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24 William HenrY Bragg and
William Lawrence Bragg

ln 1912, two Australian Physicists, Sir William Henry

Bragg and his 22 year old son Lawrence discussed

research done by the German Physicist, Max von Laue,

who used recently discovered X-rays to produce

diffraction patterns from thin slivers of crystalline

substances.

Lawrence Bragg proposed that the diffraction of the

X-rays was caused by atoms in the crystal structure and

that an analysis of the diffraction pattern would give

clues as to the crystal structure of the substance'

Figure 24.1

f i l m A  f i l m B

X-ray beam

The discovery of X-rays in 1895 by Wilhelm Roentgen

was fortuitous for the Braggs. Diffraction patterns only

occur if the gap through which waves travel is about the

same size (or smaller) than the wavelength of those

waves. Having a wavelength of around 10-10 m' X-rays

were about the same size as the distance between atoms

in crystals - hence the diffraction patterns by von Laue.

William Lawrence Bragg

The experiments by the Braggs were quite simple.
X-rays were bounced offmetal surfaces and the

diftaction patterns formed by the reflected rays caught

on photographic film (Figure 24.2)-The pattem of dots

indicated the positions of the atoms in the metal crystals'

The Braggs showed that atoms in metal crystals are so

close together that their valence electron orbits overlap'

Figure 24.2

This means the valence electrons 'lose'their atomic

identity - they do not belong to specific atoms. From

this the free electron model for the structure of metals

developed. This model regards metal crystal lattices as

positively charged nuclei floating in a osea'of electrons'

It is these electrons which give metals their high

electrical conductivity. Scientists used the free electron

model of metals to explain why their resistance

increased when they were heated, and predicted the

existence ofsuperconductors at very low temperatures'

ForYou To Do

1. Why was the discovery of X-rays important for the

Braggs'work?

Why would the use of visible light in their specffometer

not have given the Bragg's the results they wanted?

Assess the major impacts of the Braggs'work on

science.

Contrast the free electron model and existing

models for the structure of matter.

How does the free electron model account for the

electrical conductivity of metals compared to other

substances?

Define diffraction.

Outline the method used by the Braggs to determine

the structure of crystals.

2.

3 .

4.

5 .

6.

7.

f i lm B

Surfing Physics:From ldeas to lmplementation Science Press
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90733-8 R E FLECTION AN D R E FRACTION
PART 4

We can rearrange Eq. 33-40 as

(33-41)

to compare the angle of refraction u2 with the angle of incidence u1. We can
then see that the relative value of u2 depends on the relative values of n2 and n1:

1. If n2 is equal to n1, then u2 is equal to u1 and refraction does not bend the light
beam, which continues in the undeflected direction, as in Fig. 33-17a.

2. If n2 is greater than n1, then u2 is less than u1. In this case, refraction bends the
light beam away from the undeflected direction and toward the normal, as in
Fig. 33-17b.

3. If n2 is less than n1, then u2 is greater than u1. In this case, refraction bends the
light beam away from the undeflected direction and away from the normal, as
in Fig. 33-17c.

Refraction cannot bend a beam so much that the refracted ray is on the same side
of the normal as the incident ray.

Chromatic Dispersion
The index of refraction n encountered by light in any medium except vacuum
depends on the wavelength of the light. The dependence of n on wavelength
implies that when a light beam consists of rays of different wavelengths, the rays
will be refracted at different angles by a surface; that is, the light will be spread
out by the refraction. This spreading of light is called chromatic dispersion, in
which “chromatic” refers to the colors associated with the individual wavelengths
and “dispersion” refers to the spreading of the light according to its wavelengths
or colors. The refractions of Figs. 33-16 and 33-17 do not show chromatic disper-
sion because the beams are monochromatic (of a single wavelength or color).

Generally, the index of refraction of a given medium is greater for a shorter
wavelength (corresponding to, say, blue light) than for a longer wavelength (say,
red light). As an example, Fig. 33-18 shows how the index of refraction of fused
quartz depends on the wavelength of light. Such dependence means that when a
beam made up of waves of both blue and red light is refracted through a surface,
such as from air into quartz or vice versa, the blue component (the ray corre-
sponding to the wave of blue light) bends more than the red component.

sin -2 "
n1

n2
 sin -1

Normal

θ1

θ2

n1
n2

n2 = n1

(a)

Normal

θ1

θ2

n1
n2

n2 > n1

(b)

Normal

θ1

θ2

n1
n2

n2 < n1

(c)If the indexes match,
there is no direction
change.

If the next index is greater,
the ray is bent toward the
normal.

If the next index is less,
the ray is bent away from
the normal.

Fig. 33-17 Refraction of light traveling from a medium with an index of refraction n1

into a medium with an index of refraction n2 . (a) The beam does not bend when n2 " n1;
the refracted light then travels in the undeflected direction (the dotted line), which is the
same as the direction of the incident beam.The beam bends (b) toward the normal when
n2 . n1 and (c) away from the normal when n2 / n1.

Fig. 33-18 The index of refrac-
tion as a function of wavelength for
fused quartz.The graph indicates
that a beam of short-wavelength
light, for which the index of refrac-
tion is higher, is bent more upon 
entering or leaving quartz than a
beam of long-wavelength light.
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908 CHAPTE R 33 E LECTROMAG N ETIC WAVE S

A beam of white light consists of components of all (or nearly all) the colors
in the visible spectrum with approximately uniform intensities. When you see
such a beam, you perceive white rather than the individual colors. In Fig. 33-19a,
a beam of white light in air is incident on a glass surface. (Because the pages of
this book are white, a beam of white light is represented with a gray ray here.
Also, a beam of monochromatic light is generally represented with a red ray.)
Of the refracted light in Fig. 33-19a, only the red and blue components are shown.
Because the blue component is bent more than the red component, the angle of
refraction u2b for the blue component is smaller than the angle of refraction u2r

for the red component. (Remember, angles are measured relative to the normal.)
In Fig. 33-19b, a ray of white light in glass is incident on a glass–air interface.
Again, the blue component is bent more than the red component, but now u2b is
greater than u2r.

To increase the color separation, we can use a solid glass prism with a trian-
gular cross section, as in Fig. 33-20a.The dispersion at the first surface (on the left
in Figs. 33-20a, b) is then enhanced by the dispersion at the second surface.

Rainbows
The most charming example of chromatic dispersion is a rainbow. When sun-
light (which consists of all visible colors) is intercepted by a falling raindrop,

Fig. 33-19 Chromatic dispersion of white light.The blue component is bent more than
the red component. (a) Passing from air to glass, the blue component ends up with the
smaller angle of refraction. (b) Passing from glass to air, the blue component ends up with
the greater angle of refraction. Each dotted line represents the direction in which the light
would continue to travel if it were not bent by the refraction.

  1θ

  2bθ

Normal
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white light
Reflected
white light

Air
Glass

Refracted
light
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  2rθ

  1θ
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white light
Reflected 
white light 
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Refracted 
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than red.

(b)

White
light

(a)

Fig. 33-20 (a) A triangular prism sepa-
rating white light into its component colors.
(b) Chromatic dispersion occurs at the first
surface and is increased at the second sur-
face. (Courtesy Bausch & Lomb)
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some of the light refracts into the drop, reflects once from the drop’s inner sur-
face, and then refracts out of the drop. Figure 33-21a shows the situation when
the Sun is on the horizon at the left (and thus when the rays of sunlight are hor-
izontal). The first refraction separates the sunlight into its component colors,
and the second refraction increases the separation. (Only the red and blue rays
are shown in the figure.) If many falling drops are brightly illuminated, you can
see the separated colors they produce when the drops are at an angle of 42°
from the direction of the antisolar point A, the point directly opposite the Sun
in your view.

To locate the drops, face away from the Sun and point both arms directly
away from the Sun, toward the shadow of your head. Then move your right arm
directly up, directly rightward, or in any intermediate direction until the angle
between your arms is 42°. If illuminated drops happen to be in the direction of
your right arm, you see color in that direction.

Because any drop at an angle of 42° in any direction from A can contribute
to the rainbow, the rainbow is always a 42° circular arc around A (Fig. 33-21b)
and the top of a rainbow is never more than 42° above the horizon. When the
Sun is above the horizon, the direction of A is below the horizon, and only a
shorter, lower rainbow arc is possible (Fig. 33-21c).

Because rainbows formed in this way involve one reflection of light inside
each drop, they are often called primary rainbows. A secondary rainbow involves
two reflections inside a drop, as shown in Fig. 33-21d. Colors appear in the sec-
ondary rainbow at an angle of 52° from the direction of A. A secondary rainbow
is wider and dimmer than a primary rainbow and thus is more difficult to see.
Also, the order of colors in a secondary rainbow is reversed from the order in
a primary rainbow, as you can see by comparing parts a and d of Fig. 33-21.

Rainbows involving three or four reflections occur in the direction of the Sun
and cannot be seen against the glare of sunshine in that part of the sky. Rainbows
involving even more reflections inside the drops are too dim to see.

Fig. 33-21 (a) The separation of col-
ors when sunlight refracts into and out of
falling raindrops leads to a primary rain-
bow.The antisolar point A is on the hori-
zon at the right.The rainbow colors ap-
pear at an angle of 42° from the direction
of A. (b) Drops at 42° from A in any di-
rection can contribute to the rainbow. (c)
The rainbow arc when the Sun is higher
(and thus A is lower). (d) The separation
of colors leading to a secondary rainbow.
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Light as a Wave 

- Interference Effects 



Sin-function: Constructive Interference 
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Sin-function: Destructive Interference 
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Waves: Interference 

 In constructive interference the amplitude of the 

resultant wave is greater than that of either individual 

wave 

 

 In destructive interference the amplitude of the 

resultant wave is less than that of either individual wave 
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Waves: Interference 
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Conditions for Interference 
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1. Double-Slit Experiment  

(interference)  
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3. Diffraction Grading 
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• Thomas Young first demonstrated 

interference in light waves from 

two sources in 1801 

• The narrow slits S1 and S2  act as 

sources of waves 

• The waves emerging from the 

slits originate from the same 

wave front and therefore are 

always in phase 

Young’s Double-Slit Experiment  
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964 CHAPTE R 35 I NTE R FE R E NCE

Figure 35-7a shows the situation schematically for an incident plane wave of
wavelength l encountering a slit that has width a " 6.0l and extends into and out
of the page. The part of the wave that passes through the slit flares out on the far
side. Figures 35-7b (with a " 3.0l) and 35-7c (a " 1.5l) illustrate the main fea-
ture of diffraction: the narrower the slit, the greater the diffraction.

Diffraction limits geometrical optics, in which we represent an electromagnetic
wave with a ray. If we actually try to form a ray by sending light through a narrow slit,
or through a series of narrow slits, diffraction will always defeat our effort because it
always causes the light to spread. Indeed, the narrower we make the slits (in the hope
of producing a narrower beam), the greater the spreading is.Thus, geometrical optics
holds only when slits or other apertures that might be located in the path of light do
not have dimensions comparable to or smaller than the wavelength of the light.

35-4 Young’s Interference Experiment
In 1801,Thomas Young experimentally proved that light is a wave, contrary to what
most other scientists then thought. He did so by demonstrating that light undergoes
interference, as do water waves, sound waves, and waves of all other types. In addi-
tion, he was able to measure the average wavelength of sunlight; his value, 570 nm,
is impressively close to the modern accepted value of 555 nm. We shall here exam-
ine Young’s experiment as an example of the interference of light waves.

Figure 35-8 gives the basic arrangement of Young’s experiment. Light from a
distant monochromatic source illuminates slit S0 in screen A. The emerging light

Fig. 35-7 Diffraction represented
schematically. For a given wavelength l, the
diffraction is more pronounced the smaller
the slit width a.The figures show the cases
for (a) slit width a " 6.0l, (b) slit width a "
3.0l, and (c) slit width a " 1.5l. In all three
cases, the screen and the length of the slit
extend well into and out of the page, per-
pendicular to it.
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(c) Screen 

A wave passing through
a slit flares (diffracts).

Fig. 35-8 In Young’s interference ex-
periment, incident monochromatic light is
diffracted by slit S0, which then acts as a
point source of light that emits semicircular
wavefronts.As that light reaches screen B,
it is diffracted by slits S1 and S2, which then
act as two point sources of light.The light
waves traveling from slits S1 and S2 overlap
and undergo interference, forming an inter-
ference pattern of maxima and minima on
viewing screen C.This figure is a cross sec-
tion; the screens, slits, and interference pat-
tern extend into and out of the page.
Between screens B and C, the semicircular
wavefronts centered on S2 depict the waves
that would be there if only S2 were open.
Similarly, those centered on S1 depict waves
that would be there if only S1 were open.
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then spreads via diffraction to illuminate two slits S1 and S2 in screen B.
Diffraction of the light by these two slits sends overlapping circular waves into
the region beyond screen B, where the waves from one slit interfere with the
waves from the other slit.

The “snapshot” of Fig. 35-8 depicts the interference of the overlapping waves.
However, we cannot see evidence for the interference except where a viewing
screen C intercepts the light. Where it does so, points of interference maxima form
visible bright rows—called bright bands, bright fringes, or (loosely speaking) max-
ima—that extend across the screen (into and out of the page in Fig. 35-8). Dark re-
gions—called dark bands, dark fringes, or (loosely speaking) minima—result from
fully destructive interference and are visible between adjacent pairs of bright
fringes. (Maxima and minima more properly refer to the center of a band.) The pat-
tern of bright and dark fringes on the screen is called an interference pattern. Figure
35-9 is a photograph of part of the interference pattern that would be seen by an ob-
server standing to the left of screen C in the arrangement of Fig. 35-8.

Locating the Fringes
Light waves produce fringes in a Young’s double-slit interference experiment, as it
is called, but what exactly determines the locations of the fringes? To answer,
we shall use the arrangement in Fig. 35-10a. There, a plane wave of monochromatic
light is incident on two slits S1 and S2 in screen B; the light diffracts through the slits
and produces an interference pattern on screen C. We draw a central axis from the
point halfway between the slits to screen C as a reference. We then pick, for discus-
sion, an arbitrary point P on the screen, at angle u to the central axis.This point inter-
cepts the wave of ray r1 from the bottom slit and the wave of ray r2 from the top slit.

These waves are in phase when they pass through the two slits because there
they are just portions of the same incident wave. However, once they have passed
the slits, the two waves must travel different distances to reach P. We saw a simi-
lar situation in Section 17-5 with sound waves and concluded that

Fig. 35-9 A photograph of the interfer-
ence pattern produced by the arrangement
shown in Fig. 35-8, but with short slits. (The
photograph is a front view of part of screen
C.) The alternating maxima and minima
are called interference fringes (because they
resemble the decorative fringe sometimes
used on clothing and rugs). (Jearl Walker) 

Fig. 35-10 (a) Waves from slits S1 and
S2 (which extend into and out of the page)
combine at P, an arbitrary point on screen
C at distance y from the central axis. The
angle u serves as a convenient locator for
P. (b) For , we can approximate rays
r1 and r2 as being parallel, at angle u to the
central axis.
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Path length difference ∆L

The ∆L shifts 
one wave from
the other, which 
determines the 
interference.

The phase difference between two waves can change if the waves travel paths of 
different lengths.

The change in phase difference is due to the path length difference "L in the
paths taken by the waves. Consider two waves initially exactly in phase, traveling
along paths with a path length difference "L, and then passing through some
common point. When "L is zero or an integer number of wavelengths, the waves
arrive at the common point exactly in phase and they interfere fully con-
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Double-Slit Experiment: Interference  
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Double-Slit Experiment: Interference  
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Double-Slit Experiment: Interference  

• The path difference, δ, is 

found from the tan triangle 

• δ = x2 – x1 = d sin θ 

– This assumes the paths 

are parallel 

– Not exactly true, but a very 

good approximation if L is 

much greater than d 

1
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Double-Slit Experiment: Interference  

       δ = x2 – x1 = d sin θ 1
x

2
x

Bright fringes (constructive interference): 

           δ = d sin θ = nλ                   n = 0, ±1, ±2, …  

n is called the order number 

          - when n = 0, it is the zeroth-order maximum 

          - when n = ±1, it is called the first-order maximum 

Dark fringes (destructive interference):  

           δ = d sin θ = (n + ½)λ                n = 0, ±1, ±2, … 



Double-Slit Experiment: Interference  

       δ = x2 – x1 = d sin θ 

The positions of the fringes can be 

measured vertically from the zeroth-order 

maximum 

 

θ is small and therefore the small angle 

approximation tan θ ~ sin θ can be used 
 

       y = L tan θ ≈ L sin θ 
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Constructive Interference: 

(bright fringe) 
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Double-Slit Experiment: Example 

The two slits are separated by 0.150 mm, and the incident light includes 

light of wavelengths                  and                    . At what minimal 

distance from the center of the screen the bright line of the       light 

coincides with a bright line of the          light 

1
540nm  2

450nm 

1


2


1
x

2
x

1.4m

0.15mm

Bright lines: 

1
bright,1 1 1(n 0 1 2 ), ,

λL
y n

d
   

2
bright,2 2 2(n 0 1 2 ), ,

λ L
y n

d
   

9

bright,1 1 1 13

540 10 1 4
(m) 5 (mm) (n 0 1 2 )

015 10

.
, ,

.
y n n





 
    



9

bright,2 2 2 23

450 10 1 4
(m) 4 (mm) (n 0 1 2 )

015 10

.
, ,

.
y n n





 
    



bright,1 0 5 10 15 20 25 (mm), , , , , ...y 

bright,1 0 4 8 12 16 20 (mm), , , , , ...y 
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