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Scattering

)
Particle Method T(@;p, Qin) — wg(aﬁ,psin 9) _ 5(9 _ Qin)

Example

Example t(@) D, Hin) — &Q($2,p2 (p) sin 9)

Coherent Model

|l We need to do this for every incident p and 6;,.
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Scattering
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Example

Example

Coherent Model

Particle Method

B Initial conditions

N
hir) = [ @6 =7 d = g =3 wbh =)

dx dp
m Sol — = — =
M T T

B Interface condition

—V,V

Monte Carlo sample S(0out; D, Oin)

Deterministic take all paths 1 3

B Reconstruct density distribution with bicubic cutoff function
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Example: Diffraction Grating
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Overview

Interface condition
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Particle Method
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Background

Thin Barrier Model

Two Dimensions

Coherent Model

The ldea

Example

Implementation
Eulerian
Lagrangian
Example
Example

Conclusion

Extending the Thin Barrier Model

ldea Combine several thin barriers.

Wigner transform discards phase information,

Problem . . :
so barrier interactions are mutually independent.

(0 Wigner f
Quantum Transform Semiclassical

Approach Track both f(z,p,t) and phase offset 6(z, p, ).
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Example: Harmonic Oscillator with Delta Barrier
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Background

Thin Barrier Model

Two Dimensions

Coherent Model
The ldea
Example

Implementation

Eulerian

Lagrangian
Example
Example
Conclusion

Numerical Implementation

B [nitialization

¢ Solve time-independent Schrodinger equation to get

the complex scattering coefficients

B Eulerian Solver/Lagrangian Solver

¢ Use finite volume/particle method method locally

@ Incorporate interface condition at quantum barrier

36 / 43



~ Eulerian Implementation

Background 8]0 af dv af B

Thin Barrier Model S —|— p— _

ot Oxr  dx Op

Two Dimensions

Coherent Model
The ldea

Example fl,out | f2,out
Implementation :

Example
Example

Conclusion

0

/\ J1out + foout = f1in + f2,in
Lagrangian .
fl,in f2,in

Build wave interference into the interface conditions

p1i2 = Y1 + Va|? = p1 + p2 + 24/p1p2 cos b

frout = Rf1in + T foin + 2+/RT f1in f2,in cOS 0

So,

fo.out = T f1in + Rfoin — 2+/RT f1in fo,in cOS 0
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Eulerian: Tracking the phase 6

Background Deflne (I) x p) \/f le p7 (:E,p)

Thin Barrier Model

Two Dimensions d(p 8@ 8(1) dV aq)

Coherent Model — = — + p - =0

The Idea dt ot Ox dx Op

Example

Implementation with the interface condition

Lagrangian

o P1out = T1P1in +

Example

P1
— 9P

P2

| P2
(I)Q,out — D — 11D Jin + T2(1)2 in
1

Then e = &/|®|.

Conclusion
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~ Implementation Issues

S

Background

Thin Barrier Model ] (I) CU p, \/f :C p, ’LH(QJ,p) iS d hyb”d Of f and w

Two Dimensions

Conerent Model B \We could have simply solved

The ldea

Example . 8@ aCI) dV 8(13 o
EiE ot “or  drdp

Lagrangian

Example but scheme does not conserve p(x,t) = f |D(z, p, t)’2 dp.

Example

Conclusion

B Solve in (x, F')-domain rather than (x, p)-domain.

d OF or
d_F(aj E) = ot P (9:6

€ Prevent numerical mixing of the characteristics.
¢ Simplifies the scheme for discontinuous potentials.
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Lagrangian Solver
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Lagrangian Solver

d:L' dp dVv
9
(x,p))Pr(x,p,t)

SR

|inear Interface Condltlon.

Solution f(x,p,t

T(I)l,out + tq)Q,out — (I)l,in-

transmission, if £ < U
Monte Carlo (€ € [0.1]) _ S < T+
reflection, otherwise.

t/[t|, for transmission

sp— ([t| + |r))es,  with € = _
for reflection

r/Ir;

40 / 43



=

==

Background

Thin Barrier Model

Two Dimensions

Coherent Model
The ldea
Example

Implementation
Eulerian
Lagrangian
Example

Conclusion

Example: Double-delta Barrier

Vi) =aeld(x—£/2)+d(x+£/2)],

¢ = 10¢

41 / 43



doubledelta_decoherent_0.swf
Media File (application/x-shockwave-flash)


=

<~ Example: Double-delta Barrier

Background

Thin Barrier Model V(flj) — (V€ [5(33 — 6/2) _|_ 5(x _|_ 6/2)] ; g e 108

Two Dimensions

Coherent Model
The Idea Thin Barrier

Example

Implementation
Eulerian
Lagrangian
Example

Conclusion

41 / 43



doubledelta_thin_2.swf
Media File (application/x-shockwave-flash)


Background

Thin Barrier Model

Two Dimensions

Coherent Model
The ldea
Example

Implementation
Eulerian
Lagrangian
Example

Conclusion

Example: Double-delta Barrier

Vi) =aeld(x—£/2)+d(x+£/2)],

Two Thin Barriers

¢ = 10¢

41 / 43



doubledelta_decoherent_2.swf
Media File (application/x-shockwave-flash)


Background

Thin Barrier Model

Two Dimensions

Coherent Model
The ldea
Example

Implementation
Eulerian
Lagrangian
Example

Conclusion

Example: Double-delta Barrier

Vi) =aeld(x—£/2)+d(x+£/2)],

Coherent Model

¢ = 10¢

41 / 43



doubledelta_coherent_2.swf
Media File (application/x-shockwave-flash)


Background

Thin Barrier Model

Two Dimensions

Coherent Model
The ldea
Example

Implementation
Eulerian
Lagrangian
Example

Conclusion

Example: Double-delta Barrier

Vi) =aeld(x—£/2)+d(x+£/2)],

Coherent Model (Averaged Solution)

¢ = 10¢

41 / 43



doubledelta_coherent_weak_2.swf
Media File (application/x-shockwave-flash)


Background

Thin Barrier Model

Two Dimensions

Coherent Model
The ldea
Example

Implementation
Eulerian
Lagrangian
Example

Example

Conclusion

Example: Crystalline Barrier

5
V() =ae Y 0z —kl), (=20e
k=—5

42 / 43



kronig_penny_0.swf
Media File (application/x-shockwave-flash)


Background

Thin Barrier Model

Two Dimensions

Coherent Model
The ldea
Example

Implementation
Eulerian
Lagrangian
Example

Example

Conclusion

Example: Crystalline Barrier

5
V() =ae Y 0z —kl), (=20e
k=—5

Several Decoherent Thin Barriers

42 / 43



kronig_penny_decoherent_2.swf
Media File (application/x-shockwave-flash)


Background

Thin Barrier Model

Two Dimensions

Coherent Model
The ldea
Example

Implementation
Eulerian
Lagrangian
Example

Example

Conclusion

Example: Crystalline Barrier

5
V() =ae Y 0z —kl), (=20e
k=—5

Coherent Model

42 / 43



kronig_penny_2.swf
Media File (application/x-shockwave-flash)


Background

Thin Barrier Model

Two Dimensions

Coherent Model
The ldea
Example

Implementation
Eulerian
Lagrangian
Example

Example

Conclusion

Example: Crystalline Barrier

5
V() =ae Y 0z —kl), (=20e
k=—5

Coherent Model (Averaged Solution)

42 / 43



kronig_penny_weak_2.swf
Media File (application/x-shockwave-flash)


Conclusion

=
B

Background

O(e) semiclassical model captures a variety of quantum effects
Thin Barrier Model

Two Dimensions

Comerent Model W partial reflection B internal scattering
The ldea
Example B partial transmission B refraction
Implementation
Eulerian ] . .
Lagrangian B tunneling B diffraction
Example
Example B resonance MW time delay
B caustics B trapping

43 / 43



	Background
	Classical and Quantum Scales
	Problem
	Thin Barriers
	Classical Mechanics
	Quantum Mechanics
	Physical Observable---Position Density
	Scaled Equations
	Wigner Equation
	Semiclassical Limit

	Thin Barrier Model
	Semiclassical Thin Barrier Model
	Approach
	Transfer Matrix
	Scattering coefficients
	Liouville Solver
	Interface Condition
	Example: Step potential
	Example: Resonant tunneling mixed-state solution

	Two Dimensions
	Overview
	2D interface condition
	Scattering Probabilities
	Quantum Transmitting Boundary Method
	Particle Method
	Example: Circular Barrier
	Example: Diffraction Grating
	Example: Diffraction Grating
	Example: Diffraction Grating

	Coherent Model
	Extending the Thin Barrier Model
	Example: Harmonic Oscillator with Delta Barrier
	Numerical Implementation
	Eulerian Implementation
	Eulerian: Tracking the phase 
	Implementation Issues
	Lagrangian Solver
	Example: Double-delta Barrier
	Example: Crystalline Barrier
	Conclusion


