NUSOD 2007

Simulation of 2D Maxwell-Bloch Equations
NUSOD - Sep. 24, 2007

Jingyi Xiong, Max Colice, Friso Schlottau, Kelvin Wagner

Optoelectronic Computing Systems Center
Department of Electrical and Computer Engineering

Bengt Fornberg

Department of Applied Mathematics
University of Colorado at Boulder

» Material property
» Simulatfion schemes and results
» Experimental resulfs

Simulation of 2D Maxwell-Bloch Equations — p.1/20



Inhomogeneously broadened material

Inhomogeneous
Rare earth \ band Time domain parameters
doped crystal =
D

» Life fime T} = 10msec

» Decoherence time 1T, = 5 usec
Frequency domain parameters

» Innomogeneous BW v; = 20GHz

» Homogeneous BW vy = 25KHz

» Number of bins N = vy /vy ~ 10°

Applications

» Data storage: 10! bits/cm?

» Signal processing: 20+GHz BW

Sun, et. al, J. of Luminescence, Vol.98, p281, 2002
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Two-level atoms

1> Populaton ~ Bloch Sphere
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Bloch equations: Excitation

du U
o — A — kS
Excitation pr T v — kS{E }w
W s u— rR{EYw+ LD
dt — K-S Uu Tl

u. inphase component of P
v: iIn-quadrature component of P
w: population inversion

E: E-field
A: detuning frequency
Ty decoherence time
Ty population lifetime

Allen and Eberly, Optical resonance and two-level atoms, 1975
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Bloch equations: Detuning

du

U
' o Ay — kS
Free precession = T v — kKS{E tw
5 | 5 . h — = A -u- —
: , | ¥ o U T + kR{E tw
dw B S{Ehu — KR{E} _|_w—1
Pl KSS U — K v T,

u. inphase component of P
v: iIn-quadrature component of P
w: population inversion

E: E-field

A: detuning frequency
Ty decoherence time
Ty population lifetime
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Bloch equations: Decoherence

du

W Y A kS
Decoherence T A-v—krS{E w
(U i dv v
| | 5 . dt = A-u T, T R%{g}w
dw - _ kS E u — kR{E}v + w—1
a T

u: Inphase component of P
v: iIn-Quadrature component of P
w: population inversion

E: E-field

A: detuning frequency
Ty: decoherence time
Ty population lifetime
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Bloch equations: Population relaxation

d
Population relaxation & D A kS E tw
dt T
dv v
WSS = R+ L
dt — ) U K U T1

u: Inphase component of P
v: iIn-Quadrature component of P
w: population inversion

E: E-field

A: detuning frequency
Ty decoherence time
Ty population lifetime
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Inhomogeneous band

|nhomogeneous
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2D Maxwell-Bloch equations

The 2D SEVA wave equation is driven by polarization,
o0& (x, z,t) N i 0%E(x, z,t) _,,uowg
0z 2k Ox? ok

P(x, z,t)

Bloch equations under RWA driven by the E-field,

Polarization given by summation over the innomogeneous band

B i 1
o | _T_AQ
ot | Y|
W - kS{E}
400
P(x,z,t) :oz/

—A
1

1>
—rkR{E}

—kS{E} _

kR{E}

T

g(A)|u(zx, z,t, A) +1v(x, 2, t, A)|dA
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Previous numerical solutions

» Vector form: FDTD!:2

» Slow: Az = 2= ~ 2 corresponding fo < 0.1fsec

2D spatial grid: 200um(z) x 5mMm(z) 10® spatial steps
Time span: 2usec = 2-10% fime steps
Spectral lines: 250 250 lines

Using 2.25GHz computer, it would take about 3 x 104 years.

» Scalar form (wave equation)
» Cornish? simulated 1-D

» Chang* simulated two symmetric angled plane waves but
didn’t give specifics of numerical technique

1. Ziolkowski, et. al, Phys. Rev., Vol 62, 03082, 1995

2. Schloftau, et. al, Optics Express, Vol. 13, p182, 2005

3. Cornish, Ph.D. thesis, University of Washington, 2000

4. Chang, et. al, J. of Luminescence, Vol. 107, p138, 2004
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FFT-BPM |

The 2D SEVA wave equation is driven by polarization,
o0& (x, z,t) N i 0%E(x, z,t) _,,uowg
0z 2k Ox? ok

P(x, z,t)

Expand &£(z, z,t) and P(x, z,t) in Fourier domain,

+0o0
E(x,z) = / E(ky, 2) exp(—ik,x)dk,,

— 00

+0o0
Pz, z) = P(ky, ) exp(—ikyx)dksy
A d€ (K A
_kig(k$7 z) — 2ik (i, 2) — _NOW(%P(kxa z)

dz

Feit, M. D.ef. al, Appl. Opt. Vol. 17 p3990, 1978
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FFT-BPM I

SEVA wave equation we want to solve is
0f _ i
0z 2k

Use frapezoidal rule to evolve wave quation

(k2€ — powiP)

- Since delayed source terms inconsistant with SS-BPM frame work

For an ODE ¢/ = f(«x,y). the trapezoidal rule is
1
Yn+1l = Yn T ih [f(ajna yn) -+ f(ﬂi’n T h7 yn—l—l)]

Apply trapezoidal rule and solve for &,,41.

5 1 /I: o 7: A
E 1= _ 1+—kgd )Sn——d - 0wi P,
T LRz K 4k = 4k " THOD
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Numerical scheme for Bloch equations

loch equohons under RWA driven by the E-field,

. u 7}2 —A —/ﬁ:\s{é’} u 0
— — _ 1
| v A . R} v |+ 0
w | kS{E} —kR{E} 111 | [ w I _T% ]

Write in mo’rnx vector form, it becomes y' = Ay + b

Applying the 4th order Runge-Kutta method,
Grid size: mxnxk

i = A4y e th

fao = Al T L) +b

fao = AW, et L)+, ;?;Cz
fo = Ay, ,, ..t fs)+0

Yv1mmnk — Yimnk + At(f1 +2f2 +2f3+ f1)/6

[: Time step, m: x sampling step, n: z step, k: spectral lines

Gross and Manassah, Opft. Left., Vol.17, p340, 1992
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Bloch simulation results
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Advancing the Maxwell-Bloch equations

Initial Vaue Condition
» Calculate Maxwell’s equation

» Propagate E-field from boundary
intfo crystal

................................................................................

[At

.................................................................................

.................................................................................................................

N (+DAt A * A

..................................................................................................................

Y3 R T T BV N
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Advancing the Maxwell-Bloch equations

At later
» Calculate Bloch equation

tA
________________________________________________________________________________ » E-field drives Bloch vectors to get
polarization
LAt
Boi
tﬂ
t 5 i i i 5 + A T NUA
LS LR R T R By B,
P0,1 : P1,1 I32,1 : Pn,l : /
NS R R e R o At | A
Eoy r In .
A o z
ol /i 1y ndz (n+1)Az
Eoo (Exo B | Eno |
z
0 Az 20z e nl\z
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Advancing the Maxwell-Bloch equations

At later
» Calculate Maxwell’s equation
t A
________________________________________________________________________________ » Contribute polarization to propa-
gate E-field
I7AY
L= TR N N N S
t A
A B . Pan
t 5 i i i 5 + A T NUA
Boo o Eipa B,
A Po1 P{ P, Poii IAt /’
s A
Eo l_’\Elﬁ Eﬂ—"\ Enl ll,n .
s s s s z
0 nlz (n+1)Az
E00 :El,O :EZO : :EnO .
0 Az 20z e nhe °
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Advancing the Maxwell-Bloch equations

2N\t |ater
» Calculate Bloch equation

t A
________________________________________________________________________________ » E-field drives Bloch vectors to get
polarization
IJAYA
L A M N —
t A
E)o,zg E)l,2 E)z,zi E)n,zg Pl,nJ,rl
20\t p p oo oo (I+1D)At| A *“ A
Eoo: / [ Eipq TEia,
;'Po,li ,"Pl,li ;’Pz,ﬂ ;’Pn,l ’
AV EE N R oy IAt | A
EBon iBia By i En n _
s s ] ] z
0 niz (n+1)Az
E00 :El,O :EZO : :EnO .
z
0 Az 20z e nl\z
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Advancing the Maxwell-Bloch equations

2N\t |ater
» Calculate Maxwell’s equation

t A
________________________________________________________________________________ » Contribute polarization to propa-
gate E-field
LAt
L A M N —
t A
ZAt PO,Z; Pl 2 PZ,Z IDn 2 (l 1)At AP@‘].
: : + A LA
Eo,l—“\fEl?—’ Err—+ \ cooeen iEng Eipq TEia,
Poii  Puii Poyl P !
At IAt | A
Boa B iBay i iBna Ln .
: : : s z
0 nlz (n+1)Az
E00 :El,O :EZO : :EnO .
0 Az 20z e nhe °
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Advancing the Maxwell-Bloch equations

m\t |ater
» Calculate Maxwell’s equation

________________________________________________________________________________ » Contribute polarization to propao-
Po, ! Pui Py Pni gate E-field
ML Ne N N :

tﬂ

...............................................................................................................

2 2 : : 2 n
2/t 5 (I+1D)At| A *“ A

................................................................................................................

At - IOt | A

0 bz (n+1)d2
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Maxwell-Bloch simulation setup

200umMmx5mm, 2.4usec, 250 spectral lines, 100MHz of BW

First
i pulse| o0
i B — L -
\ : O
081, T =
{ 300NnSt00

z(mm)

Pulse 1T comesin at 1°
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Maxwell-Bloch simulation setup

200umMmx5mm, 2.4usec, 250 spectral lines, 100MHz of BW

t 100
T — -
Second} g,
pulse \ <
0 R A Wttt T ~50
'0.8“171\ M
t 300ns:o
W| |
N A Pulse 1 and 2 write population
W H grating at overlap region
_ —
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Maxwell-Bloch simulation setup

200umMmx5mm, 2.4usec, 250 spectral lines, 100MHz of BW

Third
pulse

........................................................

____________________________________________________

» ;IA
V|‘

300ns  1.8WS

» Pulse 3 comes in at pulse 1 direction
» Population gating diffracts pulse 3 both in space and fime

» Echo is expected 300ns later in direction of pulse 2

Simulation of 2D Maxwell-Bloch Equations — p.16/20



Angled beam photon echo
Volume population grating

20}
| § 10! #
= Y
s e &
20— | _20
50
1 0 : :
2 . / -50 0 50
. . X(um)

z(mm) x(pm)
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Chirped angled beam photon echoes

Time domain chirp setup Chirp photon echo experimental traces
1
kl _>| It[l_-[z . 08-
5 : L gLl > 8 0.6 -
> oo ' -. ------------ L
t 0 2x107° 4x107° 6x10°

. Time domain chirp result Time (sec)

Angle(deg)

x10 ‘ ‘ ‘ ‘ Interaction angle vs. echo efficiency
— CH1 | — —
=4 — Read P,,/ w,=60um, alL=1.0
Sap Chirp - 0.1 ‘ ‘
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§ 2 Echo — 0.097 —u»—delay= 0.112ys ||
=51 Echo Efficiency=2% 10 S 0.08" —A— delay= 0.16ps ||
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Experimental results

Experimental Setup

Arb Channels
R N\ | >
¢ R

Simulation Results

WO:GOum, aL=1.0

—e—delay= 0.1us
—»— delay= 0.112ps ||
—a&— delay= 0.16us ||
—+—delay=0.2us

AOM f AOM CH1
e ( APD
> = — —»> CH2
o\ L= V
SSH
WWWNWMN\ CH2 CH3 To Scope CH3
Experimental Results
Spot size: 40pum x 80pm
500 T T T T T
20psec 01
450
400( 0.0
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£ 300t &
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8200’ 80usec ' Q .
@150/ ) £ 0.05
(o] 1
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= . ‘S 0.04]
50+ 120usec ! L
R — ‘
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1 15 2
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Conclusion

Grid size: 128x128x250

» Spatial-spectral Maxwell-
Bloch equations solved using
FFT-trapezoidal rule and RK-4

0S¢ -ZHINOOI

200um: 128

bmml128
» We are now working towards

» Increase the number of transverse samples for larger angles
» Simulate many GHz of bandwidth
» Simulate realistic Ty (1 effect for accumulation)
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