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Visualization/conceptualization just plain weird

Things on a very small scale 
behave like nothing that you 
have any direct experience 
about. They do not behave like 
waves, they do not behave like 
particles, the do not behave 
like clouds, or billiard balls, 
or weights on springs, or like 
anything that you have ever 
seen.”

“

R.P. Feynman, The Feynman Lectures on Physics Volume III, p. 
1-1, Basic Books (2010).



Visualization/conceptualization not without controversy

In order to obtain a 
consistent account of 
atomic phenomena, it was 
necessary to renounce 
even more the use of 
pictures.”

“

N. Bohr, Atoms and Human Knowledge, p. 87, Wiley (1958).



The more I think of the physical 
part of the Schrödinger theory, 
the more detestable I find it. 

What Schrödinger writes about 
visualization scarcely makes any 
sense, in other words, I think it is 
shit. 

The greatest results of his theory 
is the calculation of matrix 
elements.

Werner Heisenberg in a letter to 
Wolfgang Pauli (June 8, 1926)”

“

Bundesarchiv, Bild183-R57262 / CC-BY-SA



Visualization/conceptualization not without controversy

It is important to keep in mind that 
the wave packets in the ensemble are 
not intended to correspond to the 
individual neutrons in the beam. If 
this were so then each neutron in the 
beam would be in a pure state. In 
fact, each neutron is in a mixed state 
that is represented by the ensemble of 
wave packets…there is clearly not a 
one-to-one correspondence between the 
neutrons and the wave packets.”

“

-neutron optics expert



ψ = ψre + i ψim

Phasors



Solving the Schrodinger Equation
Finite-difference time-domain method



On the visualization of a wave 
packet propagating in a crystal

Quite aside from their pedagogical 
value these films are visually very 
beautiful, easily on par with visual 
displays occasionally shown in museums 
of modern art. 

The propagation of a wave packet in a 
crystal proves to have the elegance 
and grace of the best ballet.

Kurt Gottfried, Am. J. Phys. 46, 315 (1978).”

“
Kurt Gottfried



a numerical “experiment”
Launching wavepackets at a barrier
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a numerical “experiment”
Launching wavepackets at a barrier

Launch wavepackets with 
different ko

Wait until the reflected 
wavepacket is far enough 
away from the barrier so that 
it is no longer interacting with 
it

“Measure” the amount 
reflected (integrated 
probability density)

Analytical “Experimental” 



a numerical “experiment”
Launching wavepackets at a barrier



wavepacket width effects
Launching wavepackets at a structure



wavepacket width effects
Launching wavepackets at a structure



wavepacket width effects
Launching wavepackets at a structure



wavepacket width effects
Launching wavepackets at a structure



multi-phonon exchange
Reflection from an oscillating barrier

𝐸𝐸𝑛𝑛 = 𝐸𝐸𝑜𝑜 + 𝑛𝑛ℏ𝜔𝜔

𝑘𝑘𝑛𝑛 = − 2𝐸𝐸𝑛𝑛

wavepacket’s
nominal
energy

wall 
oscillator 
energy 
levels

reflected 
wavepacket

energies

reflected 
wavevector

transfer

Matter waves at a vibrating surface: Transition from quantum-mechanical to classical behavior, 
J. Felber, R. Gahler, C. Rausch, and R. Golub, PRA 53, 319 (1996).



reminder: what does it look like?
Reflection from a stationary barrier






what does it look like?
Reflection from an oscillating barrier








momentum distribution: ko
2/2 < ω

Reflection from an oscillating barrier

𝑘𝑘𝑜𝑜 = 400 ⇒ 𝑘𝑘𝑛𝑛 = −400,−798,−1054,−1261,−1437, …





momentum distribution: ko
2/2 > ω

Reflection from an oscillating barrier

𝑘𝑘𝑜𝑜 = 750 ⇒ 𝑘𝑘𝑛𝑛 = −294,−750,−1019,−1231,−1411,−1571,−1716, …



BACKUP



Solving the Schrodinger Equation
Finite-difference time-domain method



Solving the Schrodinger Equation
Finite-difference time-domain method

The reader will note occasional 
breaks or discontinuities at various 
points in some of these pictures. 
This effect is due to an evidently 
inherent malfunction of the equipment 
involved in rendering the machine 
calculations into graphical form. At 
the present time there appears to be 
no simple way to avoid this 
problem…This situation emphasizes the 
fact that the use of computers to 
illustrate time development in 
physical systems by motion pictures 
is still in a preliminary, if no 
longer rudimentary, stage.”

“



Solving the Schrodinger Equation
Finite-difference time-domain method

Implicit integrator
Stable
Unitary



Solving the Schrodinger Equation
Finite-difference time-domain method

P.B. Visscher, Computers in Physics, 5, 596 (1991)



Solving the Schrodinger Equation
Finite-difference time-domain method

P.B. Visscher, Computers in Physics, 5, 596 (1991)

Explicit integrator
Stable
Unitary



Absorbing boundary conditions
T. Shibata, PRB, 43, 6760 (1991)
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Absorbing boundary conditions

→
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Absorbing boundary conditions

→

T. Shibata, PRB, 43, 6760 (1991)



Nesvizhevsky et. al., Quantum states of neutrons in Earth’s gravitational field, Nature 415, 297 (2002).

Quantum bouncer realized with neutrons



Nesvizhevsky et. al., Quantum states of neutrons in Earth’s gravitational field, Nature 415, 297 (2002).

Quantum bouncer realized with neutrons

vn = 1.7 cm/s
h = 14.7 mm
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