. The distance betweenadjacert interferenceintensity
maxima, obsened on a screenat a distance of 3.00m behind the slits, is
found to be 8.1£ 10 3 m. What then is the wavelength of the light passing
through the slits? (Answer: 59) (Suggestion: Reviewtext problemD-2.)

m INTERFERENCE DUE TO REGULARLY SPACED SOURCES

(CAP. 3): Positions of interference produced by a grating: Light, ema-
nating from hydrogen atoms in an electric discharge of hydrogen gas, is
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incident perpendicularly upon a di®raction grating having 5000lines per
certimeter. What are all the angles, other than the angle § = 0 corre-
sponding to the incident direction, where one would obsene the interfer-
encemaxima of blue light, with a wavelength of 4.34£ 10' " m, emitted
by hydrogenatoms? (Answer: 58) (Suggestion: Reviewtext problemsE-1
and E-2.)

INTERFERENCE DUE TO REGULARLY SPACED SOURCES
(CAP. 3): Measuremen of wavelength: In the situation described in the
preceding problem, [p-7], one also obsenes interference maxima due to
red light, in rst order at an angle of 19.2*. What then is the wavelength

of the red light emitted by hydrogen atoms? (Answer: 53) (Suggestion:

Reviewtext problemsE-1 and E-2.)

INTERFERENCE DUE TO REGULARLY SPACED SOURCES

(CAP. 3): Maximum wavelength obsenable in a given order: Light is
incident perpendicularly on a di®raction grating having 4000lines per
certimeter. What is the longestwavelength of the interferencemaximum
which can be obsened in 5th order? (Answer: 60) (Suggestion: Ses
[s-15].)

47

MISN-0-431 SuggestionsSupplemert su-1

SUGGESTIONS

(Text problemA-2): Part a: How is the amplitude A; of the sound
wave from one speaker related to the amplitude A, of the sound wave
from the other speaker? What then is the amplitude A of the resulting
sound wave? Express A in terms of A;. What then is the corresponding
intensity of this resulting wave, expressedn terms of A; and then alsoin
terms of the intensity I; = 10 * W/ m?2?

Part b: Proceedasin part a.

Part c: For incoherert waves, how is the intensity of the resulting wave
related to the intensities of the separatewaves?

(Text problemB-2): The path di®erencedeterminesthe phasedif-

ferenceacquired by the waves becausethey travel through di®eren dis-
tances. If the waves leave the sourceswith the same phase, then the

phasedi®erencebetweenthe wavesat somepoint P is just equal to the

phasedi®erenceacquired by the wavesasa result of their path di®erence.
But if the wavesleave the sourceswith a phasedi®erenceof 1/2 cycle, the

phasedi®erencebetweenthe wavesat somepoint P is equalto this phase
di®erenceplus the phasedi®erenceacquired by the waves as a result of
their path di®erence. For example, supposethat the waves leaving the

sourcesare 1/2 cycle out of phaseand then travel the same distance to

somepoint P. What then is the phasedi®erencebetweenthe waves at

this point P? Do the wavesthere interfere so asto produce a maximum

or a minimum intensity of the resultant wave?

(Text problem A-1): Part b: Sketch the two waves. How is the
amplitude of the resultant wave related to the amplitudes A; and A, of
the individual waves? (Remenber that the amplitude is the maximum
magnitude attained by a sinusoidal wave during its cycle and must thus
be positive.) Expressthis result in terms of A; by using the fact that
As = 2A,. What then is the intensity of the resultant wave, expressedn
terms of A;? Usethe answer to part (a) to expressthis result in terms of
1.

Part d: Remenber, that for incoherent waves, the resultant intensity is
just equalto the sum of the intensities of the individual waves.

(Practice problem [p-2]): Part a: If the ratio A,/ A, = 5/2, one
can write A; = 5k and Ay = 2k, where k is any cornveniertly shown
number. One canthen expressall calculationsin terms of k. This number
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k will then cancelwhenewr one calculates any ratio, such as A,/ A; or
Imax/ Imin-

Part b: You can, of course,redo the calculation. More corveniertly, note
that all that hasbeendoneis to reversethe namesof the waves. Thusthe
wave which was previously called wave 1 is now called wave 2, and vice
versa. Should the result of simple renaming the waves a®ecthow these
waves combine to yield a resultant wave?

(Text problemA-3): In ead case,are the wavesproduced coherert
or incoherernt? If coheren, are they in phaseor not? The rest of the
problem is then the sameas problem A-2.

(Text problem C-4): Note that the path di®erencefrom the two
antennas is 0 at the points P; or P, but 1/2 )\ at the point P, or P;.
If the waves interfere constructively at the points P; or Ps, they then
interfere destructively at the points P, or P,, and vice versa.

(Text problemC-2): Find the wavelength of the wavesfrom a knowl-
edgeof their frequencyand their speedin the air.

(Text problem D-1): Remenber that blue light has a larger fre-
guency (and thus a smaller wavelength) than red light. Is the angle for
the “rst intensity maximum, after the certral maximum at ¢ = 0, larger
for a larger or smaller wavelength?

(Text problemB-3): Compare ead of the path di®erenceswith the
wavelength A = 100m. Also note that sin30* = 1/2.

(Practice problem[p-4]): Find Tst the wavelength A of the sound
wavesin air. Then nd all the angles, measuredfrom the certral line,
alongwhich the intensity maxima occur. How many such anglesare there,
so that these anglesintersect the line along which the man walks? The
answer to this question provides the answer to part (b) of the problem.
The distance along the line can then be found from the angle in the
manner indicated in Fig. B-5 of the text.

(Text problem F-2): Consider the red light of the speci ed fre-
qguency In water, where the speed of light is smaller than in vacuum,
is the wavelength of this red light larger or smaller? Accordingly, for a
“xed separation between the slits of the grating, is the angle at which
interferenceoccurs larger or smaller?
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(Text problem D-2); On the basis of the given information,
what is the angle betweenthe certral intensity maximum and the next
intensity maximum on the obsenation screen?(Seethe diagram.) What
then is the relation between 0, the separation d between the slits, and
the wavelength \?

slits . ——-—-——-

Here, and in other problems where an angle 6 is very small, calcu-
lations can be simplied by using the fact that, for small angles,
sind Yatan 6 ¥ 6 (measuredin radians).

screen

b 3x20%m

(Text problemF-1): Part a: The resulting maximum intensity is
related to the amplitudes of the waves so that I, = v(A; + Ay)2. If
the intensity of source?2 is larger, the corresponding amplitude A, of the
wave due to this sourceis also larger. Is I,,., then larger or smaller?

Part b: The resulting minimum intensity is related to the amplitudes of
the waves so that I.;, = (A, i A»)?. Supposethat the intensity of
source? is made larger so that the amplitude A, of the secondwave is
also larger. What then happensto the intensity I,,;, if As is originally
smaller than A;? What happensto I, if Az is originally larger than
A1? [As speci ¢ examples,supposethat A, is originally negligibly small
comparedto A;. What then happensto I, if As is made as large as
A1? Another speci ¢ example, supposethat originally A, = A; sothat
Inin = 0. What then happensif A, is made larger than A;7?].

(Text problem E-1): If there are 4000lines per certimeter, what
is the separation d betweenadjacert slits of the grating? [s-15](Practice
problem [p-9])

(Practice problem[p-9]): Note that 90* is the maximum possible
angle at which one can obsene interference maxima from light emerging
from the grating.

(Text problem E-3): Part ¢c. Remenber that the colors of the
rainbow are (in order of increasing frequency) red, yellow, green, blue,
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and violet.

Part d: How is the resultant intensity produced by the simultaneous
interferenceof N slits related to the intensity that would be produced by
a single slit? What then happensto the resultant intensity if the grating
is only half aswide sothat it only has half as many slits?

(Text problem G-3): Part a: The wavesemanating from S travel

alongthe twotubes(i.e., along paths of di®erer lengths) beforethey meet
again at D. Originally the wavesarriving at D are one-half cycle out of
phasesoasto interfere there destructively, while "nally they arriveat D in

phaseso as to interfere there constructively. To produce this additional

phase di®erenceof one-half cycle, the path di®erencebetween the two

waves must then have increasedby /2 as a result of the lengthening of
the right tube. But, whenthe point C of the right tube movesa distance
L to the right, by what amount doesthe length of the right tub e increase?
(Note that this tubeis bent sothat it hasboth atop part and a bottom

part.)

(Text problem G-1): First determine the relations between the
amplitudes of all the waves, and then expressthese amplitudes in terms
of the intensities of thesewaves.

(Text problem G-4): (a) If the secondwave has a frequency vs,
how many times doesit repeat itself during the time 7'? (b) If the rst
waves has a frequency v, how many times doesit repeat itself during
the time T'? (c) What then is the equation expressingthe fact that the
number of repetitions of the secondwave is larger than the number of
repetitions of the ‘rst wave by one repetition? (Answer 56)

(Text problem G-2): Expressthe obsened intensities in terms of
the amplitudes of the individual waves. Then solvethe resultant equations
for the desiredamplitudes.

(Text problemG-5): Using merely the fact that the beat frequency
is 2.0Hz, what are the two possiblefrequenciesof the sound produced by
the other string? Which of these two possibilities is correct if the beat
frequency decreasesif the frequency of the other string is increased?

(Tutorial frame [g-3]): For eac of the seweral successie times
sketch a diagram, similar to that in the problem, showing the wavesafter
they have moved in opposite directions sincethe time ¢t,. Remenber that

51

MISN-0-431 SuggestionsSupplemert

ead wave movesa distance \/4 during a time T/4.
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ANSWERS TO PROBLEMS 9. a. sin '(\/2d)
1 a min b. larger
. c. 2d
b. min
d. The intensity becomesnowhere as small as I,,;,,
c. max
e. smaller
d. max
) 10. a. larger
2. a. 4£ 10 *W/m 2
b. larger
b. 0
) c. smaller
c. 2£ 10 *W/m 2
11. a. 0, 8 L()\/d)
3. a. max 1
b. max b. § EL(A/d)
c. min 12. larger for red
d. min 13. a. §8.1*
4. a. I, =46 b. 8165
b- Amax = 3A11 Imax = 9Il ¢ § 81_
C. Amin = Aly Imin = Il d same
d. .= 5l e. larger
e. 513, equal 14. a. 41,0
5 a0 b. 0, 4]
b. 100m 15. a. 6.2£ 10°A
c. 50m b. 48£ 10" Hz
d. max 16. smaller
e. I (sameasat Pi3) 17. 5.8£ 10 ™m
f. I (sameasat P») 18. a. larger
g- 0 b. either larger or smaller (For explanation, see[s-13])
h. 0 (sameas P;) 19. a. 9.2, 16.3%; 7.1*
6. a. §30°, §90° b. 18.7, 34.1; 15.4
b. §145*, §486* c. 28.7, 57.1%; 28.4
b. 2£ 10 5W/m 2 e. yes
8. 248Hz 20.a. T=1/(v2i 1)
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21.

22.

23.
24,

25.

26.
27.
28.
29.

51.
52.

53.
54.

55.

56.

b. vy=1/T=13i 1n

A (Imax i o) /(Imax + L)
1 -
b- Z(Imax + Imin i 2p Imax-[min)

1 -
C. Z(Ima,x + Imin + 2p ImaxImin)

. 240£ 10 Sm
1.06£ 10*

. smaller
equal, I = I,/4

2 o T o

BLK

a l.=1+L+22T0,
b. Imin =L+ L1 j 2pm
a. 6.80cm

b. 5.00£ 10’ Hz

BLK
438Hz
BLK
BLK

4/3

a. (4/9) I,

b. (25/9) I

c. (19) I,

d. (13/9) I, equal

6.57£ 10 "m
a. 7.8m

3

. 49/9
sameanswer
voT

p T T

Answers Supplemen

an-3
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57.
58.
59.

60.
61.

62.
63.

b. l/1T

c. w1 i nnT= 1

2.0mm

§ 12.5%, § 25.7%, § 40.6%, § 60.2*
54£ 10 "m

50£ 10 "m

a. 0,000

b. 0, 2A1, 0, i 2A1

c. 0,0,0,0

d. \/2

d(sing + sinf) = nA

a. NI;

b. (NI))¢ 6= (N%1,)60

c. 60/¢0=1/N

d. unchanged, 3 times smaller

an-4
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MODEL EXAM
Brief Answ ers:

1. Com bination of two sound waves. A soundwave of displacemert
amplitude 2.0£ 10 ” meter hasan intensity of 3.0£ 10 3 watt/meter 2. 1. Zero (or 0)
If two such soundwavescombine at a point in spaceat which they are y
. : . : 2. a. 1.2£ 10 * meter
one-half cycle out of phase,what is the intensity of the resulting wave?
b. ¢ =8\ orryj r;is onewavelength

2. Some exp erimen ts with visible light. . . . . :
P 9 c. no bright lines (more or lessuniform intensity all over)

The following diagram shaows an arrangemen for observing interfer-
encee®ectswith the light from a mercury arc. A “Tter eliminates all
light exceptthat with a wavelength of 5.77£ 10 " meter.

d. locations: unchanged

intensity: 2500times greater

other changes:lines narrower (sharper)
screenwithtwo sereen

aralel slits
mercury | y \

v
B T7.7x10' 3m
i 1.6m }

filter for wavelength5.77x10" 'm

a. Two parallel slits are placedin the Ttered light beam. On a screen
1.6meter away an interference pattern appears, with bright lines
spaced7.7£ 10' 3 meter apart. What is the separation betweenthe
two slits?

b. At the position of the “rst bright line away from the certral line,
what relationship exists betweenthe distancesfrom this line to the
two slits?

c. If the two slits were illuminated by separate, incoherert sources,
what would be the nature of the pattern obsened on the screen?

d. Considerwhat would happenif a grating with 100 slits, spacedthe
sameasthe two slits previously considered,were usedinstead. How
would the locations of the bright lines on the screenbe changed?
By what factor would the intensity at any point in one of the bright
lines change? How would the appearanceof the lines change other
than in brightness?
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