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• Coherent 
• Keep track of amplitude, phase, and maintain precise timing within a 

characteristic length or time scale
• Control

• Methods to modify the behavior of a system with one or more inputs
• Photon

• A wavelike particle of energy that produces a click on a detector
• … and, there may be additional opportunities with quantum aspects of 

photons
• Quantum 

• No accepted measure of “quantumness” 
• Classical analogies often exist (e.g. the coherent oscillator state) except 

for:
• Wave-particle duality
• Identical indistinguishable particles
• Linearity
• Entanglement

“Coherent control of photons”
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Motivation: Demonstrate a path to intuitive control of transient photon 
dynamics (in quantum systems)
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Modified from Rabitz et al., 2010: General unifying features of controlled quantum phenomena: https://arxiv.org/pdf/1003.3506
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The single photon wave function

• Single photons in a sourceless medium obey the equation
𝑖𝑖𝑖𝜕𝜕𝑡𝑡𝜓𝜓𝜎𝜎 𝒓𝒓, 𝑡𝑡 = ℏ𝑐𝑐𝑐𝑐𝛻𝛻 × 𝜓𝜓𝜎𝜎

where 𝜎𝜎 is the helicity of the photon.

• If 𝜓𝜓𝜎𝜎 = 𝜖𝜖0
2

1/2
𝐸𝐸 + 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 , thenthe above equation yields Ampere’s and 

Faraday’s Laws, i.e. Maxwell’s equations (with the additional condition that the 
field is divergenceless).

• In other words, the real and imaginary parts of the photon wave function obey 
Maxwell’s equations.

• Thus all methods used for solving classical electromagnetic problems can be 
used for the single photon (e.g. matrix propagation method).
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The single photon wave function

• It is (now) believed that a single photon wave function may be used to describe 
photon energy density U(x,t)=|Ψ(x,t)|2

• Studied theoretically, including 
• I. Bialynicki-Birula, Acta Phys. Pol. 86, 97 (1994)
• B. J. Smith and M. G. Raymer, New Journal of Physics 9, 414 (2007)

• Unitary dynamics of photon wave function propagating in x-direction in lossless 
dielectric media may be modeled as phase-coherent sum of linearly polarized plane-
wave basis functions, each of amplitude an and oscillating at frequency ωn

• The lossless dielectric material may be characterized by µr and εr , and ψn satisfies

with boundary conditions between region 1 and 2 at position x0 such that

and refractive index 
• Solve in space and time and assume photon coherence time, τCoh, greater than any 

other characteristic time
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The Fabry-Perot optical resonator

• Example dielectric structure: Two quarter-wave dielectric mirrors with nr=2.5 spaced 
LC =2λ0 apart creates Fabry-Perot optical resonator that is coupled to the continuum 

• Resonant wavelength λ0=1500 nm, ω0=2π/τ0=2πx200 THz, τ0=5 fs
• Resonant photon energy E0=0.826 eV
• Q=ω0/γ, Lorentzian spectral FWHM=/τQ, γ=1/τQ

• Classical time-domain response is            and τQ is resonant state lifetime
• Resonator round-trip time defined as τRT=2π/∆ω=1/∆f where ∆f is the frequency 

spacing between adjacent spectral transmission peaks 

Q/te τ−

ω∆

FWHM
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• Example dielectric structure: Single quarter-wave dielectric mirror with nr=2.5
• Resonant wavelength λ0=1500 nm, ω0=2π/τ0=2πx200 THz, τ0=5 fs
• Resonant photon energy E0=0.826 eV
• Transmission is a slowly varying function of photon energy,

• On resonance                ,                    ,                , so that

• System requires
• t2 = r2 = 1/2 when                      
• For field                and    
• t and t2 less dependent on photon energy as:

• π phase shift on reflection from semi-infinite slab, 

Reflectivity of single quarter-wave dielectric mirror
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Transient response of single-photon (or classical E&M) pulse incident on 
Fabry-Perot cavity at resonance

• Rectangular photon pulse with center frequency that is on resonance at wavelength λ0=1500 
nm, ω0=2π/τ0=2πx200 THz, τ0=5fs

• Quarter-wave (λ0/4nr) dielectric mirror with nr=2.5, cavity length LC=15λ0, cavity round-trip 
time τRT=2π/∆ω=30τ0=150fs

• Q=193, τQ=Q/ω0=153fs

Rectangular photon pulse of length LP=286.5λ0
(τp=1432fs) and center frequency f0 = 200 THz  
(τ0=5fs) propagating from left to right

Fabry-Perot dielectric 
resonator, LC=15λ0, 
τRT=150fs, τQ=153fs

τ0  =5fs
τp  =1432fs
τRT=150fs
τQ  =153fs
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Transient response of single-photon pulse incident on Fabry-Perot cavity 
at resonance

• When photon round-trip time in resonator τRT is comparable to envelope response 
time τQ it is possible to probe the internal (ring-down) structure of the resonator

Position, x(µm)

Ph
ot

on
 e

ne
rg

y 
de

ns
ity

, |
Ψ

(x
,t)

|2

200 400 600 800 1000 12000
τ0  =5fs
τp  =1432fs
τRT=150fs
τQ  =153fs

9


SinglePhoton1

WinX HD Video Converter Deluxe





Transient response of single-photon pulse incident on Fabry-Perot cavity 
at resonance

Space
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Reflection from 
leading edge 

with step-wise 
τRT ring-down 

and exponential 
τQ envelope

Reflection from 
trailing edge with 
step-wise τRT ring-

down and 
exponential τQ

envelope

Position of Fabry-
Perot resonator 
LC=15λ0

Incident photon 
pulse of length 

Lp=286.5λ0 in free-
space 

Transmitted photon 
pulse with step-wise 
τRT features and 
exponential τQ
envelope

τ0  =5fs
τp  =1432fs
τRT=150fs
τQ  =153fs
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Transient response of single-photon pulse incident on Fabry-Perot cavity 
at resonance

• Multiple cavity round-trip times required to build-up steady-state behavior
• Rectangular photon pulse with center frequency that is on resonance has 

characteristic transient reflection at leading and trailing edge
• Reflection depends on frequency components contributing to pulse shape
• Reflection always greater than zero for pulse

τ0  =5fs
τp  =1432fs
τRT=150fs
τQ  =153fs
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Transient response of single-photon pulse incident on Fabry-Perot cavity 
at resonance

• Calculated transmitted single-photon energy density, |ψ(xR, t)|2 at xR=742.8µm 

τ0  =5fs
τp  =1432fs
τRT=150fs
τQ  =153fs

Characteristic step-wise 
build-up of resonant state. 

Step width τRT and 
exponential increase in 

|ψ(xR,t)|2 envelope with 
time constant τQ. 
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Experimental validation using Fabry-Perot resonator in waveguide

• Because equations governing single-photon wave function evolution are similar to
the Helmholtz equation, experiments using classical electromagnetic resonators can 
validate qualitative behavior.

• Example: 
• Resonant frequency, f0=15.234 GHz (E0=63 µeV)
• Measured permittivity of teflon, εr=2.050 
• Measured loss tangent, δ=0.0005

DBR mirror

Resonant 
transmission
peak

FWHM

∆f=1/τRT
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Experimental validation using Fabry-Perot resonator in waveguide

• Measured transmitted electromagnetic energy 
density in time-domain U(t) (|mV|2 into 50Ω)

• Resonant frequency, f0=8.0620 GHz (E0=33 µeV)
• 1/25,000 scale reduction in frequency from optical to RF

• 3 quarter-wave pair DBR in teflon
• Round-trip time in resonator τRT=12 ns
• Resonator Q=582 corresponds to τQ=11.5 ns (red 

curve)
• Long pulse time τp=230ns >> τRT, τQ
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Uncontrolled short single-photon pulse in cavity ring-down

Space
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Multiple reflected and 
transmitted photon energy 
density pulses (ring-down)  

Incident photon 
pulse energy 

density
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• Identical lossless dielectric mirrors mr with complex field 
reflectivity r and transmission t

• π phase shift on reflection of incident field
• Resonant photon field in resonator is geometric series 

(1+reiφ+r2ei2φ+r3ei3φ + …)=1/(1-reiφ) where phase per 
round-trip is 2φ=2πω/∆ω and spacing between 
resonances is ∆ω=πc/LCnr

τ0  = 5 fs
τp = 80 fs
τRT= 150 fs
τQ = 153 fs
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Uncontrolled single-photon cavity ring-down

Multiple 
transmitted 
photon energy 
density pulses 
(ring-down) 

Space
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e
Multiple 
reflected 

photon energy 
density pulses 

(ring-down) 

Incident photon 
pulse energy 

density

τ0  = 5 fs
τp = 80 fs
τRT= 150 fs
τQ = 153 fsSpatial extent of Fabry-Perot 

resonator that stores and releases 
photon energy density is LC=15λ0 
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Experimental validation using Fabry-Perot resonator in waveguide

• Can also probe the internal structure of the Fabry-Perot resonator using short
electromagnetic pulse time τp=7 ns < τRT, τQ

• Round-trip time in resonator τRT=13.7 ns
• Resonator Q=633 corresponds to τQ=12.5 ns (red curve)
• RF switch rise time is 2 ns
• Measured transmitted electromagnetic signal in time-domain |mV| into 50 Ω
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Coherent control of transient dynamics

• Zero-energy ground-state is a guaranteed control point
• Question: How do you stop a bell ringing ?

• The “ringing bell” could be excitations of a molecule, a crystal, a device, …
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Coherent control of transient dynamics

• Question: How do you stop a bell ringing ?
• Answer:    You hit it ! ( … in a very controlled and precise way)
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Controlled single-photon zero cavity ring-down
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• Identical lossless dielectric mirrors mr with field 
reflectivity r and field transmission t

• Control pulse with optimal amplitude and phase shift 
to eliminate photon energy density in resonator

• Formal control methods replaced by intuitive ray-
tracing of resonant part of photon field
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result in exact 
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resonator
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Spatial extent of Fabry-Perot 
resonator LC=15λ0

Controlled single-photon zero cavity ring-down

Transmitted 
single-photon 
pulse energy 
density 
(cancellation of 
ring-down)
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Dual reflected 
photon pulse 

energy density

Incident control
photon pulse 

and lead pulse 
energy density

τ0  = 5 fs
τp = 80 fs
τRT= 150 fs
τQ = 153 fs
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Optimal single-pulse output 
with no ring-down signal at 
t=τRT only when control 
energy density relative to 
lead pulse has this value

single_photon_lead_plus_control_amp_var2.m

Resonator energy density output as function of control pulse energy 
density

τ0  =5fs
τp  =80fs
τRT=150fs
τQ  =153fs

No ring-down on this line

Single pulse output 
with no ring-down 
only when control 
energy density has 
this value

Ring-down

Locally convex resonator 
energy density output as 
function of control pulse 
energy density
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Coherent control of single-photon resonator output pulse using control 
pulse

τ0  =5fs
τp  =80fs
τRT=150fs
τQ  =153fs

• Better than 1:104 cancellation using simple control pulse protocol
• Cancellation of residue requires better control pulse match to Fabry-Perot transfer 

function or slower (smaller bandwidth) operation

Incident lead 
photon pulse and 

control pulse 
energy density

Dual reflected 
photon pulse 

energy density

Single transmitted 
photon energy 
density pulse 
amplitude t2

Log10 color scale shows 
photon energy density 
10-4 smaller than lead 
pulse. Formal 
optimization methods 
can reduce this to 10-25
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Experimental validation using Fabry-Perot resonator in waveguide

• Coherent control of resonator short output pulse 
using single short control pulse

• Short electromagnetic pulse of width τp=10 ns < 
τRT, τQ

• Round-trip time in resonator τRT=13.7 ns
• Resonator Q=633 corresponds to τQ=12.5 ns (red 

curve)
• Measured transmitted electromagnetic signal in 

time-domain |mV| into 50 Ω
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		57.926		85.91

		58.121		86.106

		58.317		86.301

		58.513		86.497

		58.708		86.693

		58.904		86.888

		59.1		87.084

		59.295		87.28

		59.491		87.476

		59.687		87.671

		59.883		87.867

		60.078		88.063

		60.274		88.258

		60.47		88.454

		60.665		88.65

		60.861		88.845

		61.057		89.041

		61.252		89.237

		61.448		89.432

		61.644		89.628

		61.84		89.824

		62.035		90.02

		62.231		90.215

		62.427		90.411

		62.622		90.607

		62.818		90.802

		63.014		90.998

		63.209		91.194

		63.405		91.389

		63.601		91.585

		63.796		91.781

		63.992		91.977

		64.188		92.172

		64.384		92.368

		64.579		92.564

		64.775		92.759

		64.971		92.955

		65.166		93.151

		65.362		93.346

		65.558		93.542

		65.753		93.738

		65.949		93.933

		66.145		94.129

		66.341		94.325

		66.536		94.521

		66.732		94.716

		66.928		94.912

		67.123		95.108

		67.319		95.303

		67.515		95.499

		67.71		95.695

		67.906		95.89

		68.102		96.086

		68.297		96.282

		68.493		96.477

		68.689		96.673

		68.885		96.869

		69.08		97.065

		69.276		97.26

		69.472		97.456

		69.667		97.652

		69.863		97.847

		70.059		98.043

		70.254		98.239

		70.45		98.434

		70.646		98.63

		70.841		98.826

		71.037		99.022

		71.233		99.217

		71.429		99.413

		71.624		99.609

		71.82		99.804

		72.016		100

		72.211

		72.407

		72.603

		72.798

		72.994

		73.19

		73.386

		73.581

		73.777

		73.973

		74.168

		74.364

		74.56

		74.755

		74.951

		75.147

		75.342

		75.538

		75.734

		75.93

		76.125

		76.321

		76.517

		76.712

		76.908

		77.104

		77.299

		77.495

		77.691

		77.886

		78.082

		78.278

		78.474

		78.669

		78.865

		79.061

		79.256

		79.452

		79.648

		79.843

		80.039

		80.235

		80.431

		80.626

		80.822

		81.018

		81.213

		81.409

		81.605

		81.8

		81.996

		82.192

		82.387

		82.583

		82.779

		82.975

		83.17

		83.366

		83.562

		83.757

		83.953

		84.149

		84.344

		84.54

		84.736

		84.932

		85.127

		85.323

		85.519

		85.714

		85.91

		86.106

		86.301

		86.497

		86.693

		86.888

		87.084

		87.28

		87.476

		87.671

		87.867

		88.063

		88.258

		88.454

		88.65

		88.845

		89.041

		89.237

		89.432

		89.628

		89.824

		90.02

		90.215

		90.411

		90.607

		90.802

		90.998

		91.194

		91.389

		91.585

		91.781

		91.977

		92.172

		92.368

		92.564

		92.759

		92.955

		93.151

		93.346

		93.542

		93.738

		93.933

		94.129

		94.325

		94.521

		94.716

		94.912

		95.108

		95.303

		95.499

		95.695

		95.89

		96.086

		96.282

		96.477

		96.673

		96.869

		97.065

		97.26

		97.456

		97.652

		97.847

		98.043

		98.239

		98.434

		98.63

		98.826

		99.022

		99.217

		99.413

		99.609

		99.804

		100



Time, t (ns)

|mV|

0.2943396226

72.0460947487

0.5056603774

71.4834617691

1.0943396226

70.9252225858

0.5056603774

70.3741577962

0.2943396226

69.8245815529

0.5056603774

69.2792971415

0.2943396226

68.7382710454

0.5056603774

68.2041981234

0.2943396226

67.671567849

0.5056603774

67.1430970694

0.2943396226

66.6214181051

0.5056603774

66.1011483096

0.2943396226

65.5849414817

0.5056603774

65.075368855

0.2943396226

64.5671726951

0.5056603774

64.0629452156

0.2943396226

63.5651979807

0.5056603774

63.0687952698

1.0943396226

62.5762691401

0.5056603774

62.0875893181

0.2943396226

61.6051899248

0.5056603774

61.1240935976

1.0943396226

60.6467543188

0.5056603774

60.175549722

0.2943396226

59.7056179518

0.5056603774

59.239356042

0.2943396226

58.7790864498

0.5056603774

58.3200601464

0.2943396226

57.8646185387

0.5056603774

57.4150301881

0.2943396226

56.9666562738

0.5056603774

56.5217838672

1.0943396226

56.0803856237

0.5056603774

55.6446601542

0.2943396226

55.2101116745

0.5056603774

54.7789567348

0.2943396226

54.3533429239

0.5056603774

53.928878789

0.2943396226

53.5077294419

1.3056603774

53.0919926336

0.2943396226

52.6773788212

0.5056603774

52.2660028721

0.2943396226

51.8578395006

0.5056603774

51.4549217745

0.2943396226

51.0530924171

0.5056603774

50.6544010847

0.2943396226

50.2608336645

0.5056603774

49.868329356

0.2943396226

49.4788902499

0.5056603774

49.094456148

0.2943396226

48.7110604866

0.5056603774

48.3306588951

1.0943396226

47.9551461592

0.5056603774

47.5806477652

0.2943396226

47.2090739593

0.5056603774

46.8404019023

1.0943396226

46.476467955

0.5056603774

46.1135170728

0.2943396226

45.7534006001

0.5056603774

45.3979122822

0.2943396226

45.0433842159

1.3056603774

44.6916247823

0.2943396226

44.3443861004

0.5056603774

43.998085386

0.2943396226

43.6544890541

0.5056603774

43.3135759853

-0.5056603774

42.9770442726

0.5056603774

42.6414216054

0.2943396226

42.3084199323

0.5056603774

41.9796979392

0.2943396226

41.651863896

0.5056603774

41.3265900227

0.2943396226

41.0054965132

1.3056603774

40.6852703473

0.2943396226

40.3675449388

0.5056603774

40.0539028825

0.2943396226

39.7411080419

0.5056603774

39.4307559248

0.2943396226

39.1228274552

0.5056603774

38.8188564291

0.2943396226

38.5157064953

0.5056603774

38.2149239645

1.0943396226

37.918007039

1.3056603774

37.6218921509

1.8943396226

37.3280897268

2.9056603774

37.0380632008

4.2943396226

36.7488200998

4.5056603774

36.4618357987

5.8943396226

36.1785397703

6.9056603774

35.8960089863

6.6943396226

35.6156845834

6.1056603774

35.3375493311

6.6943396226

35.062988625

6.9056603774

34.7891695675

7.4943396226

34.517488858

7.7056603774

34.2492997422

9.0943396226

33.9818350638

9.3056603774

33.7164591099

10.6943396226

33.454493722

10.9056603774

33.1932359598

11.4943396226

32.9340184503

12.5056603774

32.6768252603

13.8943396226

32.4229374729

13.3056603774

32.1697354918

15.4943396226

31.9185108529

16.5056603774

31.6705149098

18.6943396226

31.4231888579

18.9056603774

31.177794261

23.4943396226

30.9355534331

22.9056603774

30.6939669507

26.6943396226

30.4542671009

26.9056603774

30.2176478324

31.4943396226

29.9816677241

31.7056603774

29.7475304665

35.4943396226

29.515221668

35.7056603774

29.2858984622

40.2943396226

29.0571947084

39.7056603774

28.8302769817

44.2943396226

28.6062755624

45.3056603774

28.38287922

48.2943396226

28.1612274571

47.7056603774

27.9424243245

51.4943396226

27.7242122269

50.9056603774

27.5077042234

53.8943396226

27.2939787434

54.9056603774

27.0808305827

57.0943396226

26.8693469699

55.7056603774

26.6595149061

60.2943396226

26.4523795679

58.9056603774

26.2458037474

61.8943396226

26.0408411492

61.3056603774

25.838512695

64.2943396226

25.6367307742

63.7056603774

25.4365246384

66.6943396226

25.2388915174

65.3056603774

25.0417922467

68.2943396226

24.8462321925

67.7056603774

24.6521993348

69.8943396226

24.4606601539

68.5056603774

24.2696383622

69.8943396226

24.0801083259

69.3056603774

23.8930140971

70.6943396226

23.7064252505

69.3056603774

23.5212935412

69.8943396226

23.3385411126

69.3056603774

23.1562823382

69.0943396226

22.9754468859

66.9056603774

22.7969354996

65.8943396226

22.6189063116

65.3056603774

22.4422674154

61.8943396226

22.2670079536

62.1056603774

22.0940008963

58.6943396226

21.9214611687

57.3056603774

21.7502688639

52.2943396226

21.581276693

51.7056603774

21.4127410069

45.8943396226

21.2455214745

46.1056603774

21.0804510187

39.4943396226

20.9158264542

38.9056603774

20.7524875001

33.0943396226

20.5912477501

32.5056603774

20.4304435439

25.8943396226

20.2708951136

24.5056603774

20.1125926524

19.4943396226

19.9563246671

18.9056603774

19.8004787958

17.8943396226

19.6458499791

18.1056603774

19.4932084252

17.8943396226

19.3409791895

18.1056603774

19.1899387647

17.0943396226

19.0408394855

16.5056603774

18.892142956

15.4943396226

18.7446076493

16.5056603774

18.5982244971

15.4943396226

18.4537226359

15.7056603774

18.3096111058

15.4943396226

18.1666249927

15.7056603774

18.0254765124

16.2943396226

17.884709305

16.5056603774

17.7450413977

17.0943396226

17.6071684782

17.3056603774

17.4696679835

17.8943396226

17.333241278

18.1056603774

17.198567905

19.4943396226

17.0642583142

20.5056603774

16.9309975936

21.8943396226

16.7987775523

21.3056603774

16.6682567801

23.4943396226

16.5380885731

24.5056603774

16.4089368948

26.6943396226

16.2814450516

26.1056603774

16.1542975917

28.2943396226

16.0281430704

27.7056603774

15.9036098654

29.8943396226

15.7794130517

30.1056603774

15.6561861341

32.2943396226

15.5339215383

30.9056603774

15.4132282659

34.6943396226

15.2928610125

33.3056603774

15.1734337488

36.2943396226

15.0555413436

35.7056603774

14.9379673916

37.8943396226

14.8213116154

38.1056603774

14.7061550791

38.6943396226

14.5913096058

38.9056603774

14.4773610007

41.0943396226

14.3648768434

39.7056603774

14.2526965304

41.0943396226

14.1413922724

40.5056603774

14.030957228

41.0943396226

13.9219414758

42.1056603774

13.8132201989

41.0943396226

13.7053479642

41.3056603774

13.5988620849

41.0943396226

13.4926638472

41.3056603774

13.3872949485

39.4943396226

13.2832802326

39.7056603774

13.1795464832

38.6943396226

13.0766228267

38.9056603774

12.9750219273

37.0943396226

12.8736954741

36.5056603774

12.7731603144

33.0943396226

12.6734102686

34.1056603774

12.5749421932

29.8943396226

12.4767401016

30.1056603774

12.3793049043

26.6943396226

12.2831219273

27.7056603774

12.1871987615

23.4943396226

12.0920246931

22.9056603774

11.9980737853

19.4943396226

11.9043766595

19.7056603774

11.8114112471

14.6943396226

11.7191718339

14.9056603774

11.6281178657

13.0943396226

11.5373098542

13.3056603774

11.447210994

11.4943396226

11.3582700687

12.5056603774

11.2695693924

12.2943396226

11.1815614104

12.5056603774

11.0946844919

12.2943396226

11.0080422469

11.7056603774

10.9220766212

10.6943396226

10.837215811

10.9056603774

10.7525842283

10.6943396226

10.6686135631

10.9056603774

10.5852986539

9.8943396226

10.5030544936

10.9056603774

10.4210324928

9.8943396226

10.3396510302

10.9056603774

10.2593154682

9.8943396226

10.17919691

10.1056603774

10.0997040255

10.6943396226

10.0212327699

10.9056603774

9.9429734822

12.2943396226

9.8653253485

10.9056603774

9.7886751353

12.2943396226

9.712231971

11.7056603774

9.6363857779

13.0943396226

9.5611318941

13.3056603774

9.4868451602

14.6943396226

9.412759091

15.7056603774

9.3392515857

16.2943396226

9.2666887861

15.7056603774

9.1943219945

17.0943396226

9.1225203403

17.3056603774

9.0516414686

17.8943396226

8.9809540563

18.9056603774

8.9108186664

19.4943396226

8.8412309882

19.7056603774

8.7725376389

20.2943396226

8.7040298452

20.5056603774

8.6360570527

21.8943396226

8.5689578349

21.3056603774

8.5020398666

21.8943396226

8.4356444841

22.1056603774

8.3701024035

23.4943396226

8.3047373664

23.7056603774

8.2398827876

23.4943396226

8.1758617087

23.7056603774

8.1120135646

24.2943396226

8.0486640329

23.7056603774

7.9858092197

24.2943396226

7.9237622058

24.5056603774

7.8618827943

23.4943396226

7.8004866207

23.7056603774

7.7398795001

22.6943396226

7.6794360926

22.9056603774

7.6194647086

21.8943396226

7.5602640665

22.1056603774

7.5012233383

21.0943396226

7.4426436797

21.3056603774

7.3845214899

20.2943396226

7.3271462765

19.7056603774

7.2699260461

17.0943396226

7.2131526683

17.3056603774

7.1571089322

15.4943396226

7.1012165825

14.9056603774

7.0457607155

13.0943396226

6.9910175578

14.1056603774

6.9364222733

11.4943396226

6.8822533424

11.7056603774

6.8287805812

9.0943396226

6.7754522616

10.1056603774

6.7225404014

8.2943396226

6.6700417483

7.7056603774

6.6182177988

8.2943396226

6.5665338371

7.7056603774

6.5152534934

7.4943396226

6.4646321959

8.5056603774

6.4141476375

7.4943396226

6.3640573306

7.7056603774

6.3146107757

7.4943396226

6.2652977867

6.9056603774

6.2163699

7.4943396226

6.168070826

7.7056603774

6.1199022184

6.6943396226

6.0721097762

6.9056603774

6.0246905618

5.8943396226

5.9778807709

6.9056603774

5.9311974235

6.6943396226

5.8848786426

6.1056603774

5.8391551426

6.6943396226

5.7935551518

6.1056603774

5.7483112672

5.8943396226

5.7036488492

6.9056603774

5.6591070741

7.4943396226

5.6149131413

6.9056603774

5.5710643342

7.4943396226

5.5277790644

7.7056603774

5.4846107175

7.4943396226

5.4417794873

7.7056603774

5.3994987167

9.0943396226

5.3573321556

10.1056603774

5.3154948879

9.8943396226

5.2741953056

10.1056603774

5.2330072824

10.6943396226

5.1921409108

10.9056603774

5.1517997468

11.4943396226

5.111567553

10.9056603774

5.0716495464

12.2943396226

5.0320432735

11.7056603774

4.9929460135

12.2943396226

4.9539543637

13.3056603774

4.9152672133

13.0943396226

4.8770772635

13.3056603774

4.838990473

13.0943396226

4.8012011155

13.3056603774

4.7638974204

13.0943396226

4.7266944907

13.3056603774

4.6897820915

13.8943396226

4.6533440842

14.1056603774

4.6170045038

13.8943396226

4.5809487119

13.3056603774

4.5451744922

13.8943396226

4.5098600366

13.3056603774

4.474640973

13.0943396226

4.4396969474

12.5056603774

4.4052020163

12.2943396226

4.3708002636

12.5056603774

4.3366671661

11.4943396226

4.3029727413

12.5056603774

4.2693693325

10.6943396226

4.2360283443

10.9056603774

4.2029477276

9.8943396226

4.1702922572

10.1056603774

4.1377249964

9.0943396226

4.1054120646

10.1056603774

4.0735144131

7.4943396226

4.0417029241

7.7056603774

5.8943396226

6.9056603774

5.0943396226

5.3056603774

5.0943396226

5.3056603774

5.0943396226

5.3056603774

5.0943396226

4.5056603774

5.0943396226

5.3056603774

4.2943396226

5.3056603774

4.2943396226

4.5056603774

4.2943396226

4.5056603774

4.2943396226

3.7056603774

4.2943396226

3.7056603774

3.4943396226

3.7056603774

3.4943396226

4.5056603774

3.4943396226

3.7056603774

4.2943396226

3.7056603774

5.0943396226
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Xaxis

		ns		mV				|mV-aver|-offset				aver		12.3056603774

												offset		2

		0		14.6		2.92		0.2943396226				tau		12.5

		0.196		9.8		1.96		0.5056603774				amp		72

		0.391		15.4		3.08		1.0943396226				tstart		28

		0.587		9.8		1.96		0.5056603774

		0.783		14.6		2.92		0.2943396226

		0.978		9.8		1.96		0.5056603774

		1.174		14.6		2.92		0.2943396226

		1.37		9.8		1.96		0.5056603774

		1.566		14.6		2.92		0.2943396226

		1.761		9.8		1.96		0.5056603774

		1.957		14.6		2.92		0.2943396226

		2.153		9.8		1.96		0.5056603774

		2.348		14.6		2.92		0.2943396226

		2.544		9.8		1.96		0.5056603774

		2.74		14.6		2.92		0.2943396226

		2.935		9.8		1.96		0.5056603774

		3.131		14.6		2.92		0.2943396226

		3.327		9.8		1.96		0.5056603774

		3.523		15.4		3.08		1.0943396226

		3.718		9.8		1.96		0.5056603774

		3.914		14.6		2.92		0.2943396226

		4.11		9.8		1.96		0.5056603774

		4.305		15.4		3.08		1.0943396226

		4.501		9.8		1.96		0.5056603774

		4.697		14.6		2.92		0.2943396226

		4.892		9.8		1.96		0.5056603774

		5.088		14.6		2.92		0.2943396226

		5.284		9.8		1.96		0.5056603774

		5.479		14.6		2.92		0.2943396226

		5.675		9.8		1.96		0.5056603774

		5.871		14.6		2.92		0.2943396226

		6.067		9.8		1.96		0.5056603774

		6.262		15.4		3.08		1.0943396226

		6.458		9.8		1.96		0.5056603774

		6.654		14.6		2.92		0.2943396226

		6.849		9.8		1.96		0.5056603774

		7.045		14.6		2.92		0.2943396226

		7.241		9.8		1.96		0.5056603774

		7.436		14.6		2.92		0.2943396226

		7.632		9		1.8		1.3056603774

		7.828		14.6		2.92		0.2943396226

		8.023		9.8		1.96		0.5056603774

		8.219		14.6		2.92		0.2943396226

		8.415		9.8		1.96		0.5056603774

		8.611		14.6		2.92		0.2943396226

		8.806		9.8		1.96		0.5056603774

		9.002		14.6		2.92		0.2943396226

		9.198		9.8		1.96		0.5056603774

		9.393		14.6		2.92		0.2943396226

		9.589		9.8		1.96		0.5056603774

		9.785		14.6		2.92		0.2943396226

		9.98		9.8		1.96		0.5056603774

		10.176		15.4		3.08		1.0943396226

		10.372		9.8		1.96		0.5056603774

		10.568		14.6		2.92		0.2943396226

		10.763		9.8		1.96		0.5056603774

		10.959		15.4		3.08		1.0943396226

		11.155		9.8		1.96		0.5056603774

		11.35		14.6		2.92		0.2943396226

		11.546		9.8		1.96		0.5056603774

		11.742		14.6		2.92		0.2943396226

		11.937		9		1.8		1.3056603774

		12.133		14.6		2.92		0.2943396226

		12.329		9.8		1.96		0.5056603774

		12.524		14.6		2.92		0.2943396226

		12.72		9.8		1.96		0.5056603774

		12.916		13.8		2.76		-0.5056603774

		13.112		9.8		1.96		0.5056603774

		13.307		14.6		2.92		0.2943396226

		13.503		9.8		1.96		0.5056603774

		13.699		14.6		2.92		0.2943396226

		13.894		9.8		1.96		0.5056603774

		14.09		14.6		2.92		0.2943396226

		14.286		9		1.8		1.3056603774

		14.481		14.6		2.92		0.2943396226

		14.677		9.8		1.96		0.5056603774

		14.873		14.6		2.92		0.2943396226

		15.068		9.8		1.96		0.5056603774

		15.264		14.6		2.92		0.2943396226

		15.46		9.8		1.96		0.5056603774

		15.656		14.6		2.92		0.2943396226

		15.851		9.8		1.96		0.5056603774

		16.047		15.4		3.08		1.0943396226

		16.243		9		1.8		1.3056603774

		16.438		16.2		3.24		1.8943396226

		16.634		7.4		1.48		2.9056603774

		16.83		18.6		3.72		4.2943396226

		17.025		5.8		1.16		4.5056603774

		17.221		20.2		4.04		5.8943396226

		17.417		3.4		0.68		6.9056603774

		17.613		21		4.2		6.6943396226

		17.808		4.2		0.84		6.1056603774

		18.004		21		4.2		6.6943396226

		18.2		3.4		0.68		6.9056603774

		18.395		21.8		4.36		7.4943396226

		18.591		2.6		0.52		7.7056603774

		18.787		23.4		4.68		9.0943396226

		18.982		1		0.2		9.3056603774

		19.178		25		5		10.6943396226

		19.374		-0.6		-0.12		10.9056603774

		19.569		25.8		5.16		11.4943396226

		19.765		-2.2		-0.44		12.5056603774

		19.961		28.2		5.64		13.8943396226

		20.157		-3		-0.6		13.3056603774

		20.352		29.8		5.96		15.4943396226

		20.548		-6.2		-1.24		16.5056603774

		20.744		33		6.6		18.6943396226

		20.939		-8.6		-1.72		18.9056603774

		21.135		37.8		7.56		23.4943396226

		21.331		-12.6		-2.52		22.9056603774

		21.526		41		8.2		26.6943396226

		21.722		-16.6		-3.32		26.9056603774

		21.918		45.8		9.16		31.4943396226

		22.114		-21.4		-4.28		31.7056603774

		22.309		49.8		9.96		35.4943396226

		22.505		-25.4		-5.08		35.7056603774

		22.701		54.6		10.92		40.2943396226

		22.896		-29.4		-5.88		39.7056603774

		23.092		58.6		11.72		44.2943396226

		23.288		-35		-7		45.3056603774

		23.483		62.6		12.52		48.2943396226

		23.679		-37.4		-7.48		47.7056603774

		23.875		65.8		13.16		51.4943396226

		24.07		-40.6		-8.12		50.9056603774

		24.266		68.2		13.64		53.8943396226

		24.462		-44.6		-8.92		54.9056603774

		24.658		71.4		14.28		57.0943396226

		24.853		-45.4		-9.08		55.7056603774

		25.049		74.6		14.92		60.2943396226		81.0208167863

		25.245		-48.6		-9.72		58.9056603774		80.3880970848

		25.44		76.2		15.24		61.8943396226		79.7635089878

		25.636		-51		-10.2		61.3056603774		79.1406080396

		25.832		78.6		15.72		64.2943396226		78.5225715413

		26.027		-53.4		-10.68		63.7056603774		77.9124779415

		26.223		81		16.2		66.6943396226		77.3040323377

		26.419		-55		-11		65.3056603774		76.7003382971

		26.614		82.6		16.52		68.2943396226		76.1044028281

		26.81		-57.4		-11.48		67.7056603774		75.5100771109

		27.006		84.2		16.84		69.8943396226		74.9203926897

		27.202		-58.2		-11.64		68.5056603774		74.335313319

		27.397		84.2		16.84		69.8943396226		73.7577532875

		27.593		-59		-11.8		69.3056603774		73.1817533717

		27.789		85		17		70.6943396226		72.6102516394

		27.984		-59		-11.8		69.3056603774		72.0460947487

		28.18		84.2		16.84		69.8943396226		71.4834617691

		28.376		-59		-11.8		69.3056603774		70.9252225858

		28.571		83.4		16.68		69.0943396226		70.3741577962

		28.767		-56.6		-11.32		66.9056603774		69.8245815529

		28.963		80.2		16.04		65.8943396226		69.2792971415

		29.159		-55		-11		65.3056603774		68.7382710454

		29.354		76.2		15.24		61.8943396226		68.2041981234

		29.55		-51.8		-10.36		62.1056603774		67.671567849

		29.746		73		14.6		58.6943396226		67.1430970694

		29.941		-47		-9.4		57.3056603774		66.6214181051

		30.137		66.6		13.32		52.2943396226		66.1011483096

		30.333		-41.4		-8.28		51.7056603774		65.5849414817

		30.528		60.2		12.04		45.8943396226		65.075368855

		30.724		-35.8		-7.16		46.1056603774		64.5671726951

		30.92		53.8		10.76		39.4943396226		64.0629452156

		31.115		-28.6		-5.72		38.9056603774		63.5651979807

		31.311		47.4		9.48		33.0943396226		63.0687952698

		31.507		-22.2		-4.44		32.5056603774		62.5762691401

		31.703		40.2		8.04		25.8943396226		62.0875893181

		31.898		-14.2		-2.84		24.5056603774		61.6051899248

		32.094		33.8		6.76		19.4943396226		61.1240935976

		32.29		-8.6		-1.72		18.9056603774		60.6467543188

		32.485		32.2		6.44		17.8943396226		60.175549722

		32.681		-7.8		-1.56		18.1056603774		59.7056179518

		32.877		32.2		6.44		17.8943396226		59.239356042

		33.072		-7.8		-1.56		18.1056603774		58.7790864498

		33.268		31.4		6.28		17.0943396226		58.3200601464

		33.464		-6.2		-1.24		16.5056603774		57.8646185387

		33.659		29.8		5.96		15.4943396226		57.4150301881

		33.855		-6.2		-1.24		16.5056603774		56.9666562738

		34.051		29.8		5.96		15.4943396226		56.5217838672

		34.247		-5.4		-1.08		15.7056603774		56.0803856237

		34.442		29.8		5.96		15.4943396226		55.6446601542

		34.638		-5.4		-1.08		15.7056603774		55.2101116745

		34.834		30.6		6.12		16.2943396226		54.7789567348

		35.029		-6.2		-1.24		16.5056603774		54.3533429239

		35.225		31.4		6.28		17.0943396226		53.928878789

		35.421		-7		-1.4		17.3056603774		53.5077294419

		35.616		32.2		6.44		17.8943396226		53.0919926336

		35.812		-7.8		-1.56		18.1056603774		52.6773788212

		36.008		33.8		6.76		19.4943396226		52.2660028721

		36.204		-10.2		-2.04		20.5056603774		51.8578395006

		36.399		36.2		7.24		21.8943396226		51.4549217745

		36.595		-11		-2.2		21.3056603774		51.0530924171

		36.791		37.8		7.56		23.4943396226		50.6544010847

		36.986		-14.2		-2.84		24.5056603774		50.2608336645

		37.182		41		8.2		26.6943396226		49.868329356

		37.378		-15.8		-3.16		26.1056603774		49.4788902499

		37.573		42.6		8.52		28.2943396226		49.094456148

		37.769		-17.4		-3.48		27.7056603774		48.7110604866

		37.965		44.2		8.84		29.8943396226		48.3306588951

		38.16		-19.8		-3.96		30.1056603774		47.9551461592

		38.356		46.6		9.32		32.2943396226		47.5806477652

		38.552		-20.6		-4.12		30.9056603774		47.2090739593

		38.748		49		9.8		34.6943396226		46.8404019023

		38.943		-23		-4.6		33.3056603774		46.476467955

		39.139		50.6		10.12		36.2943396226		46.1135170728

		39.335		-25.4		-5.08		35.7056603774		45.7534006001

		39.53		52.2		10.44		37.8943396226		45.3979122822

		39.726		-27.8		-5.56		38.1056603774		45.0433842159

		39.922		53		10.6		38.6943396226		44.6916247823

		40.117		-28.6		-5.72		38.9056603774		44.3443861004

		40.313		55.4		11.08		41.0943396226		43.998085386

		40.509		-29.4		-5.88		39.7056603774		43.6544890541

		40.705		55.4		11.08		41.0943396226		43.3135759853

		40.9		-30.2		-6.04		40.5056603774		42.9770442726

		41.096		55.4		11.08		41.0943396226		42.6414216054

		41.292		-31.8		-6.36		42.1056603774		42.3084199323

		41.487		55.4		11.08		41.0943396226		41.9796979392

		41.683		-31		-6.2		41.3056603774		41.651863896

		41.879		55.4		11.08		41.0943396226		41.3265900227

		42.074		-31		-6.2		41.3056603774		41.0054965132

		42.27		53.8		10.76		39.4943396226		40.6852703473

		42.466		-29.4		-5.88		39.7056603774		40.3675449388

		42.661		53		10.6		38.6943396226		40.0539028825

		42.857		-28.6		-5.72		38.9056603774		39.7411080419

		43.053		51.4		10.28		37.0943396226		39.4307559248

		43.249		-26.2		-5.24		36.5056603774		39.1228274552

		43.444		47.4		9.48		33.0943396226		38.8188564291

		43.64		-23.8		-4.76		34.1056603774		38.5157064953

		43.836		44.2		8.84		29.8943396226		38.2149239645

		44.031		-19.8		-3.96		30.1056603774		37.918007039

		44.227		41		8.2		26.6943396226		37.6218921509

		44.423		-17.4		-3.48		27.7056603774		37.3280897268

		44.618		37.8		7.56		23.4943396226		37.0380632008

		44.814		-12.6		-2.52		22.9056603774		36.7488200998

		45.01		33.8		6.76		19.4943396226		36.4618357987

		45.205		-9.4		-1.88		19.7056603774		36.1785397703

		45.401		29		5.8		14.6943396226		35.8960089863

		45.597		-4.6		-0.92		14.9056603774		35.6156845834

		45.793		27.4		5.48		13.0943396226		35.3375493311

		45.988		-3		-0.6		13.3056603774		35.062988625

		46.184		25.8		5.16		11.4943396226		34.7891695675

		46.38		-2.2		-0.44		12.5056603774		34.517488858

		46.575		26.6		5.32		12.2943396226		34.2492997422

		46.771		-2.2		-0.44		12.5056603774		33.9818350638

		46.967		26.6		5.32		12.2943396226		33.7164591099

		47.162		-1.4		-0.28		11.7056603774		33.454493722

		47.358		25		5		10.6943396226		33.1932359598

		47.554		-0.6		-0.12		10.9056603774		32.9340184503

		47.75		25		5		10.6943396226		32.6768252603

		47.945		-0.6		-0.12		10.9056603774		32.4229374729

		48.141		24.2		4.84		9.8943396226		32.1697354918

		48.337		-0.6		-0.12		10.9056603774		31.9185108529

		48.532		24.2		4.84		9.8943396226		31.6705149098

		48.728		-0.6		-0.12		10.9056603774		31.4231888579

		48.924		24.2		4.84		9.8943396226		31.177794261

		49.119		0.2		0.04		10.1056603774		30.9355534331

		49.315		25		5		10.6943396226		30.6939669507

		49.511		-0.6		-0.12		10.9056603774		30.4542671009

		49.706		26.6		5.32		12.2943396226		30.2176478324

		49.902		-0.6		-0.12		10.9056603774		29.9816677241

		50.098		26.6		5.32		12.2943396226		29.7475304665

		50.294		-1.4		-0.28		11.7056603774		29.515221668

		50.489		27.4		5.48		13.0943396226		29.2858984622

		50.685		-3		-0.6		13.3056603774		29.0571947084

		50.881		29		5.8		14.6943396226		28.8302769817

		51.076		-5.4		-1.08		15.7056603774		28.6062755624

		51.272		30.6		6.12		16.2943396226		28.38287922

		51.468		-5.4		-1.08		15.7056603774		28.1612274571

		51.663		31.4		6.28		17.0943396226		27.9424243245

		51.859		-7		-1.4		17.3056603774		27.7242122269

		52.055		32.2		6.44		17.8943396226		27.5077042234

		52.25		-8.6		-1.72		18.9056603774		27.2939787434

		52.446		33.8		6.76		19.4943396226		27.0808305827

		52.642		-9.4		-1.88		19.7056603774		26.8693469699

		52.838		34.6		6.92		20.2943396226		26.6595149061

		53.033		-10.2		-2.04		20.5056603774		26.4523795679

		53.229		36.2		7.24		21.8943396226		26.2458037474

		53.425		-11		-2.2		21.3056603774		26.0408411492

		53.62		36.2		7.24		21.8943396226		25.838512695

		53.816		-11.8		-2.36		22.1056603774		25.6367307742

		54.012		37.8		7.56		23.4943396226		25.4365246384

		54.207		-13.4		-2.68		23.7056603774		25.2388915174

		54.403		37.8		7.56		23.4943396226		25.0417922467

		54.599		-13.4		-2.68		23.7056603774		24.8462321925

		54.795		38.6		7.72		24.2943396226		24.6521993348

		54.99		-13.4		-2.68		23.7056603774		24.4606601539

		55.186		38.6		7.72		24.2943396226		24.2696383622

		55.382		-14.2		-2.84		24.5056603774		24.0801083259

		55.577		37.8		7.56		23.4943396226		23.8930140971

		55.773		-13.4		-2.68		23.7056603774		23.7064252505

		55.969		37		7.4		22.6943396226		23.5212935412

		56.164		-12.6		-2.52		22.9056603774		23.3385411126

		56.36		36.2		7.24		21.8943396226		23.1562823382

		56.556		-11.8		-2.36		22.1056603774		22.9754468859

		56.751		35.4		7.08		21.0943396226		22.7969354996

		56.947		-11		-2.2		21.3056603774		22.6189063116

		57.143		34.6		6.92		20.2943396226		22.4422674154

		57.339		-9.4		-1.88		19.7056603774		22.2670079536

		57.534		31.4		6.28		17.0943396226		22.0940008963

		57.73		-7		-1.4		17.3056603774		21.9214611687

		57.926		29.8		5.96		15.4943396226		21.7502688639

		58.121		-4.6		-0.92		14.9056603774		21.581276693

		58.317		27.4		5.48		13.0943396226		21.4127410069

		58.513		-3.8		-0.76		14.1056603774		21.2455214745

		58.708		25.8		5.16		11.4943396226		21.0804510187

		58.904		-1.4		-0.28		11.7056603774		20.9158264542

		59.1		23.4		4.68		9.0943396226		20.7524875001

		59.295		0.2		0.04		10.1056603774		20.5912477501

		59.491		22.6		4.52		8.2943396226		20.4304435439

		59.687		2.6		0.52		7.7056603774		20.2708951136

		59.883		22.6		4.52		8.2943396226		20.1125926524

		60.078		2.6		0.52		7.7056603774		19.9563246671

		60.274		21.8		4.36		7.4943396226		19.8004787958

		60.47		1.8		0.36		8.5056603774		19.6458499791

		60.665		21.8		4.36		7.4943396226		19.4932084252

		60.861		2.6		0.52		7.7056603774		19.3409791895

		61.057		21.8		4.36		7.4943396226		19.1899387647

		61.252		3.4		0.68		6.9056603774		19.0408394855

		61.448		21.8		4.36		7.4943396226		18.892142956

		61.644		2.6		0.52		7.7056603774		18.7446076493

		61.84		21		4.2		6.6943396226		18.5982244971

		62.035		3.4		0.68		6.9056603774		18.4537226359

		62.231		20.2		4.04		5.8943396226		18.3096111058

		62.427		3.4		0.68		6.9056603774		18.1666249927

		62.622		21		4.2		6.6943396226		18.0254765124

		62.818		4.2		0.84		6.1056603774		17.884709305

		63.014		21		4.2		6.6943396226		17.7450413977

		63.209		4.2		0.84		6.1056603774		17.6071684782

		63.405		20.2		4.04		5.8943396226		17.4696679835

		63.601		3.4		0.68		6.9056603774		17.333241278

		63.796		21.8		4.36		7.4943396226		17.198567905

		63.992		3.4		0.68		6.9056603774		17.0642583142

		64.188		21.8		4.36		7.4943396226		16.9309975936

		64.384		2.6		0.52		7.7056603774		16.7987775523

		64.579		21.8		4.36		7.4943396226		16.6682567801

		64.775		2.6		0.52		7.7056603774		16.5380885731

		64.971		23.4		4.68		9.0943396226		16.4089368948

		65.166		0.2		0.04		10.1056603774		16.2814450516

		65.362		24.2		4.84		9.8943396226		16.1542975917

		65.558		0.2		0.04		10.1056603774		16.0281430704

		65.753		25		5		10.6943396226		15.9036098654

		65.949		-0.6		-0.12		10.9056603774		15.7794130517

		66.145		25.8		5.16		11.4943396226		15.6561861341

		66.341		-0.6		-0.12		10.9056603774		15.5339215383

		66.536		26.6		5.32		12.2943396226		15.4132282659

		66.732		-1.4		-0.28		11.7056603774		15.2928610125

		66.928		26.6		5.32		12.2943396226		15.1734337488

		67.123		-3		-0.6		13.3056603774		15.0555413436

		67.319		27.4		5.48		13.0943396226		14.9379673916

		67.515		-3		-0.6		13.3056603774		14.8213116154

		67.71		27.4		5.48		13.0943396226		14.7061550791

		67.906		-3		-0.6		13.3056603774		14.5913096058

		68.102		27.4		5.48		13.0943396226		14.4773610007

		68.297		-3		-0.6		13.3056603774		14.3648768434

		68.493		28.2		5.64		13.8943396226		14.2526965304

		68.689		-3.8		-0.76		14.1056603774		14.1413922724

		68.885		28.2		5.64		13.8943396226		14.030957228

		69.08		-3		-0.6		13.3056603774		13.9219414758

		69.276		28.2		5.64		13.8943396226		13.8132201989

		69.472		-3		-0.6		13.3056603774		13.7053479642

		69.667		27.4		5.48		13.0943396226		13.5988620849

		69.863		-2.2		-0.44		12.5056603774		13.4926638472

		70.059		26.6		5.32		12.2943396226		13.3872949485

		70.254		-2.2		-0.44		12.5056603774		13.2832802326

		70.45		25.8		5.16		11.4943396226		13.1795464832

		70.646		-2.2		-0.44		12.5056603774		13.0766228267

		70.841		25		5		10.6943396226		12.9750219273

		71.037		-0.6		-0.12		10.9056603774		12.8736954741

		71.233		24.2		4.84		9.8943396226		12.7731603144

		71.429		0.2		0.04		10.1056603774		12.6734102686

		71.624		23.4		4.68		9.0943396226		12.5749421932

		71.82		0.2		0.04		10.1056603774		12.4767401016

		72.016		21.8		4.36		7.4943396226		12.3793049043

		72.211		2.6		0.52		7.7056603774		12.2831219273

		72.407		20.2		4.04		5.8943396226		12.1871987615

		72.603		3.4		0.68		6.9056603774		12.0920246931

		72.798		19.4		3.88		5.0943396226		11.9980737853

		72.994		5		1		5.3056603774		11.9043766595

		73.19		19.4		3.88		5.0943396226		11.8114112471

		73.386		5		1		5.3056603774		11.7191718339

		73.581		19.4		3.88		5.0943396226		11.6281178657

		73.777		5		1		5.3056603774		11.5373098542

		73.973		19.4		3.88		5.0943396226		11.447210994

		74.168		5.8		1.16		4.5056603774		11.3582700687

		74.364		19.4		3.88		5.0943396226		11.2695693924

		74.56		5		1		5.3056603774		11.1815614104

		74.755		18.6		3.72		4.2943396226		11.0946844919

		74.951		5		1		5.3056603774		11.0080422469

		75.147		18.6		3.72		4.2943396226		10.9220766212

		75.342		5.8		1.16		4.5056603774		10.837215811

		75.538		18.6		3.72		4.2943396226		10.7525842283

		75.734		5.8		1.16		4.5056603774		10.6686135631

		75.93		18.6		3.72		4.2943396226		10.5852986539

		76.125		6.6		1.32		3.7056603774		10.5030544936

		76.321		18.6		3.72		4.2943396226		10.4210324928

		76.517		6.6		1.32		3.7056603774		10.3396510302

		76.712		17.8		3.56		3.4943396226		10.2593154682

		76.908		6.6		1.32		3.7056603774		10.17919691

		77.104		17.8		3.56		3.4943396226		10.0997040255

		77.299		5.8		1.16		4.5056603774		10.0212327699

		77.495		17.8		3.56		3.4943396226		9.9429734822

		77.691		6.6		1.32		3.7056603774		9.8653253485

		77.886		18.6		3.72		4.2943396226		9.7886751353

		78.082		6.6		1.32		3.7056603774		9.712231971

		78.278		19.4		3.88		5.0943396226		9.6363857779

		78.474		5.8		1.16		4.5056603774		9.5611318941

		78.669		19.4		3.88		5.0943396226		9.4868451602

		78.865		5		1		5.3056603774		9.412759091

		79.061		19.4		3.88		5.0943396226		9.3392515857

		79.256		5		1		5.3056603774		9.2666887861

		79.452		21		4.2		6.6943396226		9.1943219945

		79.648		4.2		0.84		6.1056603774		9.1225203403

		79.843		21		4.2		6.6943396226		9.0516414686

		80.039		3.4		0.68		6.9056603774		8.9809540563

		80.235		21.8		4.36		7.4943396226		8.9108186664

		80.431		2.6		0.52		7.7056603774		8.8412309882

		80.626		21.8		4.36		7.4943396226		8.7725376389

		80.822		2.6		0.52		7.7056603774		8.7040298452

		81.018		21.8		4.36		7.4943396226		8.6360570527

		81.213		2.6		0.52		7.7056603774		8.5689578349

		81.409		21.8		4.36		7.4943396226		8.5020398666

		81.605		2.6		0.52		7.7056603774		8.4356444841

		81.8		21.8		4.36		7.4943396226		8.3701024035

		81.996		2.6		0.52		7.7056603774		8.3047373664

		82.192		21.8		4.36		7.4943396226		8.2398827876

		82.387		1.8		0.36		8.5056603774		8.1758617087

		82.583		23.4		4.68		9.0943396226		8.1120135646

		82.779		1.8		0.36		8.5056603774		8.0486640329

		82.975		21.8		4.36		7.4943396226		7.9858092197

		83.17		2.6		0.52		7.7056603774		7.9237622058

		83.366		21.8		4.36		7.4943396226		7.8618827943

		83.562		2.6		0.52		7.7056603774		7.8004866207

		83.757		21		4.2		6.6943396226		7.7398795001

		83.953		2.6		0.52		7.7056603774		7.6794360926

		84.149		21		4.2		6.6943396226		7.6194647086

		84.344		3.4		0.68		6.9056603774		7.5602640665

		84.54		20.2		4.04		5.8943396226		7.5012233383

		84.736		4.2		0.84		6.1056603774		7.4426436797

		84.932		20.2		4.04		5.8943396226		7.3845214899

		85.127		4.2		0.84		6.1056603774		7.3271462765

		85.323		19.4		3.88		5.0943396226		7.2699260461

		85.519		5		1		5.3056603774		7.2131526683

		85.714		19.4		3.88		5.0943396226		7.1571089322

		85.91		6.6		1.32		3.7056603774		7.1012165825

		86.106		18.6		3.72		4.2943396226		7.0457607155

		86.301		5.8		1.16		4.5056603774		6.9910175578

		86.497		17		3.4		2.6943396226		6.9364222733

		86.693		7.4		1.48		2.9056603774		6.8822533424

		86.888		17.8		3.56		3.4943396226		6.8287805812

		87.084		6.6		1.32		3.7056603774		6.7754522616

		87.28		17		3.4		2.6943396226		6.7225404014

		87.476		7.4		1.48		2.9056603774		6.6700417483

		87.671		17		3.4		2.6943396226		6.6182177988

		87.867		7.4		1.48		2.9056603774		6.5665338371

		88.063		17.8		3.56		3.4943396226		6.5152534934

		88.258		7.4		1.48		2.9056603774		6.4646321959

		88.454		16.2		3.24		1.8943396226		6.4141476375

		88.65		7.4		1.48		2.9056603774		6.3640573306

		88.845		17		3.4		2.6943396226		6.3146107757

		89.041		7.4		1.48		2.9056603774		6.2652977867

		89.237		17		3.4		2.6943396226		6.2163699

		89.432		7.4		1.48		2.9056603774		6.168070826

		89.628		16.2		3.24		1.8943396226		6.1199022184

		89.824		8.2		1.64		2.1056603774		6.0721097762

		90.02		16.2		3.24		1.8943396226		6.0246905618

		90.215		8.2		1.64		2.1056603774		5.9778807709

		90.411		16.2		3.24		1.8943396226		5.9311974235

		90.607		8.2		1.64		2.1056603774		5.8848786426

		90.802		15.4		3.08		1.0943396226		5.8391551426

		90.998		7.4		1.48		2.9056603774		5.7935551518

		91.194		16.2		3.24		1.8943396226		5.7483112672

		91.389		8.2		1.64		2.1056603774		5.7036488492

		91.585		16.2		3.24		1.8943396226		5.6591070741

		91.781		8.2		1.64		2.1056603774		5.6149131413

		91.977		17		3.4		2.6943396226		5.5710643342

		92.172		8.2		1.64		2.1056603774		5.5277790644

		92.368		17		3.4		2.6943396226		5.4846107175

		92.564		7.4		1.48		2.9056603774		5.4417794873

		92.759		17		3.4		2.6943396226		5.3994987167

		92.955		5.8		1.16		4.5056603774		5.3573321556

		93.151		17.8		3.56		3.4943396226		5.3154948879

		93.346		7.4		1.48		2.9056603774		5.2741953056

		93.542		17.8		3.56		3.4943396226		5.2330072824

		93.738		6.6		1.32		3.7056603774		5.1921409108

		93.933		18.6		3.72		4.2943396226		5.1517997468

		94.129		6.6		1.32		3.7056603774		5.111567553

		94.325		18.6		3.72		4.2943396226		5.0716495464

		94.521		6.6		1.32		3.7056603774		5.0320432735

		94.716		18.6		3.72		4.2943396226		4.9929460135

		94.912		5.8		1.16		4.5056603774		4.9539543637

		95.108		17.8		3.56		3.4943396226		4.9152672133

		95.303		6.6		1.32		3.7056603774		4.8770772635

		95.499		19.4		3.88		5.0943396226		4.838990473

		95.695		6.6		1.32		3.7056603774		4.8012011155

		95.89		18.6		3.72		4.2943396226		4.7638974204

		96.086		5.8		1.16		4.5056603774		4.7266944907

		96.282		18.6		3.72		4.2943396226		4.6897820915

		96.477		5.8		1.16		4.5056603774		4.6533440842

		96.673		19.4		3.88		5.0943396226		4.6170045038

		96.869		5.8		1.16		4.5056603774		4.5809487119

		97.065		18.6		3.72		4.2943396226		4.5451744922

		97.26		5.8		1.16		4.5056603774		4.5098600366

		97.456		17.8		3.56		3.4943396226		4.474640973
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Coherent control of single-photon resonator output pulse using one 
backward control pulse

• Lead pulse and one backward propagating control
pulse incident on resonator 

• Single pulse transmitted and single pulse reflected 
with no ring-down
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Coherent control of single-photon resonator output pulse using one 
backward control pulse

Single reflected 
photon pulse 

energy density

Spatial extent of 
Fabry-Perot 
resonator LC=15λ0

Incident lead 
photon pulse 

energy density

Transmitted 
photon energy 
density as single 
pulse

Backward 
propagating 
control pulse
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m
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Space

τ0  = 5 fs
τp = 80 fs
τRT= 150 fs
τQ = 153 fs

26



Coherent control of single-photon resonator output pulse using two 
backward control pulses

• Lead pulse and two backward propagating control pulses 
incident on resonator 

• Dual pulse transmitted with no ring-down
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Coherent control of single-photon resonator output pulse using two 
backward control pulses

Single reflected 
photon pulse 

energy density

Spatial extent of 
Fabry-Perot 

resonator LC=15λ0
Incident lead 
photon pulse 

energy density

Two transmitted 
photon energy 
density pulses

No reflection 
at zeroth and
first RT

Space
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m
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Backward 
propagating 
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τ0  = 5 fs
τp = 80 fs
τRT= 150 fs
τQ = 153 fs
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Coherent control using one forward and one backward control pulse (or 
a very small pulse can control two large pulses)

• Lead pulse and one forward and one small backward 
propagating control pulse incident on resonator 

• Two pulses reflected with no ring-down
• Note small energy in backward propagating control 

pulse
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Coherent control using one forward and one backward control pulse

Reflected 
photon energy 
density pulses

Spatial extent of 
Fabry-Perot resonator 
LC=15λ0

Incident lead 
photon pulse 

energy density
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propagating 
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m

e
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propagating 
control pulse

τ0  = 5 fs
τp = 80 fs
τRT= 150 fs
τQ = 153 fs
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Coherent control using one forward and two backward control pulses

• Lead pulse and one forward and two backward 
propagating control pulses incident on resonator 

• Single pulse transmitted and single pulse reflected 
with no ring-down
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Coherent control using one forward and two backward control pulses

Reflected 
photon energy 

density pulse

Spatial extent of 
Fabry-Perot resonator 
LC=15λ0

Incident lead 
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τ0  = 5 fs
τp = 80 fs
τRT= 150 fs
τQ = 153 fs
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Coherent control of single-photon resonator output pulses using 
multiple control pulses

• Lead pulse and three control pulses incident on resonator 
• Three identical pulses transmitted and dual pulse reflected with no ring-down
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Coherent control of single-photon resonator output pulse using three
control pulses
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Dual reflected 
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energy density
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No reflection 
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Coherent control of single-photon resonator output pulse using three
control pulses
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Geometric series using coherent control pulses to confine photon 
energy density in resonator
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Coherent control
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Markovianity measure D(t) of single photon 

• System (defined as some region of domain) coupled to continuum at ±∞
• Unitary evolution of initial state eventually dissipates 
• Define spatial region A in domain and consider freely propagating photon pulse 

through this region
• Under these conditions one may expect any measure of Markovianity in region A to 

indicate Markovian behavior
• Information leaks out of region A as the photon energy density decays into the 

continuum

Rectangular photon pulse 
ψ1(x,t) propagating in free-
space from left to right 

Region A
38



• Two initially non-interacting (non-overlapping) photon pulses with unitary evolution 
and initial states such that ψ2(x, t) = ψ1(x, t+τΜ) for fixed delay τΜ have Hilbert-
Schmidt measure in spatial region A given by (Lorenzo Campos Venuti)

• The system is considered Markovian if initial states ψ1(x, t) and ψ2(x, t) are both in 
spatial region A and D(t) subsequently decreases monotonically with time

• Example: non-interacting rectangular photon pulse propagating in free-space 

Hilbert-Schmidt measure D(t) and Markovianity

Rectangular photon pulse 
ψ1(x,t) and time shifted 
pulse ψ2(x,t) = ψ1(x,t+τM)
both freely propagating in 
region A such that 
normalized measure 
D(t)=1

Monotonic decrease of 
D(t) as ψ1(x,t) and 
ψ2(x,t) leave and 
information leaks out 
of region A

2 2 2
2 2 *

1 2 1 2ψ ( , ) ψ ( , ) 2 ψ ( , )ψ ( , )
( )

2

   
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∫ ∫ ∫
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x t dx x t dx x t x t dx
D t
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Hilbert-Schmidt measure D(t) of photon interacting with Fabry-Perot 
dielectric resonator

• A (blue curve)   left of dielectric resonator with some energy density flow into region
• B (black curve)  which is in dielectric resonator with energy density flow into region 
• C (red curve)     to right of dielectric resonator
• Note: Extent of region in domain and definition of system, subsystem, bath, etc., is 

arbitrary

Rectangular photon pulse 
propagating from left to right

Dielectric 
resonator

Region BRegion A Region C 40



• Incident pulse-width τp < τRT, τQ 

• Single incident pulse produces multiple output pulses (ring-down) spaced at cavity 
round-trip time and of decreasing energy density as resonator decay Q/te τ−

τ0  =5fs
τRT=150fs
τQ  =153fs
τM  =225fs

Hilbert-Schmidt measure D(t) of photon interacting with Fabry-Perot 
dielectric resonator
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• A (blue curve)   left of dielectric resonator with some energy density flow into region
• B (black curve)  which is in dielectric resonator with energy density flow into region 
• C (red curve)     to right of dielectric resonator

Dielectric 
resonator

Transmitted output to 
right of dielectric 
resonator

Left of 
dielectric 
resonator

Non-monotonic decrease of D(t) 
because energy density is reflected at 
resonator and energy density is stored 
and subsequently released from 
resonant cavity

Photon pulse ψ1(x,t) and 
time-shifted pulse ψ2(x,t) = 
ψ1(x,t+τΜ) both initially 
propagating freely in 
region A

No control pulse With single control pulse at τ = τRT

τ0  =5fs
τRT=150fs
τQ  =153fs
τM  =225fs

Hilbert-Schmidt measure D(t) of photon interacting with Fabry-Perot 
dielectric resonator

Non-Markovian Non-Markovian

Control pulse ensures 
simple Markovian 
transmitted output
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B
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Dielectric 
resonator

Transmitted output 
to right of dielectric 
resonator

Left of 
dielectric 
resonator

Non-Markovian
Mamp0000T030M45.tif

A

B
C

No control pulse With single control pulse at τ = τRT

Integrated non-Markovianity, DI(t)=Σi(∆D(ti)|positive)

Non-Markovian
Mamp0525T030M45.tif

τ0  =5fs
τRT=150fs
τQ =153fs
τM =225fs

Non-Markovian
Non-Markovian

Mamp0000T030M45DI.tif Mamp0525T030M45DI.tif

Continued increase limited 
by pulse leaving domain
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No control pulse With single control pulse at τ = τRT

Integrated non-Markovianity, DI(t)=Σi(∆D(ti)|positive)

τ0  =5fs
τRT=150fs
τQ  =153fs
τM  =150fs

(b)(a)

(d)(c)

Non-Markovianity to
right of resonator

Left of 
resonator

A

C

Transmitted pure 
Markovian pulse to 
right of resonator

Transmitted pure 
Markovian pulse  to 
right of resonator

Non-Markovianity to 
right of resonator

A

C

A

C

A

C
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No control pulse
Cavity length L=120 x λ0
Sub-space B’ is left-side half-cavity of length L/2

Integrated non-Markovianity, DI(t)=Σi(∆D(ti)|positive)

τ0  =5fs
τRT=150fs
τQ  =153fs
τM  =150fs

B

B'

45



Summary: Coherent control of single-photon energy density in a 
resonator

• Photonic resonator with lossless dielectric mirrors driven by phase-coherent source 
is open system coupled to continuum that evolves with unitary dynamics

• Photon wave function, Ψ(x,t), describes single-photon energy density, U(x,t)=|Ψ(x,t)|2

• Multiple resonator round-trip times, τRT, required to build-up steady-state behavior
• Steady-state behavior evolves exponentially during characteristic resonator time, τQ

• Transient behavior controlled by incident waveform
• Non-Markovian dynamics because mirror reflections and energy stored in resonator
• Can eliminate all energy density in resonator in less than one round-trip time, τRT

• Can control exact number of identical transmitted and reflected pulses at multiples of 
round-trip time, τRT

• Can use control to pass long pulses, τP>τRT, through resonator
• Control of transient behavior is also control of Markovianity (and hence information 

flow)
• Non-Markovianity may be viewed as resource for quantum information processing

• Natural time scales are {τ0, τRT, τQ } < τCoh

• Resource for manipulation of single-photon quantum states
• Use waveform as sensor probe of resonant structures (inverse problem)
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OBJECTIVE:
 Demonstrate coherent quantum control of single-photon 

dynamics in an optical storage device
 Apply techniques developed to demonstrate control of non-

Markovianity

APPROACH
 Use photon pulse injected into Fabry-Perot resonator as model 
system coupled to continuum and simulate in space-time domain 
 Exert precise control on photon dynamics using coherent 
control pulses and intuitive resonant control protocol
 Use L. Campos Venuti’s computationally-efficient measure of 
non-Markovianity: N. Chancellor, C. Petri, L. Campos Venuti, A.F.J. 
Levi, and S. Haas, Phys. Rev. A (2014)

Coherent control of single-photon transient dynamics in a Fabry-Perot resonator

ACCOMPLISHMENTS: Successfully demonstrated control of single-
photon transient dynamics in Fabry-Perot resonator
and measure of non-Markovianty
 A first step to exploitation of non-Markovian transient photon 
dynamics as a resource in coherent quantum systems
 Established methodology and techniques for further study

A.F.J. Levi, L. Campos Venuti, T. Albash, and S. Haas, “Coherent control of non-Markovian photon resonator dynamics” Phys. Rev. A (2014)
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OBJECTIVE:

 Demonstrate coherent quantum control of single-photon 
dynamics may be applied to boolean logic and perform 
exhaustive search in minimal linear device design sub-space for 
all feasible logic operations

APPROACH
 Basic (minimal) device building block is symmetric 50:50 single-
photon beam-splitter 
 Formally enumerate all tree structures up to depth of k in 
which tree-structures have no feedback and no re-convergent fan-
out
 Combine two phase shifters/Modulators with one beam splitter 
to reduce the enumeration complexity
 Use physical model to validate results

Coherent control of single-photon transient dynamics for logic

ACCOMPLISHMENTS: Successfully enumerated all boolean logic using 
minimal components and constraints  
 Constrained to single-photon, beam-splitter, amplitude 
modulator, phase shifter, and tree-structure
 Components indicate events, i.e. an interaction between pulses 
and a particular component at some point in time and space
 Successfully demonstrated NAND and so complete for boolean
logic
 Also, NOT, OR, XOR, XNOR,  and multiplexing
 AND and NOR are not feasible
 Reshaping, retiming, and re-amplifying (3R) output may be 
achieved for classical light using a saturable absorber, however, the 
single-photon version of 3R is unknown

A. Abouzaid, F. Wang, S. Gupta, and A.F.J. Levi

ACCOMPLISHMENTS: Exact suppression of reflection at beam-
splitter using control pulse 
 Optical pulse contains 
broad spectrum of 
frequency components 
that interact with 
symmetric 50:50 single-
photon beam-splitter 
 Optimal control pulse 
to suppress reflection 
requires search for 
coherent single-photon 
phase and amplitude 
field parameters  

ACCOMPLISHMENTS: Enumerator discovers all feasible boolean
logic tree-structures
 High-level simulator checks if feasible solution exists (to depth k
in tree-structure) for a designated boolean function
 If no feasible solution is found by the high-level simulator, then 
that logic function cannot be implemented using only linear 
components connected in a tree-structure

Example of non-optimal suppression 
of reflection (10-25)

 For any n-input configuration 
created using only linear components 
connected in a tree-structure, if a 
feasible solution exists for a given 
boolean function in the high level
simulation, then the boolean function 
is implementable in the low-level 
simulator
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