Quantum Mechanics |

Ver. Sep | |



Fundamental concepts

® Complementarity

® Superposition

let’s consider these properties of the light



Wave-particle duality

® Einstein’s photon concept

E=hw, p=rhk
h=1.054 X% 10_34 Js scattered

X-rays
incoming

Planck’s constant XTays: %
’ . 1/a
Confirmed by Compton’s experiment Q@

‘e ejected
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Complementarity concept

Compton’s
radioactive source ideal laser
states of the electromagnetic field states have well-defined field
with a definite number of strengths, but
photons, but the field strengths do not a definite number of
not have definite values. photons.

PARTICLE WAVE



interference vs. path

INTERFERENCE DETERMINISTIC PATH

® |n any setup that allows H

light to traverse different
paths, these paths can
either be combined
coherently to form an
interference pattern

® the apparatus can be
modified to determine
which path is followed but
this destroys the
interference pattern.
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Narrow gap — large diffraction effect




diffraction of a plane wave
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Now we look on one example



Events in which spin flip
is excluded and the two
possible photon paths are

indistinguishable. ™\
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Events in which one of the f/ — @

ions must have had a spin

flip which determines the
photon path.
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U. Eichmann, et al.
Phys. Rev. Lett. 70,2359 (1993).



® The complementarity is resulted from
simple mathematics



visibility of the interference
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determination of path

® two detectors are placed Det |
just behind the holes path |

® they will register with
rates proportional to

2 2 b
a, b path 2
, , Det 2
® the difference in a’—b>
probability A= 7
visibility of interference vs. Vi+AT=1

determination of path Higher A, lower V



® More math: Fourier transform



Uncertainty principle

® The classical electric field

E(r,r)= Jdkei(k'r_wt)a(k) w=ck, k-a=0

® The theory of Fourier integrals tells us that
the size of the region in k-space in which the
Fourier amplitude a(k) is substantial is related
to the size of the spatial region

Ax, Ak, > 8,

® the time that the packet takes to pass any
point is related to the dispersion in frequency

AtAw 21



Gaussian wavepacket

® wave function in x-space
Pt = 0) = Achore-mf/ias

Y, t =0)Y(x,t =0) = [Y(x,t =0)* = A2p—(r—x0)/2Ax7

® wave function in k-space

Yk, t =0) = Le—i(k—ko)xe_(k_ko)zsz

A
® intensity(probability density)
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® |Inp
has
the

nysics, k is not merely a math object, but
bhysical meanings. It is the momentum of

bhoton.



Heisenberg uncertainty relations

For photons  AxAp, 216, AEAt > 1

® Once the ability to determine any object's
momentum and energy is restricted by the
uncertainty relations, those of all other objects
with which it can, in principle, interact must also
satisfy such restriction.(For example, to measure
electron using light waves)

® Energy and momentum are conserved by any
isolated systems on an event-by-event basis.
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massive particles

® de Broglie wavelength lz%
® dispersion relation . p’
" 2m
2712
ha)(k) = 'k



non-linear dispersion
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linear dispersion
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Diffraction pattern produced by scattering electrons
from the standing light wave created by two

opposed lasers.

D.L. Freimund, K. Afiatooni and H. Batelaan,
Nature 413, 142 (2001)



“Which path” experiment

® by varying the sensitivity of
the detector the visibility of
the oscillatory interference
signal is affected
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Superposition principle

® Quantum mechanics is a strictly linear
theory

® Schrodinger’s equation

(H—mﬁjw(r) ~0

ot

® the linear superposition of any two solutions
is a solution

V=qy, Ty,



continuous linear superposition

In general, any wave can be expressed as a linear combination
of plane waves using amplitude function 4A(Kk)

W(rr) = X a()e

The integral form:

== w(re) = [[[A(k)e™ "k

The completeness and uniqueness of the above expression
need further proof. One can refer to Fourier's theorem





