PHYS 3038 Optics
L10 Superposition of Waves
Reading Material: Ch7
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Principle of Superposition

Yy Y 9 1 9
At t o= [2.60]

sequently, if Yr(F, t), Yo(F, 1), ..., Y (F, t) are individual solu-
tions of Eq. (2.60), any linear combination of them will, in
turn, be a solution. Thus

d’(’-:: t) — Z Ci'abi(F’ t) (71)
i=1
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7.1 Addition of Waves of the Same Frequency

L=E+ L,

Figure 7.2 The superposition of two harmonic waves in-phase and
out-ofphase.



Figure 7.3 Waves out-of-phase by kAx
radians.



Phasor Addition

i Eyy

Reference
axis

R



E, = 5 sin wr
E> = 10 sin (ot + 45°)
E; = sin (wt — 15°)
E, = 10 sin (wt + 120°)
Es = 8 sin (wr + 180°)

Figure 7.7 The phasor
sum of El, Eg, E3, E4, and
Es.
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AT Standing Waves
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Standing Waves

(b) A A Antinode 4‘
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Figure 7.11 A standing wave at various times.

Standing waves on a vibrating string. (Photo courtesy PASCO.)
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—y —_— waves of different frequency producing a beat pattern. (b) Here the
E E higher-frequency phasor E; is placed at the end of E,. (¢) It rotates with

the difference frequency.






Velocities of Light in Medium

@ |
Phase Velocity v, ===
Tk Je(@)u(w)
dw
Group Velocity L = e

Information Velocity / 9 /
Energy Velocity
®
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Phase Velocity of Light

1 @ C

v, = =—=—

Je(@u(w) k n
n= \/1 + 7

The phase velocity of light can be :
RFaster than c (n<1)
RSlower than ¢ (n>1)
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Group Velocity of Light

* The group velocity of light can be :

—Slower than ¢ (n>1)
—Faster than ¢ (n,<1)
—Negative (n,<0)!

D. J. Gauthier and R.W. Boyd, Photonics Spectra 82 (2007).

;

Slow Light

Fast Light
(superluminal)

*G. M. Gehring, A. Schweinsberg, C. Barsi, N. Kostinski, R. W. Boyd, Science 312, 895 (2006).

L. J. Wang et. al. Nature 406, 277 (2000).




Negative Group Velocity of Light

Region of Negative
_— Group Index

Field Amplitude
=
—

Propagation Distance

D. J. Gauthier and R.W. Boyd, Photonics Spectra 82 (2007).
*G. M. Gehring, A. Schweinsberg, C. Barsi, N. Kostinski, R. W. Boyd, Science 312, 895 (2006).
L. J. Wang et. al. Nature 406, 277 (2000).



Superluminal Propagation of Light

Intensity (mV)
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L.]J. Wang, A. Kuzmich & A. Dogariu, Nature 406, 277 (2000).

Topic Science:


http://www.salon.com/2000/08/03/light/
http://www.salon.com/2000/08/03/light/

Information & Information Velocity

Information (entropy): measure of uncertainty S (l‘ ) —k B an(t )

AN

peak contains no (uncertainty)
information about the future

/

Information velocity = Group velocity

| |
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Optical Precursor & Step Pulse Propagation
Wave front
(single event) 9

A

OIC
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Will the wave front travel
faster/slower than c?

A. Sommerfeld and L. Brillouin (1914): The wave front travels exactly with ¢ in vacuum.

Rising edge Main field

9
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Pulse

(a) E(1) Bt = J A(w)ellk@)z-ot] g,

” ” Bandwidth (FWHM)  Aw = 2mAv
. ‘__.vnvl\n nnvn,,__,_ -
V L J V Coherence time At.=1/Av
U It U Coherence length Al-= At
<G At >
(b) A(w)
0 P -

—Aw
FWHM: Full Width at Half Maxium
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Group Velocity and Pulse propagation (confinement in time)

—/L E(z, t)

0 | L

S
' z

Here we take plane wave for example. Laser output has frequency w,. At z=0, modulate
the laser output and the pulse can described as

E(z=0,t) = \/% [ F(w)e ®tdw (27)
F(w) = \% [E(0, e dw (28)

i[lk(w)z—wt

For each frequency component w, we know it propagates as e 1. For the pulse

propagation, we extend (27) to (wave packet):
1 ; _
E(z,t) = \/T_an(w)el[k(w)Z otld o (29)

As we know, the wave number k is frequency dependent. From the Fourier transforms
(27) and (28), for pulse with finite time duration, the frequency spectrum has also a finite
width with center at w,. Using Taylor expansion we can approximate the wave number
as
dk - dk
k(w) = k(wo) + (@ = wo) = w, + - = k(wo) + (@ — wo) = w,
1

dk
= k(wo) + (@ = wo) = lw, + - = k(wo) + (© — wy) V(o) (30)

1 dk d
Where we define v = lw, Or V;(wo) = ﬁ leo, - 31

Then we rewrite (29) to

. z
E(z,t) = \/%f F(w)el[k(wo)z+(w—wo)—vg(w0)—wt]dw
s
i[k(w )z+ wz WoZ a)t]
F(w)e 0 'Vg(wo) Vg((‘)O) dow

_ 1 f
\V2m
. woZ | wz
F(w)el[k(w(’)z ZICORMZICIE

“ 7l
1

N
] w
_ el[’“w‘))‘vg(—a‘iw]ZE(O, t—

ei[k(wo)—%]z f F(w)e_m}[t_%]dw
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il k _ wo
E(zt) = el[ (o) Vg“’o)]ZE(o, t———) (32)
Vg(wo)
As you see, at z, the E field amplitude reassembles the shape at z=0 but with a time delay

” (Zw X We define V; (w,) as the group velocity that describes the motion of the center of
g(Wo

the entire wave packet.

Example: Vacuum

" W
(a))—?

Wy
k(wp) ==
1_dk_1 _
Vg_dw_c 9=¢

W Wy
=—=k(w
Vg(wo) c (0)

From (32) we have for the pulse propagation in vacuum:

z
E(z,t) =E(0,t — E)
which travels with a speed of c.



