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Global system innovation and integration challenges for electronics after transistor scaling ends
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Gravity in economics
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3D X-ray imaging of CMOS circuits at nm-scale

* The objective is to rapidly find out “what s inside” any integrated circuit

* Non-destructive lensless ptychographic coherent X-ray diffraction computational
3D-imaging of advanced-technology CMOS integrated circuits

Key contributors: Tomas Aidukas, Mirko Holler, Manuel Guizar-Sicairos, Michal
Odstrcil, Elisabeth Miiller, Ana Diaz, Gabriel Aeppli, and A. F. J. Levi

Publications: M. Holler et al., Nature Electronics 2, 464 (2019)

A.F.J. Levi and G. Aeppli, spectrum.ieee.org/chip-x-ray (2022)
I. Kang et al., Optica 10, 1000 (2023) — 16x speedup using ML
T. Aidukas et al., Nature 632, 81 (2024) — 4 nm resolution

Recent progress: Compared to 2019: Optimization of hardware and algorithms
gives10x increase in depth of field to Sum using filtered backpropagation
tomography, 4x improvement in resolution to 4 nm using burst ptychography to
remove experimental instabilities, 16x speedup using ML

Future work: 50x brilliance affer synchrotron upgrade in 4Q25, 100X flux with new
channel-cut crystal monochromator X-ray optics in 4Q25, 3D reconstruction of
integrated circuits with potential sub-nm resolution, speedup with new hardware and
algorithms, speedup with ML and Al, integration with XRF for trace detection and
multimodal imaging

USC
USC-designed digitizing matrix-
multiplier chip for Machine
Learning manufactured by Global 8-
Foundries in 2017 in 14 nm b
FinFET CMOS technology

.....

Swiss Light Source (SLS) at PI, ETH-Zurich

CSAXS 6 keV photons, 0.2 nm wavelength
2024 coherent photon flux at sample 7x103 s*! 4



Non-destructive 3D X-ray imaging of integrated circuits at 4 nm resolution

* 3D X-ray imaging using coherent 6 keV (A, =
0.207 nm) photons at the SLS synchrotron with
~200 nW absorbed in the sample

* 5 um depth of field with filtered backpropagation

* Example: 3D X-ray image of metal interconnect
(connectome) and transistors in AMD Ryzen 5
5600G Processor with TSMC 7 nm CMOS
FinFET technology and ~100 digital transistors
per um? area, 57 nm gate pitch, 30 nm fin pitch,
6 nm fin width, 52 nm fin height

 Efficient image reconstruction via the use of
prior information and ML

Contacts

[
0
o

........

Oxide
Si substrate

“High-performance 4-nm-resolution X-ray tomography using burst ptychography”, T. Aidukas, N. W. Phillips, A. Diaz, E. Poghosyan, E. Miiller, A. F. J. Levi,

G. Aeppli, M. Guizar-Sicairos and M. Holler, Nature 632, 82-88 (2024).
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Beyond the exponential increase in the number of transistors per unit area
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“Towards Quantum Engineering”, A F J Levi, Proceedings of the IEEE 96, 335 (2008)
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Small increases 1n hardware provide access to an exponentially vast cyberspace

Exponential leverage of classical hardware resources:

Single clock cycle: 1020F

8-bit bus has address space 28 =256 = 2.5 x 102 1.8 x 10" _)A
64-bit bus address space is 264 =1.8 x 101° Maximum number with 19 zeros

Exponential increase in address space with bus width

Efficient double-precision FP calculations
Specialized accelerators, FPU, ALU, GPU, ...
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The vastness of cyberspace

 8-bit versus 64-bit address space
o 28=256=2.5x107
o 204=1.8x10"

'ﬂ'\/u

Photon round-trip time to measure
the height of 256 one-dollar bills
Trr = 186 ps



* 8-bit versus 64-bit address space
« 28=256=2.5x10?
e 204=18x10"

% 4

Photon round-trip time to measure
the height of 256 one-dollar bills
Trr = 186 ps

Ty

The vastness of cyberspace

>

Photon round-trip time to measure
the height of 2 x 10! one-dollar bills
Tpr = 7.3 x 108 seconds = 168 days =
5.6 months



The vastness of cyberspace

 8-bit versus 64-bit address space
o 28=256=2.5x107
o 204=1.8x10"

Photon round-trip time to Photon round-trip time to Voyager 1 ~ Photon round-trip time to
measure the height of 256 one- spacecraft launched in 1977 and measure the height of 2 x 101°
dollar bills now 24B km from Earth one-dollar bills

Tgr = 186 ps Tgr = 44 hours = 1.8 days Tgr = 168 days = 5.6 months
10



Vast cyberspace - Go gle search engine

11



Nano-precision fabrication provides access to an exponentially vast design space
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Search 1n an exponentially vast design space

Exponential leverage of classical hardware resources:
* 64-bit bus address space, 204 =1.8 x 10°

* Efficient double-precision FP calculations

» Specialized accelerators, FPU, ALU, GPU, ...

hBN

An opportunity to use design automation and large
computational resources to search for new, often
nonintuitive, optimal quantum electronic component
materials, geometry, and system functionality

The existence of a massive search space in which to
find optimal device function

Solutions are often characterized by broken symmetry
geometries and unanticipated combinations of
materials

13



Vast quantum engineering design space

> new QUaNtUuM search engine

(an opportunity for those with access to large computing resources?)



Atoms to applications



Quantum engineering: Atom position and function

Quantum search engine at the component level:

* Materials, geometry, and forward physical model
* Identify atom configurations that deliver the desired device function and system function

* Identify non-equilibrium or nonthermal pathways for both synthesis and function



Quantum engineering: Broken symmetry to control density of electron states

Motivation

 Electron transitions (scattering)
determined by the golden rule (the first
term 1n the Born series)

— Use the position of atoms to control the
density of electron states, N(£ A AT A A A

. ly. - VE) H... ——Zt- -(c-Tc- —I—C-CT)
» Example: Forward physical model (an c'c LN 7] 17]

abstraction) 1s long-range tight binding i<j

using s-orbitals with hopping integral

interaction strength, 7, ;, parameterized -

by power law, a 1,]

|
=h
g
—
I
|
—~
)

— Periodic boundary conditions

— Full matrix

* In this example, optimization minimizes C
L7 (y=2) distance measure between cost

simulated and objective density of states

Z ‘Nsim,j — obj,j‘2
J



Quantum engineering: Broken symmetry to control density of electron states
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Quantum engineering: Broken symmetry to control density of electron states

obj(red), sim(blue), L _xL =40x40, A=9, =1, ['=0.2828, =2

Typical heuristics

* Non-convex landscape with many
local minima

* The optimization algorithm provides a
single-point solution
— No understanding. The optimization

algorithm does not explain the physics
or why the solution works

* Degeneracy from symmetries
— Example: rotational symmetry

 Dilute limit has hierarchy of
symmetric primitive building blocks
that contribute to the objective density
of states, N(E)

— Dimers for symmetric N(E)

— Trimers and larger molecular

configurations can add asymmetry to
N(E)

Densily ol states, N(E)
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Expanding electronic component design space using quantum engineering of
multiple crystalline atomic layers for function

hBN
Graphene

MoS,

Example materials systems featuring atomic-layer precision:
 Stacked and twisted vdW heterostructures

* Broken-symmetry single-crystal MBE compound semiconductors and other layered materials

20



Quantum engineering and electron transport: Non-intuitive design

Motivation

* What is the current-voltage characteristic of this semiconductor diode conduction band potential profile?
* Al InGa,, As n-i-n diode with -0.15 eV < U, < 0.3 ¢V and lattice constant L = 0.5653 nm

* 16 layers, each 1.131 nm thick

* n,=1.5x10'8 cm3, effective electron mass m* = 0.07 x m,

n =16, m_=0.07m,, E_=0.06826 eV, n =1.5%x10" cm3,
eff 0 o 0
T=300 K, 1=58.57 meV, €GaAs — 13.2¢ = 13.260
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Quantum engineering and electron transport: Non-intuitive design

Motivation

* What is the current-voltage characteristic of this semiconductor diode conduction band potential profile?

e Solution: Linear

— Could you have guessed that? A totally different approach to creating the precise linear transfer function of a “resistor”
— The optimization algorithm provides a single-point solution. There is no understanding. The optimization algorithm does not
explain the physics, why the solution is robust, and why the solution works so well

Potential energy, U(x) (eV)

— — _ — 18 -3
nb—16, meff—O.OTmD, EF—O.06826 eV, n0—1.5>< 10" cm™,

0

3t

T=300 K, 1=58.57 meV, €GaAs — 13.260, €AlAs — 13.260
"m|
-10 0 5 10 15 20 25

Position, x (nm)

— — _ — 18 -3
nb—16, meﬁ,—O.DTmD, EF—0.06826 eV, n0—1.5>< 10™ cm™,

T=300 K, 1=58.57 meV, s

Current density, J (x 104 Afcmz)

o

—
o
T

oo
T

(s
T

I

]
T

=13.2¢ =13.2¢
s 0

0’ “AlAs

aA

pd

0.1 0.2 0.3 0.4
Voltage bias, V. (V) 22






Create videos with https://clipchamp.com/en/video-editor - free online video editor, video compressor, video converter.




Potential energy, V(x) (eV)

Quantum engineering and electron transport: Non-intuitive design

Motivation

* What is the current-voltage characteristic of this semiconductor diode conduction band potential profile?
* AlInGa, As n-i-n diode with -0.15 eV < U; < 0.3 eV and lattice constant L = 0.5653 nm

e 32 layers, each 1.131 nm thick

* ny=1.0x 1018 cm, effective electron mass m* = 0.07 x m,
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Potential energy, V(x) (eV)

Quantum engineering and electron transport: Non-intuitive design

Motivation

* What is the current-voltage characteristic of this semiconductor diode conduction band potential profile?

* Solution: Sinusoidal objective
— Could you have guessed that?

- - - _ 18 -3
nb—32, meﬁ—ﬂ.ﬂ?mﬂ, EF—D.DSE eV, nD—1.Dx 10" em™,
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Quantum engineering and electron transport: Nonequilibrium electron transistor

MBE-grown semiconductor layers

* The objective is to find the materials and geometry

for a single-crystal unipolar nonequilibrium A
(ballistic) electron transistor with vertical transport 1.3
that operates at room temperature
* Non-symmetric conduction band potential profile =~
* What is the current-voltage characteristic of this 2
semiconductor conduction band potential profile? m§
© 08
>
o0
5
=
-
0.0 = >
: Position
10 nm

AlISb InAs GaSb



Quantum engineering and electron transport: Nonequilibrium electron transistor

€ —p»
* Room temperature operation, ECE//T
T'=300K
. 1.3eV
 Common-emitter current - B 38 N
. . = F 0 €
gain, $ =10 o i E, \
=
1 1 1 3 — 10 nm <+
* Why QOes this combination of Position. x
materials and geometry work AlSbg 6,AS( o InAs GaSb
so well? Emitter Base Collector
Common-base gain Common-emitter gain
- 10.0 -
50 B
z [ I L
£ B £ 50 - 0.1 mA/step
~ 0.0 f ~
: —1.0 mA/step
= 0.0
“Room Temperature Operation of Hot -5.0 | ' ' ' ' |
Electron Transistors”, A. F. J. Leviand T. H. -1.0 0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0

Chiu, Appl. Phys. Lett. 51, 984-986 (1987). Bias, Vg (V) Bias, Vg (V)



https://alevi.usc.edu/files/2018/05/APL.51.984-1sp8wur.pdf

Quantum engineering and electron transport: Nonequilibrium electron transistor

* Nonequilibrium electron spectroscopy | AISb emitter InAs base GaSb collector
using tunnel current injection 4o’/

* The physics of electron transmission and
impedance matching (use of bulk band
structure as a guide to help describe
electron transport in nm-scale

geometries) "

— Group velocity, v, = 0w/0k 10 x

— Character of atomic orbitals e
* Reliable quantitative prediction of many-

body nonequilibrium electron scattering

n any realistic nano-scale geometry .

remains an outstanding challenge for the -
community

Energy, E (eV)
2
o
|
|

I’ Wave vector XTI Wave vector X I Wave vector X

1.0

0.5
— Accurate DFT and nonequilibrium electron e -
transport in 40 x 50 x 325 nm?3 volume ' gg -
containing 32.5M atoms i
“Electron transport in an AISb/InAs/GaSb tunnel emitter 0.0 b i w f 0§ 4 g
hot electron transistor”, T. H. Chiu and A. F. J. Levi, GaSb/AISb  InAs GaSb 0.0 1.0 2.0 3.0 4.0

Appl. Phys. Lett. 55, 1891-1893 (1989). tunnel emitter base collector Base/emitter bias, Vgg (V)



https://alevi.usc.edu/files/2018/05/apl.55.1891-2g1jh8b.pdf

Complex band structure as a degree of freedom for design



Complex band structure

» Textbook example of complex
band structure in a 1D Kronig-

Penney model Band gap state has

* Propagating states have pure real imaginary
k and group velocity v, = dw/dk 3 5 component to wave
« States with complex k violate vector that.may be
translational symmetry in bulk ;‘ 7 useq to estimate
crystal and are not proper ) _— §pat1a1 decay from
solutions to Schrodinger's (] l \ > interface or defect
equation in a bulk crystal. 1E £ i Energy gap E
However, states with complex & HEIEY 89D B el
are useful for estimating spatial ) . . |
decay at interfaces and defects in | 5 T~ \ Propagating state in
nanoscale geometries l“‘-‘h- - band has pure real
* Example: Vy=2¢eV,L=1nm, L, ':"“fmh “[} _ Wri‘l’le i/eecltc;)cfitk azld:
=0.5nm, L,= 0.5 nm 0.5 S~ ) (glco/dll)c Y e

Im kL/7 00 Re kL/T
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Real-space nearest-neighbor single-electron hopping on a 1D lattice

*C

I\T'\

Cjcj-l-l

Tight-binding nearest-neighbor
hopping energy ¢, for s-orbitals
has propagating k-state dispersion
ho = -2 ¢, cos(kL)

_

F g

Atom position

H:T+V

Xj-1 Xj Xit1

= —1y, Z (c Cjy1 + chcj) + Z ch C;

1€



Nearest-neighbor tight-binding dispersion in electrode and tunnel barrier

* (a) Propagating electron state (dot) of energy E, in the real nearest-neighbor tight-binding s-orbital cosine band of
the electrode (black curve)

* (b) Cosine band shifted up in energy relative to (a) to form a potential barrier of energy V. An electron of energy
E,incident on the potential barrier may be viewed as tunneling via the imaginary k-state (dot) in the normal
imaginary dispersion in the band structure (red dashed curve with negative slope and curvature)

Tight-binding nearest-
neighbor hopping
energy t, for s-orbitals
propagating k-state
dispersion

ho =21, (1 -cos(kL))

44 F

e
£
Q
o
[

A(a)

Electrode

Wave vector, &

T
2

‘ (b) a Anomalqus dispersion of non-propagating
o states with complex k

“«— Dispersion of propagating
states with real £

TShift cosine band up to create potential
barrier of energy Vg

Normal imaginary dispersion for which higher
energy components of wave packet have
~ / greater probability of tunneling

. e Tunnel barrier
\

~1E

Wave vector, A



High-pass k-space filter in a tunnel barrier

v, (incident) Faster v, (transmitted) > v, (incident)
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x=0 x=Lg
Electrode Tunnel barrier Electrode



v, (incident)

No tunnel barrier

L, (transmitted) = v, (incident)

””«-‘}»»7777.‘“ '!»,\»»»7771‘1
&”""«“«‘)‘«fﬁ; &L&«««"‘ﬁ’#
Electrode Electrode



Low-pass k-space filter in a tunnel barrier

Vy

v, (incident) Slower v, (transmitted) < v, (incident)

% 3 % 3
Ay ] Iy, =
O O

P P

x=0 x=Lg
Electrode Tunnel barrier Electrode



Complex dispersion and a double barrier resonant tunnel diode

* Increase peak-to-valley current ratio from PVR = 5 for device with normal complex dispersion (negative slope
Im(dw/dk)) to PVR = 45 with anomalous complex dispersion (positive slope Im(dw/dk)) in the second barrier
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° | dispersion
~
0.4 L L L |\
10 | -10 0 10 20

Position, x (nm)

0.05 ol 0.15 0.2 0.25
Applied voltage, th

(V)

0.3

0.35 0.4

. a
Afem™)

=

=

0.03

Current density, .J (x 10*

Potential, V' (eV)

o
[}

(e)

S
)

S
~

N
N

\ Anomalous

N AN complex

dispersion

-10 0 10 20

Position, x (nm)

0.03%

LN

0.15 02 0.23

Applied voltage, i’hjﬂH (V)

0.3

035 0.4



Complex dispersion with next-nearest neighbor

* Number of layers (V,) and next nearest
neighbor interaction (¢, = 0.5 ¢,) are resources
that enable an optimal solution

6

Energy, E/t

0

1
0.6 0.8

S 0.1
Im(kL/m) 0 02 0.4
0 Re(kL/m

lll JI.
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Complex dispersion and the N, =8-layer diode

* Number of layers (&,) and next nearest neighbor interaction (¢, = 0.5 ¢,) are resources
* Example sigmoid current-voltage objective (red dash)
* Do not require tunneling to create RTD current-voltage characteristics!

2 _
v =0V
— TS
= 0 — =
I U N, =8 Vg = 04V
e B
= 1
— Eﬁ “SF
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E i i i i U
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* 0.6 o =
E:' Position. x (nm) Eﬂ 1 h“i\_‘
i <
g 8
g
4 - O
= 0.4 D)
o
& -
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I I _I i | i
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Applied voltage, V. (V) [teration number, n.
“Optimization of electron transmission on a 1D lattice”, W. Unglaub and A. F. J. Levi, Physica E 165, 116067 (2025). Iter 38



https://alevi.usc.edu/files/2024/09/Optimization-of-electron-transmission-on-a-1D-lattice-PHYSE-2024.pdf

Vast quantum engineering design space

> new QUaNtUuM search engine

(an opportunity for those with access to large computing resources?)



Quantum engineering: Controlling photons



Application of high-Q microdisk electrooptic resonators that enhance light-matter
interaction in an RF-cavity

~—y

) \

* Initial microdisk electrooptic modulator z-cut LiNbO;, R = 5.8 mm, d = 0.74 mm, measured optical Q = 4x10°
— Demonstration of classical mm-wave and 14.6 GHz (A, = 20.7 mm) receiver by up-conversion of RF to laser light at
200 THz (A, = 1500 nm), optical filtering, and direct optical detection of baseband
— Simultaneous optical and RF resonance in a cavity. Unloaded RF Q ~ 260
 Future application of high-Q microdisk electrooptic resonators to quantum transduction and entangling
microwaves with laser light
— Recent realization by the Johannes Fink group: “Entangling microwaves with light”, R. Sahu, L. Qiu, W. Hease, G.
Arnold, Y. Minoguchi, P. Rabl, and J. M. Fink, Science 380, 718 (2023)

“Microphotonic components for a mm-wave receiver’, D.A.Cohen and A.F.J. Levi, Solid-State Electronics 45, 495-505 (2001).
“Ring resonator-based photonic microwave receiver modulator with picowatt sensitivity”’, M. Hossein-Zadeh and A. F. J. Levi, IET Optoelectron. 5,36-39 (2011). 41



https://alevi.usc.edu/files/2018/05/SSE-z7tyig.pdf
https://alevi.usc.edu/files/2018/05/266.IET_optielectronics2011-2ej1hiv.pdf
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Optimal design of dielectric structures

05 L |

Leverage and explore expanded exponentially large design space: o
Bk |
i Fatwar|

* Non-intuitive broken-symmetry robust optimal design

— Non-intuitive because of broken symmetry in a very large design space
— Not an inverse problem because unknown if the solution exists

— ML-assisted search

* Optimal design of mm-wave passive and active metal-dielectric structures that
exploit the near-field

* Optimal design of aperiodic nano-photonic structures

* Optimal design of semiconductor light-matter interaction

* Optimal coherent control of light in a resonator 37.5 GHz

* Optimal coherent quantum control of single photons

“Optimization of aperiodic dielectric structures”, P. Seliger, M. Mahvash, C. Wang and A. F. J.
Levi, J. Appl. Phys. 100, 034310 (2006).

“Coherent control of non-Markovian photon resonator dynamics”, A. F. J. Levi, L. Campos Venuti,
T. Albash and S. Haas, Phys. Rev. 4 90, 022119 (2014).

Optimal Device Design, A. F. J. Levi and S. Haas eds. Cambridge University Press, 2010. ISBN
0521780144

200 THz


https://bpb-us-w1.wpmucdn.com/sites.usc.edu/dist/e/127/files/2018/05/250.JAP2006-2js2t4s.pdf
https://bpb-us-w1.wpmucdn.com/sites.usc.edu/dist/e/127/files/2018/05/272.PhysRevA.90.022119-wxn5xm.pdf
https://www.cambridge.org/us/universitypress/subjects/engineering/electronic-optoelectronic-devices-and-nanotechnology/optimal-device-design?format=HB

Example: Experiments performed using a 37.5 GHz (A, = 8 mm) RF source

Probe measures S, at the
target surface

Position, y (m)

Position, x (m)

Finite-sized
period
structure has
limited
functionality

43



50 teflon cylinder configuration in a slab waveguide to focus 37.5 GHz RF power
into a uniform top hat distribution between 30 and 60 degrees

dB

0.06 5
—

E0.04 -10
~,

5 0.02 -15
~—

2 220
A~

-0.02 4.25

: 1-30

-0.05 0 0.05
Position, x (m)

* Optimized configuration for 50 teflon cylinders found by machine search is aperiodic and non-intuitive
— Cylinder diameter 1s 3.175 mm, relative permittivity &.= 2.05, RF source of frequency 37.5 GHz (4,= 8 mm)
* Finite Difference (FD) frequency-domain solver with efficient local gradient optimization

VX (u 1) -VXE—w?eE =0
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Comparison of measured and modeled power profile for optimized position

1 0 v
. —e— measured
_ —e— measured @ | modeled
2 ——modeled = 10 |
e) ()
a = |
g 0.5 o -15 | Se |
T Rapd N
o £ 20 e
i - / ﬂ %
X _25 'I " ‘
’ 'l | " i
O _30 u [ | o
90 60 -30 0 30 60 90 90 -60 -30 0 30 60 90
Scattering angle (Degrees) Scattering angle (Degrees)

* Model predicts 95.37% of 37.5 GHz RF power focused between 30 and 60 degrees, and 1.45 dB top
hat ripple

* Measurements show 92.7% of power focused and 3.5 dB top hat ripple
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		-75		0.0000261744		0.0000273219		0.0000281342		0.0000273298				0.0055420253		0.0059988962		0.0062222826		0.0059729245				-22.0605026725																								-98.535		0.0002899		2.59E-03				-2.59E+01

		-74		0.0000289124		0.0000283748		0.0000304319		0.000027452				0.0061217545		0.0062300691		0.0067304421		0.0059996409				-21.7195641041																								-97.535		0.00030181		2.69E-03				-2.57E+01

		-73		0.000019274		0.0000228806		0.0000220065		0.0000264583				0.0040809672		0.005023741		0.0048670354		0.0057824626				-23.1273549575																								-96.535		0.0003152		2.81E-03				-2.55E+01

		-72		0.0000086745		0.0000113538		0.0000104728		0.0000145544				0.0018366895		0.0024928694		0.0023162082		0.003180859				-26.3522239779																								-95.534		0.00036035		3.21E-03				-2.49E+01

		-71		0.0000016685		0.0000023242		0.0000025104		0.0000050278				0.0003532837		0.000510308		0.0005552037		0.0010988305				-32.5554762522																								-94.534		0.00041868		3.73E-03				-2.43E+01

		-70		0.0000023242		0.0000029799		0.0000063392		0.0000016685				0.000492112		0.0006542695		0.0014019957		0.0003646551				-28.5325331326																								-93.534		0.00041658		3.72E-03				-2.43E+01

		-69		0.0000236969		0.0000178042		0.0000201839		0.000011414				0.005017451		0.0039091585		0.0044639441		0.0024945207				-23.5028125562																								-92.533		0.0003026		2.70E-03				-2.57E+01

		-68		0.0000387276		0.0000302899		0.0000344288		0.0000302045				0.0081999699		0.006650567		0.0076144078		0.0066011903				-21.1836386502																								-91.533		0.0001618		1.44E-03				-2.84E+01

		-67		0.0000514708		0.0000439135		0.0000468711		0.0000433582				0.0108981501		0.0096417951		0.0103661963		0.0094759263				-19.843805694																								-90.532		6.20E-05		5.53E-04				-3.26E+01

		-66		0.0000558343		0.0000477608		0.0000575537		0.0000503207				0.0118220546		0.0104865383		0.0127288019		0.0109975771				-18.9521247274																								-89.532		0.00010754		9.59E-04				-3.02E+01

		-65		0.0000449944		0.0000472105		0.0000438657		0.0000444259				0.0095268599		0.0103657057		0.0097015098		0.0097092738				-20.1316067481																								-88.532		0.00027436		2.45E-03				-2.61E+01

		-64		0.0000195428		0.0000248491		0.0000251202		0.000025972				0.0041378905		0.0054559534		0.0055556867		0.0056761716				-22.5526225068																								-87.531		0.00039392		3.51E-03				-2.45E+01

		-63		0.0000079429		0.0000086067		0.0000102096		0.0000140842				0.0016817931		0.0018897169		0.0022580051		0.0030781059				-26.462750854				1																				-86.531		0.00041683		3.72E-03				-2.43E+01

		-62		0.0000036355		0.0000041273		0.0000048336		0.0000050116				0.0007697685		0.0009062021		0.0010690077		0.0010952923				-29.7101914694				2																				-85.531		0.00035665		3.18E-03				-2.50E+01

		-61		0.0000037054		0.0000021937		0.0000026925		0.000002734				0.0007845511		0.000481649		0.0005954845		0.0005975126				-32.2512951358				3																				-84.53		0.00030375		2.71E-03				-2.57E+01

		-60		0.0000076505		0.0000072407		0.0000062107		0.0000040453				0.0016198774		0.0015897971		0.0013735754		0.0008841063				-28.6214750443				4																				-83.53		0.00033938		3.03E-03				-2.52E+01

		-59		0.0000145947		0.0000095346		0.0000135447		0.0000118355				0.003090207		0.0020934402		0.0029956094		0.0025866425				-25.2351480948				5																				-82.53		0.0004049		3.61E-03				-2.44E+01

		-58		0.0000291898		0.0000249055		0.0000235496		0.0000260324				0.0061804789		0.0054683455		0.0052083234		0.0056893861				-22.8330205403				6																				-81.529		0.00038966		3.48E-03				-2.46E+01

		-57		0.0000342905		0.0000319175		0.00003306		0.0000312837				0.0072604815		0.0070079153		0.0073116912		0.0068370414				-21.3598215766				7																				-80.529		0.00020644		1.84E-03				-2.73E+01

		-56		0.0000298641		0.000027736		0.0000284103		0.0000319873				0.0063232542		0.0060898069		0.0062833315		0.006990815				-22.0181002568				8																				-79.528		4.52E-05		4.03E-04				-3.39E+01

		-55		0.0000182519		0.0000190063		0.0000182199		0.0000208914				0.0038645584		0.0041730945		0.0040295916		0.0045658179				-23.9473896858				9																				-78.528		4.50E-05		4.01E-04				-3.40E+01

		-54		0.0000144246		0.000011715		0.0000153434		0.0000131666				0.0030541772		0.0025721972		0.003393418		0.0028775582				-24.6936263542				10																				-77.528		0.00028374		2.53E-03				-2.60E+01

		-53		0.0000203904		0.0000155136		0.0000183632		0.0000179771				0.0043173418		0.0034062231		0.0040612852		0.0039289008				-23.9133650815				11																				-76.527		0.00076756		6.85E-03				-2.16E+01

		-52		0.0000297576		0.0000261034		0.0000231036		0.000025713				0.0063007107		0.0057313591		0.0051096818		0.0056195788				-22.9160614828				12																				-75.527		0.0010912		9.73E-03				-2.01E+01

		-51		0.0000301835		0.0000337321		0.000032556		0.0000326154				0.0063908846		0.0074063464		0.0072002092		0.0071280968				-21.426548866				13																				-74.527		0.0011796		1.05E-02				-1.98E+01

		-50		0.0000269368		0.0000293422		0.0000310563		0.0000297103				0.0057034478		0.0064424826		0.0068685289		0.0064931757				-21.6313627255				14																				-73.526		0.00098279		8.77E-03				-2.06E+01

		-49		0.0000195618		0.0000220629		0.0000203601		0.0000220629				0.0041419027		0.0048442066		0.0045029136		0.0048218421				-23.4650638387				15																				-72.526		0.00059377		5.30E-03				-2.28E+01

		-48		0.0000152073		0.0000154632		0.0000169728		0.0000163972				0.0032199141		0.0033951529		0.0037537783		0.0035836151				-24.2553137725				16																				-71.526		0.00031183		2.78E-03				-2.56E+01

		-47		0.0000109322		0.0000126347		0.0000164932		0.0000135737				0.0023147322		0.002774114		0.0036476963		0.0029665375				-24.3798132677				17																				-70.525		0.000121		1.08E-03				-2.97E+01

		-46		0.0000125781		0.0000123774		0.0000130847		0.0000126347				0.0026632286		0.0027176315		0.0028938574		0.0027613066				-25.385228707				18																				-69.525		4.07E-05		3.63E-04				-3.44E+01

		-45		0.0000119258		0.0000126561		0.0000113538		0.0000120161				0.002525105		0.0027788189		0.0025110409		0.0026261233				-26.0014622174				19																				-68.525		9.43E-05		8.41E-04				-3.08E+01

		-44		0.0000194185		0.0000148241		0.0000150031		0.0000137779				0.0041115603		0.003254838		0.0033181494		0.0030111648				-24.7910406105				20																				-67.524		3.00E-04		2.68E-03				-2.57E+01

		-43		0.0000338717		0.0000289426		0.0000252241		0.0000254475				0.0071718143		0.0063547466		0.0055786527		0.0055615497				-22.5347067104				21																				-66.524		5.47E-04		4.88E-03				-2.31E+01

		-42		0.0000633543		0.0000613964		0.0000505694		0.0000607303				0.013414285		0.0134804024		0.0111841314		0.013272603				-19.5139773925						1		2		3		4		5										-65.523		0.00077689		6.93E-03				-2.16E+01

		-41		0.0001241303		0.0001215547		0.0000970337		0.0000765376				0.0262826664		0.0266889696		0.0214603657		0.016727275				-16.6836288181				1																				-64.523		0.00088065		7.85E-03				-2.10E+01

		-40		0.0001847447		0.0001720296		0.0001748502		0.0001613096				0.0391168318		0.037771412		0.0386705613		0.0352541911				-14.1261952438				2																				-63.523		0.00075872		6.77E-03				-2.17E+01

		-39		0.0002031605		0.0002153716		0.0002018748		0.0002038473				0.0430160923		0.0472877416		0.0446474392		0.0445507886				-13.502034459				3														modeled % power focused						-62.522		0.00053636		4.78E-03				-2.32E+01

		-38		0.0001869292		0.0002031055		0.0001938269		0.0001985113				0.0395793594		0.0445945651		0.0428675358		0.0433846149				-13.6787148113				4														95.75%		minus90 to 90				-61.522		3.19E-04		2.85E-03				-2.55E+01

		-37		0.0001527205		0.0001558218		0.0001565075		0.0001552452				0.0323362103		0.0342127877		0.034613833		0.0339288146				-14.6075030614				5														95.37%		whole angular range				-60.522		0.0002346		2.09E-03				-2.68E+01

		-36		0.0001188556		0.0001287672		0.0001266678		0.0001238563				0.0251658285		0.028272582		0.0280143488		0.0270687786				-15.5261946839				6																				-59.521		0.0002941		2.62E-03				-2.58E+01

		-35		0.0000938805		0.0000984321		0.0000957716		0.0000972713				0.0198777401		0.0216121059		0.0211812395		0.0212586355				-16.7404863012				7																				-58.521		0.00036639		3.27E-03				-2.49E+01

		-34		0.0000916718		0.0000949049		0.0000916972		0.0000934598				0.0194100954		0.0208376621		0.0202801097		0.020425621				-16.9292970066				8																				-57.521		0.00034982		3.12E-03				-2.51E+01

		-33		0.0001200749		0.0001214199		0.0001059147		0.0001008241				0.0254239992		0.0266593877		0.0234245125		0.0220350912				-16.3032943952				9																				-56.52		0.00025362		2.26E-03				-2.65E+01

		-32		0.0001623743		0.0001585968		0.0001542144		0.000145329				0.0343802379		0.0348220645		0.0341066727		0.0317616382				-14.6716064585				10																				-55.52		0.00013525		1.21E-03				-2.92E+01

		-31		0.0001755205		0.0001814798		0.0001806281		0.0001737566				0.0371637522		0.0398463443		0.0399484322		0.037974482				-13.9850026054				11																				-54.52		8.92E-05		7.95E-04				-3.10E+01

		-30		0.0001617539		0.0001736462		0.0001716878		0.0001684965				0.0342488823		0.0381263726		0.0379711624		0.0368248934				-14.2054610741				12																				-53.519		0.00019131		1.71E-03				-2.77E+01

		-29		0.0001365461		0.0001410611		0.0001446077		0.0001505565				0.0289115232		0.0309718756		0.031982016		0.0329041012				-14.950941637				13																				-52.519		0.00044601		3.98E-03				-2.40E+01

		-28		0.0000946167		0.0001108862		0.0000963793		0.0001141288				0.0200336217		0.0243465722		0.0213156336		0.0249428223				-16.7130175427				14																				-51.518		0.00070831		6.32E-03				-2.20E+01

		-27		0.0000708509		0.0000819979		0.0000757619		0.0000803618				0.0150015774		0.018003737		0.0167558038		0.0175630647				-17.7583473437				15																				-50.518		0.00091942		8.20E-03				-2.09E+01

		-26		0.0000529581		0.0000619239		0.0000587706		0.0000617436				0.0112130694		0.0135962206		0.0129979378		0.0134940496				-18.8612554445				16																				-49.518		0.00093988		8.38E-03				-2.08E+01

		-25		0.0000530917		0.0000559128		0.0000573417		0.0000553452				0.011241345		0.0122764057		0.0126819154		0.0120956893				-18.9681514887				17																				-48.517		0.00078079		6.96E-03				-2.16E+01

		-24		0.00005841		0.0000604733		0.0000617436		0.0000600676				0.0123674198		0.0132777205		0.0136554565		0.013127769				-18.6469377643				18																				-47.517		0.00053902		4.81E-03				-2.32E+01

		-23		0.0000585002		0.0000588741		0.0000612411		0.0000599408				0.0123865058		0.0129266006		0.0135443318		0.0131000425				-18.6824241584				19																				-46.517		0.00035658		3.18E-03				-2.50E+01

		-22		0.0000406444		0.0000519215		0.0000459154		0.0000479833				0.0086058308		0.011400072		0.0101548377		0.0104867387				-19.9332701435				20																				-45.516		0.00032937		2.94E-03				-2.53E+01

		-21		0.0000269907		0.0000281185		0.0000213044		0.0000313547				0.0057148586		0.0061737911		0.0047117661		0.0068525541				-23.268162792				21																				-44.516		0.0004		3.57E-03				-2.45E+01

		-20		0.0000085521		0.000008634		0.0000089204		0.0000103903				0.0018107663		0.0018957153		0.0019728642		0.0022707963				-27.0490280713																								-43.516		0.00054329		4.85E-03				-2.31E+01

		-19		0.0000050116		0.0000052909		0.0000043934		0.0000050116				0.0010611365		0.0011616893		0.0009716625		0.0010952923				-30.1248456984																								-42.515		0.00065539		5.85E-03				-2.23E+01

		-18		0.0000196577		0.0000162433		0.0000193486		0.0000104806				0.0041622145		0.0035664318		0.0042792118		0.0022905367				-23.6863622176																								-41.515		0.00074112		6.61E-03				-2.18E+01

		-17		0.0000352663		0.0000318296		0.000030148		0.0000258195				0.0074670978		0.0069886181		0.0066676489		0.0056428479				-21.7602727715						max ripple is 3.5 dB																		-40.515		0.0008861		7.90E-03				-2.10E+01

		-16		0.000058607		0.0000587021		0.0000564453		0.0000473835				0.0124091263		0.0128888497		0.012483663		0.0103556607				-19.0365796451						% power focused				0.9274890344														-39.514		0.001189		1.06E-02				-1.97E+01

		-15		0.0000806306		0.0000765376		0.0000760715		0.0000741244				0.0170722843		0.0168048588		0.0168242833		0.0161998667				-17.7406342702																								-38.514		0.0016313		1.45E-02				-1.84E+01

		-14		0.0000859146		0.0000856146		0.0000858036		0.0000805332				0.0181910851		0.0187978518		0.0189766591		0.0176005227				-17.2178024511																								-37.513		0.0019923		1.78E-02				-1.75E+01

		-13		0.0000802625		0.0000821517		0.0000811565		0.000083891				0.0169943435		0.01803752		0.0179488887		0.0183343587				-17.459624362																								-36.513		0.0021755		1.94E-02				-1.71E+01

		-12		0.0000705923		0.0000733168		0.0000702907		0.0000769254				0.0149468316		0.0160976853		0.0155457633		0.016812037				-18.0838795025																								-35.513		0.0020852		1.86E-02				-1.73E+01

		-11		0.0000575086		0.0000597621		0.0000620824		0.0000613379				0.0121765596		0.0131215857		0.0137304011		0.013405398				-18.6231677602																								-34.512		0.0017781		1.59E-02				-1.80E+01

		-10		0.0000437141		0.000041259		0.0000447554		0.0000486951				0.0092557843		0.0090589766		0.009898292		0.0106423037				-20.0443973957																								-33.512		0.0016079		1.43E-02				-1.84E+01

		-9		0.0000384769		0.0000356502		0.0000369065		0.0000342905				0.0081468791		0.00782748		0.008162385		0.0074941813				-20.8818292584																								-32.512		0.0016925		1.51E-02				-1.82E+01

		-8		0.0000373252		0.0000360341		0.0000363313		0.0000359643				0.0079030445		0.0079117635		0.0080351811		0.0078599834				-20.9500433042																								-31.511		0.0021343		1.90E-02				-1.72E+01

		-7		0.0000416858		0.0000373408		0.0000371792		0.0000384071				0.0088263196		0.0081986679		0.0082226996		0.0083938567				-20.8498557462																								-30.511		0.0026299		2.35E-02				-1.63E+01

		-6		0.0000523722		0.0000506979		0.0000457951		0.0000449153				0.0110890103		0.0111314176		0.0101282356		0.0098162247				-19.9446620322																								-29.511		0.0029443		2.63E-02				-1.58E+01

		-5		0.0000629605		0.0000551466		0.0000545239		0.0000555255				0.0133309101		0.012108176		0.0120587309		0.0121350901				-19.1869839563																								-28.51		0.0027666		2.47E-02				-1.61E+01

		-4		0.0000773133		0.0000733487		0.0000716266		0.0000715404				0.0163698864		0.0161046939		0.0158412136		0.0156351352				-18.0021154887																								-27.51		0.00213		1.90E-02				-1.72E+01

		-3		0.0000827341		0.000081026		0.0000915141		0.0000792955				0.0175176602		0.017790348		0.0202396191		0.0173300273				-16.9379766409																								-26.509		0.001534		1.37E-02				-1.86E+01

		-2		0.0000760205		0.0000799996		0.0000846428		0.0000807884				0.016096157		0.0175649853		0.0187199318		0.017656284				-17.2769573705																								-25.509		0.0012196		1.09E-02				-1.96E+01

		-1		0.0000643885		0.0000642592		0.0000698166		0.0000734349				0.0136332685		0.0141089787		0.015440926		0.0160491786				-18.1132665754																								-24.509		0.0014172		1.26E-02				-1.90E+01

		0		0.0000293317		0.0000396802		0.0000515376		0.0000437141				0.0062105368		0.0087123148		0.0113982588		0.0095537088				-19.4316148802																								-23.508		1.88E-03		1.67E-02				-1.78E+01

		1		0.0000133027		0.000015656		0.000019178		0.0000197217				0.0028166477		0.0034374965		0.0042414937		0.0043101647				-23.7248117324																								-22.508		0.0022825		2.04E-02				-1.69E+01

		2		0.0000070768		0.0000056015		0.0000058474		0.0000062572				0.0014984027		0.0012298933		0.0012932375		0.0013675121				-28.883216944																								-21.508		0.0023567		2.10E-02				-1.68E+01

		3		0.0000106167		0.000011908		0.0000106613		0.0000074593				0.0022479135		0.0026145543		0.0023578876		0.001630223				-26.2747689762																								-20.507		0.0020434		1.82E-02				-1.74E+01

		4		0.0000340113		0.0000306738		0.0000298943		0.0000251807				0.0072013701		0.0067348398		0.006611542		0.0055032333				-21.796972356																								-19.507		1.50E-03		1.34E-02				-1.87E+01

		5		0.0000499407		0.0000441474		0.0000451377		0.0000384769				0.0105741815		0.0096931671		0.0099828354		0.0084091102				-20.007460876																								-18.507		0.0011937		1.06E-02				-1.97E+01

		6		0.0000461164		0.0000577974		0.0000518481		0.0000533621				0.0097644435		0.0126901994		0.0114669272		0.0116622816				-19.4055294508																								-17.506		0.0011229		1.00E-02				-2.00E+01

		7		0.0000474494		0.0000474494		0.0000468497		0.000047049				0.010046683		0.010418163		0.010361459		0.0102825596				-19.8457908729																								-16.506		0.00129		1.15E-02				-1.94E+01

		8		0.0000418456		0.0000361038		0.0000351267		0.0000388258				0.0088601604		0.0079270878		0.0077687676		0.0084853778				-21.0964787002																								-15.506		0.0014707		1.31E-02				-1.88E+01

		9		0.0000110226		0.0000198496		0.000018124		0.0000264583				0.002333857		0.0043582397		0.0040083752		0.0057824626				-23.9703163517																								-14.505		0.0014794		1.32E-02				-1.88E+01

		10		0.0000022696		0.0000056491		0.0000059294		0.0000129624				0.0004805429		0.001240335		0.0013113639		0.0028329308				-28.822767728																								-13.505		0.0012845		1.15E-02				-1.94E+01

		11		0.0000015319		0.0000010129		0.000000943		0.0000017505				0.0003243611		0.000222385		0.000208565		0.0003825673				-36.8075847717																								-12.504		0.00085304		7.61E-03				-2.12E+01

		12		0.0000139821		0.000009398		0.0000063807		0.0000070222				0.0029604998		0.0020634482		0.0014111708		0.0015346918				-28.504204221																								-11.504		0.00051569		4.60E-03				-2.34E+01

		13		0.0000290833		0.0000240686		0.0000222487		0.0000227319				0.0061579354		0.0052845797		0.0049206185		0.0049680557				-23.0798030264																								-10.504		0.00023001		2.05E-03				-2.69E+01

		14		0.0000461164		0.0000476274		0.0000390352		0.0000372206				0.0097644435		0.0104572346		0.0086331822		0.0081345468				-20.6382909223																								-9.5034		0.00020312		1.81E-03				-2.74E+01

		15		0.0000533621		0.0000581613		0.0000534172		0.0000530917				0.011298603		0.0127700993		0.0118139612		0.0116031805				-19.2760446011																								-8.503		0.00037271		3.32E-03				-2.48E+01

		16		0.000057148		0.0000651307		0.0000608121		0.0000587706				0.0121002156		0.014300315		0.0134494512		0.0128443028				-18.7129543577																								-7.5027		0.00064147		5.72E-03				-2.24E+01

		17		0.000057148		0.0000588374		0.0000543537		0.0000570128				0.0121002156		0.0129185373		0.012021074		0.0124601459				-19.20056728																								-6.5023		0.00093738		8.36E-03				-2.08E+01

		18		0.0000461164		0.0000519432		0.0000533287		0.000051606				0.0097644435		0.0114048367		0.0117943944		0.0112784895				-19.2832435439																								-5.502		0.0011097		9.90E-03				-2.00E+01

		19		0.0000369595		0.0000379883		0.0000385363		0.0000453157				0.0078255976		0.0083408431		0.0085228436		0.00990373				-20.6941548192																								-4.5016		0.0011894		1.06E-02				-1.97E+01

		20		0.0000366971		0.0000332436		0.0000299863		0.0000365924				0.0077700438		0.0072990765		0.0066318917		0.0079972651				-21.7836257556																								-3.5013		0.0011287		1.01E-02				-2.00E+01

		21		0.0000384071		0.0000297931		0.0000307553		0.0000328248				0.0081321012		0.0065414742		0.0068019565		0.0071738573				-21.673661508																								-2.5009		0.00092094		8.21E-03				-2.09E+01

		22		0.0000549847		0.0000376393		0.0000428606		0.0000433137				0.0116421513		0.0082642218		0.0094792188		0.0094662034				-20.2322745443																								-1.5005		0.00066769		5.96E-03				-2.23E+01

		23		0.0000799996		0.0000688686		0.0000674896		0.0000553285				0.0169386715		0.0151210288		0.0149262705		0.0120920411				-18.260486914																								-0.50018		0.00033408		2.98E-03				-2.53E+01

		24		0.0001002178		0.0000872565		0.0000923263		0.0000862301				0.021219573		0.0191583466		0.020419242		0.0188455751				-16.899603828																								0.50018		0.00012209		1.09E-03				-2.96E+01

		25		0.0000919874		0.0000885166		0.0000854471		0.0000857568				0.0194769018		0.0194350253		0.0188978317		0.0187421399				-17.2358802222																								1.5005		6.99E-06		6.24E-05				-4.21E+01

		26		0.0000654227		0.0000595819		0.0000606619		0.000069041				0.013852252		0.0130820023		0.0134162246		0.0150888908				-18.7236968103																								2.5009		2.26E-05		2.01E-04				-3.70E+01

		27		0.0000179321		0.0000156976		0.0000153863		0.0000284813				0.0037968523		0.0034466294		0.0034028963		0.0062245755				-24.6815128384																								3.5013		0.00010073		8.98E-04				-3.05E+01

		28		0.0000350569		0.0000163972		0.0000225832		0.000022787				0.0074227642		0.0036002365		0.0049945998		0.0049800898				-23.0149930547																								4.5016		0.00016162		1.44E-03				-2.84E+01

		29		0.0002006908		0.0001239776		0.0001577699		0.0000873987				0.0424931731		0.0272209517		0.0348930173		0.0191009704				-14.5726147404																								5.502		0.00024441		2.18E-03				-2.66E+01

		30		0.0005368061		0.0004057916		0.0005336951		0.0005717154				0.1136604032		0.0890970369		0.118034128		0.1249482969				-9.2799240406																								6.5023		0.00033527		2.99E-03				-2.52E+01

		31		0.0013189146		0.0011652424		0.0011322023		0.0011468082				0.2792597711		0.2558447017		0.2504023742		0.2506347472				-6.0136155774																								7.5027		0.00052758		4.71E-03				-2.33E+01

		32		0.0020106721		0.0017577195		0.0020779447		0.0017379695				0.4257287378		0.3859310491		0.4595665334		0.3798329404				-3.3765160507																								8.503		0.00074257		6.62E-03				-2.18E+01

		33		0.0031895494		0.0029943703		0.0029241307		0.0028380257				0.6753377711		0.6574544352		0.6467123896		0.6202500626				-1.8928881884																								9.5034		0.00096882		8.64E-03				-2.06E+01

		34		0.0044288422		0.0042380016		0.004073803		0.0041660573				0.9377388684		0.9305104884		0.9009785058		0.9104911401				-0.4528556964				%power focused																				10.504		0.0010708		9.55E-03				-2.02E+01

		35		0.004722895		0.0045544909		0.0045215318		0.0045756154				1		1		1		1				0				0.9274890344																				11.504		0.0010515		9.38E-03				-2.03E+01

		36		0.0040510611		0.0041646026		0.0041326894		0.0042494004				0.85774957		0.9143947393		0.9140020493		0.9287057639				-0.3905283055																								12.504		0.00091758		8.18E-03				-2.09E+01

		37		0.0033970072		0.0033243552		0.0035140546		0.0035162179				0.7192637494		0.7299070852		0.7771823165		0.7684688543				-1.094770896																								13.505		0.00067154		5.99E-03				-2.22E+01

		38		0.0032472829		0.0030127329		0.0030113688		0.0030980403				0.6875619562		0.6614861947		0.6660063258		0.6770762082				-1.7652164581																								14.505		0.00048447		4.32E-03				-2.36E+01

		39		0.0035176602		0.0031439364		0.0032108579		0.0032383256				0.744810161		0.6902936922		0.7101261207		0.7077355324				-1.4866451232																								15.506		0.00038386		3.42E-03				-2.47E+01

		40		0.004178193		0.0038209309		0.0039105598		0.0037007798				0.884667779		0.8389369915		0.8648749877		0.8088048295				-0.6304666257																								16.506		0.00044545		3.97E-03				-2.40E+01

		41		0.0045057426		0.0042718716		0.0043471952		0.0042522501				0.954021345		0.9379471126		0.9614430142		0.9293285661				-0.170764518																								17.506		0.00063139		5.63E-03				-2.25E+01

		42		0.0044401669		0.0043304678		0.0044316734		0.004457154				0.9401367073		0.950812683		0.9801265447		0.9741102867				-0.0871784868																								18.507		0.00074582		6.65E-03				-2.18E+01

		43		0.0042664628		0.0042142541		0.0042522501		0.0042908027				0.9033575343		0.9252963981		0.9404445807		0.9377542254				-0.2666679183																								19.507		0.00071568		6.38E-03				-2.19E+01

		44		0.0039318515		0.0037758736		0.0039247542		0.003969079				0.8325087632		0.82904404		0.8680142871		0.8674415678				-0.6147312647																								20.507		0.00047042		4.20E-03				-2.38E+01

		45		0.0036412309		0.0034566196		0.0035964805		0.0035600731				0.7709743615		0.7589475207		0.7954119659		0.7780534036				-0.9940787995																								21.508		0.00022468		2.00E-03				-2.70E+01

		46		0.0034248132		0.0030026387		0.0033118266		0.0033180909				0.7251512529		0.6592698789		0.7324567646		0.7251682223				-1.3521800573																								22.508		0.00015523		1.38E-03				-2.86E+01

		47		0.0032992352		0.0029297968		0.0031971257		0.0031639792				0.698562058		0.6432764649		0.7070890654		0.69148713				-1.5052587872																								23.508		0.00037238		3.32E-03				-2.48E+01

		48		0.0034327648		0.0030623434		0.0032947455		0.0032454915				0.7268348814		0.6723788569		0.7286790509		0.7093016251				-1.3746371602																								24.509		0.00071725		6.40E-03				-2.19E+01

		49		0.0036486877		0.0031980728		0.0034340901		0.0034029709				0.7725532112		0.7021800684		0.7594970468		0.7437187222				-1.1947391051																								25.509		0.00090523		8.07E-03				-2.09E+01

		50		0.0038757291		0.0033744697		0.0036568271		0.0035896541				0.8206257225		0.7409104064		0.8087584502		0.7845183255				-0.9218116861																								26.509		0.00062361		5.56E-03				-2.25E+01

		51		0.0040885019		0.0036529412		0.0039201213		0.0038437471				0.8656770646		0.8020525709		0.8669896547		0.8400502891				-0.619860847																								27.51		0.00032084		2.86E-03				-2.54E+01

		52		0.0042691672		0.0038848668		0.0041838924		0.0041155053				0.9039301569		0.8529749813		0.9253263201		0.8994430174				-0.3370508454																								28.51		0.0014894		1.33E-02				-1.88E+01

		53		0.0040835921		0.003726834		0.0040835921		0.0040098415				0.8646375067		0.8182767448		0.9031435107		0.8763502053				-0.4424323423																								29.511		0.0058774		5.24E-02				-1.28E+01

		54		0.0037520835		0.003378646		0.0036752589		0.0036837659				0.7944456722		0.7418273498		0.8128349016		0.8050864285				-0.899976569																								30.511		0.017934		1.60E-01				-7.96E+00

		55		0.0037179127		0.0032804139		0.0035524883		0.003475141				0.7872105472		0.720259166		0.7856824644		0.7594915028				-1.0475293977																								31.511		0.035051		3.13E-01				-5.05E+00

		56		0.0036344306		0.0033950192		0.0036752589		0.0036635749				0.7695344951		0.7454223288		0.8128349016		0.8006736963				-0.899976569																								32.512		0.060413		5.39E-01				-2.69E+00

		57		0.0030657431		0.0028578574		0.0031042731		0.0034261385				0.6491237131		0.6274811832		0.6865534165		0.7487820032				-1.6332566735																								33.512		0.083371		7.44E-01				-1.29E+00

		58		0.0020750765		0.0019283339		0.0021690365		0.0024521565				0.4393653704		0.4233917454		0.479712756		0.5359183929				-3.1901873305																								34.512		0.10203		9.10E-01				-4.10E-01

		59		0.0011101642		0.001221187		0.0014571327		0.0014762363				0.235060104		0.2681280947		0.3222652816		0.3226312094				-4.9178647957																								35.513		0.11212		1.00E+00				0.00E+00

		60		0.0007154052		0.0007042794		0.0007892694		0.000808244				0.1514759852		0.1546340437		0.1745579698		0.1766415844				-7.580603178																								36.513		0.11144		9.94E-01				-2.64E-02

		61		0.0003556965		0.0003791877		0.0003913045		0.000408837				0.0753132342		0.0832557752		0.0865424556		0.0893512694				-10.627707861																								37.513		0.10178		9.08E-01				-4.20E-01

		62		0.0001593407		0.0001348118		0.0001689907		0.0001688488				0.0337379313		0.0295997428		0.0373746676		0.0369018773				-14.2742266059																								38.514		0.093789		8.37E-01				-7.75E-01

		63		0.000110765		0.0001004895		0.000095982		0.0000924918				0.0234527732		0.0220638317		0.0212277605		0.0202140685				-16.730958211																								39.514		0.090446		8.07E-01				-9.33E-01

		64		0.0001118563		0.000097507		0.0000925132		0.0000867151				0.0236838432		0.0214089801		0.0204605941		0.0189515641				-16.8908176052																								40.515		0.096342		8.59E-01				-6.59E-01

		65		0.0001084005		0.0000985062		0.0000934208		0.0000877804				0.0229521218		0.0216283559		0.0206613238		0.0191843996				-16.8484185705																								41.515		0.10408		9.28E-01				-3.23E-01

		66		0.0000992424		0.0000848103		0.000082366		0.0000787353				0.0210130363		0.0186212393		0.0182163846		0.0172075933				-17.3953781191																								42.515		0.10986		9.80E-01				-8.84E-02

		67		0.0000678774		0.0000606619		0.0000554354		0.0000494959				0.0143719999		0.0133191365		0.012260306		0.0108173143				-19.1149869071																								43.516		0.10603		9.46E-01				-2.43E-01

		68		0.0000474494		0.0000434472		0.0000437141		0.0000386862				0.010046683		0.009539413		0.0096679839		0.0084548708				-20.1466408109																								44.516		0.094444		8.42E-01				-7.45E-01

		69		0.0000396285		0.0000394398		0.0000384071		0.0000369414				0.0083907137		0.0086595312		0.0084942584		0.0080735327				-20.7087452943																								45.516		0.085904		7.66E-01				-1.16E+00
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		-34		0.0000916718		0.0000949049		0.0000916972		0.0000934598				0.0194100954		0.0208376621		0.0202801097		0.020425621				-16.9292970066				8																				-57.521		0.00034982		3.12E-03				-2.51E+01

		-33		0.0001200749		0.0001214199		0.0001059147		0.0001008241				0.0254239992		0.0266593877		0.0234245125		0.0220350912				-16.3032943952				9																				-56.52		0.00025362		2.26E-03				-2.65E+01

		-32		0.0001623743		0.0001585968		0.0001542144		0.000145329				0.0343802379		0.0348220645		0.0341066727		0.0317616382				-14.6716064585				10																				-55.52		0.00013525		1.21E-03				-2.92E+01

		-31		0.0001755205		0.0001814798		0.0001806281		0.0001737566				0.0371637522		0.0398463443		0.0399484322		0.037974482				-13.9850026054				11																				-54.52		8.92E-05		7.95E-04				-3.10E+01

		-30		0.0001617539		0.0001736462		0.0001716878		0.0001684965				0.0342488823		0.0381263726		0.0379711624		0.0368248934				-14.2054610741				12																				-53.519		0.00019131		1.71E-03				-2.77E+01

		-29		0.0001365461		0.0001410611		0.0001446077		0.0001505565				0.0289115232		0.0309718756		0.031982016		0.0329041012				-14.950941637				13																				-52.519		0.00044601		3.98E-03				-2.40E+01

		-28		0.0000946167		0.0001108862		0.0000963793		0.0001141288				0.0200336217		0.0243465722		0.0213156336		0.0249428223				-16.7130175427				14																				-51.518		0.00070831		6.32E-03				-2.20E+01

		-27		0.0000708509		0.0000819979		0.0000757619		0.0000803618				0.0150015774		0.018003737		0.0167558038		0.0175630647				-17.7583473437				15																				-50.518		0.00091942		8.20E-03				-2.09E+01

		-26		0.0000529581		0.0000619239		0.0000587706		0.0000617436				0.0112130694		0.0135962206		0.0129979378		0.0134940496				-18.8612554445				16																				-49.518		0.00093988		8.38E-03				-2.08E+01

		-25		0.0000530917		0.0000559128		0.0000573417		0.0000553452				0.011241345		0.0122764057		0.0126819154		0.0120956893				-18.9681514887				17																				-48.517		0.00078079		6.96E-03				-2.16E+01

		-24		0.00005841		0.0000604733		0.0000617436		0.0000600676				0.0123674198		0.0132777205		0.0136554565		0.013127769				-18.6469377643				18																				-47.517		0.00053902		4.81E-03				-2.32E+01

		-23		0.0000585002		0.0000588741		0.0000612411		0.0000599408				0.0123865058		0.0129266006		0.0135443318		0.0131000425				-18.6824241584				19																				-46.517		0.00035658		3.18E-03				-2.50E+01

		-22		0.0000406444		0.0000519215		0.0000459154		0.0000479833				0.0086058308		0.011400072		0.0101548377		0.0104867387				-19.9332701435				20																				-45.516		0.00032937		2.94E-03				-2.53E+01

		-21		0.0000269907		0.0000281185		0.0000213044		0.0000313547				0.0057148586		0.0061737911		0.0047117661		0.0068525541				-23.268162792				21																				-44.516		0.0004		3.57E-03				-2.45E+01

		-20		0.0000085521		0.000008634		0.0000089204		0.0000103903				0.0018107663		0.0018957153		0.0019728642		0.0022707963				-27.0490280713																								-43.516		0.00054329		4.85E-03				-2.31E+01

		-19		0.0000050116		0.0000052909		0.0000043934		0.0000050116				0.0010611365		0.0011616893		0.0009716625		0.0010952923				-30.1248456984																								-42.515		0.00065539		5.85E-03				-2.23E+01

		-18		0.0000196577		0.0000162433		0.0000193486		0.0000104806				0.0041622145		0.0035664318		0.0042792118		0.0022905367				-23.6863622176																								-41.515		0.00074112		6.61E-03				-2.18E+01

		-17		0.0000352663		0.0000318296		0.000030148		0.0000258195				0.0074670978		0.0069886181		0.0066676489		0.0056428479				-21.7602727715						max ripple is 3.5 dB																		-40.515		0.0008861		7.90E-03				-2.10E+01

		-16		0.000058607		0.0000587021		0.0000564453		0.0000473835				0.0124091263		0.0128888497		0.012483663		0.0103556607				-19.0365796451						% power focused				0.9274890344														-39.514		0.001189		1.06E-02				-1.97E+01

		-15		0.0000806306		0.0000765376		0.0000760715		0.0000741244				0.0170722843		0.0168048588		0.0168242833		0.0161998667				-17.7406342702																								-38.514		0.0016313		1.45E-02				-1.84E+01

		-14		0.0000859146		0.0000856146		0.0000858036		0.0000805332				0.0181910851		0.0187978518		0.0189766591		0.0176005227				-17.2178024511																								-37.513		0.0019923		1.78E-02				-1.75E+01

		-13		0.0000802625		0.0000821517		0.0000811565		0.000083891				0.0169943435		0.01803752		0.0179488887		0.0183343587				-17.459624362																								-36.513		0.0021755		1.94E-02				-1.71E+01

		-12		0.0000705923		0.0000733168		0.0000702907		0.0000769254				0.0149468316		0.0160976853		0.0155457633		0.016812037				-18.0838795025																								-35.513		0.0020852		1.86E-02				-1.73E+01

		-11		0.0000575086		0.0000597621		0.0000620824		0.0000613379				0.0121765596		0.0131215857		0.0137304011		0.013405398				-18.6231677602																								-34.512		0.0017781		1.59E-02				-1.80E+01

		-10		0.0000437141		0.000041259		0.0000447554		0.0000486951				0.0092557843		0.0090589766		0.009898292		0.0106423037				-20.0443973957																								-33.512		0.0016079		1.43E-02				-1.84E+01

		-9		0.0000384769		0.0000356502		0.0000369065		0.0000342905				0.0081468791		0.00782748		0.008162385		0.0074941813				-20.8818292584																								-32.512		0.0016925		1.51E-02				-1.82E+01

		-8		0.0000373252		0.0000360341		0.0000363313		0.0000359643				0.0079030445		0.0079117635		0.0080351811		0.0078599834				-20.9500433042																								-31.511		0.0021343		1.90E-02				-1.72E+01

		-7		0.0000416858		0.0000373408		0.0000371792		0.0000384071				0.0088263196		0.0081986679		0.0082226996		0.0083938567				-20.8498557462																								-30.511		0.0026299		2.35E-02				-1.63E+01

		-6		0.0000523722		0.0000506979		0.0000457951		0.0000449153				0.0110890103		0.0111314176		0.0101282356		0.0098162247				-19.9446620322																								-29.511		0.0029443		2.63E-02				-1.58E+01

		-5		0.0000629605		0.0000551466		0.0000545239		0.0000555255				0.0133309101		0.012108176		0.0120587309		0.0121350901				-19.1869839563																								-28.51		0.0027666		2.47E-02				-1.61E+01

		-4		0.0000773133		0.0000733487		0.0000716266		0.0000715404				0.0163698864		0.0161046939		0.0158412136		0.0156351352				-18.0021154887																								-27.51		0.00213		1.90E-02				-1.72E+01

		-3		0.0000827341		0.000081026		0.0000915141		0.0000792955				0.0175176602		0.017790348		0.0202396191		0.0173300273				-16.9379766409																								-26.509		0.001534		1.37E-02				-1.86E+01

		-2		0.0000760205		0.0000799996		0.0000846428		0.0000807884				0.016096157		0.0175649853		0.0187199318		0.017656284				-17.2769573705																								-25.509		0.0012196		1.09E-02				-1.96E+01

		-1		0.0000643885		0.0000642592		0.0000698166		0.0000734349				0.0136332685		0.0141089787		0.015440926		0.0160491786				-18.1132665754																								-24.509		0.0014172		1.26E-02				-1.90E+01

		0		0.0000293317		0.0000396802		0.0000515376		0.0000437141				0.0062105368		0.0087123148		0.0113982588		0.0095537088				-19.4316148802																								-23.508		1.88E-03		1.67E-02				-1.78E+01

		1		0.0000133027		0.000015656		0.000019178		0.0000197217				0.0028166477		0.0034374965		0.0042414937		0.0043101647				-23.7248117324																								-22.508		0.0022825		2.04E-02				-1.69E+01

		2		0.0000070768		0.0000056015		0.0000058474		0.0000062572				0.0014984027		0.0012298933		0.0012932375		0.0013675121				-28.883216944																								-21.508		0.0023567		2.10E-02				-1.68E+01

		3		0.0000106167		0.000011908		0.0000106613		0.0000074593				0.0022479135		0.0026145543		0.0023578876		0.001630223				-26.2747689762																								-20.507		0.0020434		1.82E-02				-1.74E+01

		4		0.0000340113		0.0000306738		0.0000298943		0.0000251807				0.0072013701		0.0067348398		0.006611542		0.0055032333				-21.796972356																								-19.507		1.50E-03		1.34E-02				-1.87E+01

		5		0.0000499407		0.0000441474		0.0000451377		0.0000384769				0.0105741815		0.0096931671		0.0099828354		0.0084091102				-20.007460876																								-18.507		0.0011937		1.06E-02				-1.97E+01

		6		0.0000461164		0.0000577974		0.0000518481		0.0000533621				0.0097644435		0.0126901994		0.0114669272		0.0116622816				-19.4055294508																								-17.506		0.0011229		1.00E-02				-2.00E+01

		7		0.0000474494		0.0000474494		0.0000468497		0.000047049				0.010046683		0.010418163		0.010361459		0.0102825596				-19.8457908729																								-16.506		0.00129		1.15E-02				-1.94E+01

		8		0.0000418456		0.0000361038		0.0000351267		0.0000388258				0.0088601604		0.0079270878		0.0077687676		0.0084853778				-21.0964787002																								-15.506		0.0014707		1.31E-02				-1.88E+01

		9		0.0000110226		0.0000198496		0.000018124		0.0000264583				0.002333857		0.0043582397		0.0040083752		0.0057824626				-23.9703163517																								-14.505		0.0014794		1.32E-02				-1.88E+01

		10		0.0000022696		0.0000056491		0.0000059294		0.0000129624				0.0004805429		0.001240335		0.0013113639		0.0028329308				-28.822767728																								-13.505		0.0012845		1.15E-02				-1.94E+01

		11		0.0000015319		0.0000010129		0.000000943		0.0000017505				0.0003243611		0.000222385		0.000208565		0.0003825673				-36.8075847717																								-12.504		0.00085304		7.61E-03				-2.12E+01

		12		0.0000139821		0.000009398		0.0000063807		0.0000070222				0.0029604998		0.0020634482		0.0014111708		0.0015346918				-28.504204221																								-11.504		0.00051569		4.60E-03				-2.34E+01

		13		0.0000290833		0.0000240686		0.0000222487		0.0000227319				0.0061579354		0.0052845797		0.0049206185		0.0049680557				-23.0798030264																								-10.504		0.00023001		2.05E-03				-2.69E+01

		14		0.0000461164		0.0000476274		0.0000390352		0.0000372206				0.0097644435		0.0104572346		0.0086331822		0.0081345468				-20.6382909223																								-9.5034		0.00020312		1.81E-03				-2.74E+01

		15		0.0000533621		0.0000581613		0.0000534172		0.0000530917				0.011298603		0.0127700993		0.0118139612		0.0116031805				-19.2760446011																								-8.503		0.00037271		3.32E-03				-2.48E+01

		16		0.000057148		0.0000651307		0.0000608121		0.0000587706				0.0121002156		0.014300315		0.0134494512		0.0128443028				-18.7129543577																								-7.5027		0.00064147		5.72E-03				-2.24E+01

		17		0.000057148		0.0000588374		0.0000543537		0.0000570128				0.0121002156		0.0129185373		0.012021074		0.0124601459				-19.20056728																								-6.5023		0.00093738		8.36E-03				-2.08E+01

		18		0.0000461164		0.0000519432		0.0000533287		0.000051606				0.0097644435		0.0114048367		0.0117943944		0.0112784895				-19.2832435439																								-5.502		0.0011097		9.90E-03				-2.00E+01

		19		0.0000369595		0.0000379883		0.0000385363		0.0000453157				0.0078255976		0.0083408431		0.0085228436		0.00990373				-20.6941548192																								-4.5016		0.0011894		1.06E-02				-1.97E+01

		20		0.0000366971		0.0000332436		0.0000299863		0.0000365924				0.0077700438		0.0072990765		0.0066318917		0.0079972651				-21.7836257556																								-3.5013		0.0011287		1.01E-02				-2.00E+01

		21		0.0000384071		0.0000297931		0.0000307553		0.0000328248				0.0081321012		0.0065414742		0.0068019565		0.0071738573				-21.673661508																								-2.5009		0.00092094		8.21E-03				-2.09E+01

		22		0.0000549847		0.0000376393		0.0000428606		0.0000433137				0.0116421513		0.0082642218		0.0094792188		0.0094662034				-20.2322745443																								-1.5005		0.00066769		5.96E-03				-2.23E+01

		23		0.0000799996		0.0000688686		0.0000674896		0.0000553285				0.0169386715		0.0151210288		0.0149262705		0.0120920411				-18.260486914																								-0.50018		0.00033408		2.98E-03				-2.53E+01

		24		0.0001002178		0.0000872565		0.0000923263		0.0000862301				0.021219573		0.0191583466		0.020419242		0.0188455751				-16.899603828																								0.50018		0.00012209		1.09E-03				-2.96E+01

		25		0.0000919874		0.0000885166		0.0000854471		0.0000857568				0.0194769018		0.0194350253		0.0188978317		0.0187421399				-17.2358802222																								1.5005		6.99E-06		6.24E-05				-4.21E+01

		26		0.0000654227		0.0000595819		0.0000606619		0.000069041				0.013852252		0.0130820023		0.0134162246		0.0150888908				-18.7236968103																								2.5009		2.26E-05		2.01E-04				-3.70E+01

		27		0.0000179321		0.0000156976		0.0000153863		0.0000284813				0.0037968523		0.0034466294		0.0034028963		0.0062245755				-24.6815128384																								3.5013		0.00010073		8.98E-04				-3.05E+01

		28		0.0000350569		0.0000163972		0.0000225832		0.000022787				0.0074227642		0.0036002365		0.0049945998		0.0049800898				-23.0149930547																								4.5016		0.00016162		1.44E-03				-2.84E+01

		29		0.0002006908		0.0001239776		0.0001577699		0.0000873987				0.0424931731		0.0272209517		0.0348930173		0.0191009704				-14.5726147404																								5.502		0.00024441		2.18E-03				-2.66E+01

		30		0.0005368061		0.0004057916		0.0005336951		0.0005717154				0.1136604032		0.0890970369		0.118034128		0.1249482969				-9.2799240406																								6.5023		0.00033527		2.99E-03				-2.52E+01

		31		0.0013189146		0.0011652424		0.0011322023		0.0011468082				0.2792597711		0.2558447017		0.2504023742		0.2506347472				-6.0136155774																								7.5027		0.00052758		4.71E-03				-2.33E+01

		32		0.0020106721		0.0017577195		0.0020779447		0.0017379695				0.4257287378		0.3859310491		0.4595665334		0.3798329404				-3.3765160507																								8.503		0.00074257		6.62E-03				-2.18E+01

		33		0.0031895494		0.0029943703		0.0029241307		0.0028380257				0.6753377711		0.6574544352		0.6467123896		0.6202500626				-1.8928881884																								9.5034		0.00096882		8.64E-03				-2.06E+01

		34		0.0044288422		0.0042380016		0.004073803		0.0041660573				0.9377388684		0.9305104884		0.9009785058		0.9104911401				-0.4528556964				%power focused																				10.504		0.0010708		9.55E-03				-2.02E+01

		35		0.004722895		0.0045544909		0.0045215318		0.0045756154				1		1		1		1				0				0.9274890344																				11.504		0.0010515		9.38E-03				-2.03E+01

		36		0.0040510611		0.0041646026		0.0041326894		0.0042494004				0.85774957		0.9143947393		0.9140020493		0.9287057639				-0.3905283055																								12.504		0.00091758		8.18E-03				-2.09E+01

		37		0.0033970072		0.0033243552		0.0035140546		0.0035162179				0.7192637494		0.7299070852		0.7771823165		0.7684688543				-1.094770896																								13.505		0.00067154		5.99E-03				-2.22E+01

		38		0.0032472829		0.0030127329		0.0030113688		0.0030980403				0.6875619562		0.6614861947		0.6660063258		0.6770762082				-1.7652164581																								14.505		0.00048447		4.32E-03				-2.36E+01

		39		0.0035176602		0.0031439364		0.0032108579		0.0032383256				0.744810161		0.6902936922		0.7101261207		0.7077355324				-1.4866451232																								15.506		0.00038386		3.42E-03				-2.47E+01

		40		0.004178193		0.0038209309		0.0039105598		0.0037007798				0.884667779		0.8389369915		0.8648749877		0.8088048295				-0.6304666257																								16.506		0.00044545		3.97E-03				-2.40E+01

		41		0.0045057426		0.0042718716		0.0043471952		0.0042522501				0.954021345		0.9379471126		0.9614430142		0.9293285661				-0.170764518																								17.506		0.00063139		5.63E-03				-2.25E+01

		42		0.0044401669		0.0043304678		0.0044316734		0.004457154				0.9401367073		0.950812683		0.9801265447		0.9741102867				-0.0871784868																								18.507		0.00074582		6.65E-03				-2.18E+01

		43		0.0042664628		0.0042142541		0.0042522501		0.0042908027				0.9033575343		0.9252963981		0.9404445807		0.9377542254				-0.2666679183																								19.507		0.00071568		6.38E-03				-2.19E+01

		44		0.0039318515		0.0037758736		0.0039247542		0.003969079				0.8325087632		0.82904404		0.8680142871		0.8674415678				-0.6147312647																								20.507		0.00047042		4.20E-03				-2.38E+01

		45		0.0036412309		0.0034566196		0.0035964805		0.0035600731				0.7709743615		0.7589475207		0.7954119659		0.7780534036				-0.9940787995																								21.508		0.00022468		2.00E-03				-2.70E+01

		46		0.0034248132		0.0030026387		0.0033118266		0.0033180909				0.7251512529		0.6592698789		0.7324567646		0.7251682223				-1.3521800573																								22.508		0.00015523		1.38E-03				-2.86E+01

		47		0.0032992352		0.0029297968		0.0031971257		0.0031639792				0.698562058		0.6432764649		0.7070890654		0.69148713				-1.5052587872																								23.508		0.00037238		3.32E-03				-2.48E+01

		48		0.0034327648		0.0030623434		0.0032947455		0.0032454915				0.7268348814		0.6723788569		0.7286790509		0.7093016251				-1.3746371602																								24.509		0.00071725		6.40E-03				-2.19E+01

		49		0.0036486877		0.0031980728		0.0034340901		0.0034029709				0.7725532112		0.7021800684		0.7594970468		0.7437187222				-1.1947391051																								25.509		0.00090523		8.07E-03				-2.09E+01

		50		0.0038757291		0.0033744697		0.0036568271		0.0035896541				0.8206257225		0.7409104064		0.8087584502		0.7845183255				-0.9218116861																								26.509		0.00062361		5.56E-03				-2.25E+01

		51		0.0040885019		0.0036529412		0.0039201213		0.0038437471				0.8656770646		0.8020525709		0.8669896547		0.8400502891				-0.619860847																								27.51		0.00032084		2.86E-03				-2.54E+01

		52		0.0042691672		0.0038848668		0.0041838924		0.0041155053				0.9039301569		0.8529749813		0.9253263201		0.8994430174				-0.3370508454																								28.51		0.0014894		1.33E-02				-1.88E+01

		53		0.0040835921		0.003726834		0.0040835921		0.0040098415				0.8646375067		0.8182767448		0.9031435107		0.8763502053				-0.4424323423																								29.511		0.0058774		5.24E-02				-1.28E+01

		54		0.0037520835		0.003378646		0.0036752589		0.0036837659				0.7944456722		0.7418273498		0.8128349016		0.8050864285				-0.899976569																								30.511		0.017934		1.60E-01				-7.96E+00

		55		0.0037179127		0.0032804139		0.0035524883		0.003475141				0.7872105472		0.720259166		0.7856824644		0.7594915028				-1.0475293977																								31.511		0.035051		3.13E-01				-5.05E+00

		56		0.0036344306		0.0033950192		0.0036752589		0.0036635749				0.7695344951		0.7454223288		0.8128349016		0.8006736963				-0.899976569																								32.512		0.060413		5.39E-01				-2.69E+00

		57		0.0030657431		0.0028578574		0.0031042731		0.0034261385				0.6491237131		0.6274811832		0.6865534165		0.7487820032				-1.6332566735																								33.512		0.083371		7.44E-01				-1.29E+00

		58		0.0020750765		0.0019283339		0.0021690365		0.0024521565				0.4393653704		0.4233917454		0.479712756		0.5359183929				-3.1901873305																								34.512		0.10203		9.10E-01				-4.10E-01

		59		0.0011101642		0.001221187		0.0014571327		0.0014762363				0.235060104		0.2681280947		0.3222652816		0.3226312094				-4.9178647957																								35.513		0.11212		1.00E+00				0.00E+00

		60		0.0007154052		0.0007042794		0.0007892694		0.000808244				0.1514759852		0.1546340437		0.1745579698		0.1766415844				-7.580603178																								36.513		0.11144		9.94E-01				-2.64E-02

		61		0.0003556965		0.0003791877		0.0003913045		0.000408837				0.0753132342		0.0832557752		0.0865424556		0.0893512694				-10.627707861																								37.513		0.10178		9.08E-01				-4.20E-01

		62		0.0001593407		0.0001348118		0.0001689907		0.0001688488				0.0337379313		0.0295997428		0.0373746676		0.0369018773				-14.2742266059																								38.514		0.093789		8.37E-01				-7.75E-01

		63		0.000110765		0.0001004895		0.000095982		0.0000924918				0.0234527732		0.0220638317		0.0212277605		0.0202140685				-16.730958211																								39.514		0.090446		8.07E-01				-9.33E-01

		64		0.0001118563		0.000097507		0.0000925132		0.0000867151				0.0236838432		0.0214089801		0.0204605941		0.0189515641				-16.8908176052																								40.515		0.096342		8.59E-01				-6.59E-01

		65		0.0001084005		0.0000985062		0.0000934208		0.0000877804				0.0229521218		0.0216283559		0.0206613238		0.0191843996				-16.8484185705																								41.515		0.10408		9.28E-01				-3.23E-01

		66		0.0000992424		0.0000848103		0.000082366		0.0000787353				0.0210130363		0.0186212393		0.0182163846		0.0172075933				-17.3953781191																								42.515		0.10986		9.80E-01				-8.84E-02

		67		0.0000678774		0.0000606619		0.0000554354		0.0000494959				0.0143719999		0.0133191365		0.012260306		0.0108173143				-19.1149869071																								43.516		0.10603		9.46E-01				-2.43E-01

		68		0.0000474494		0.0000434472		0.0000437141		0.0000386862				0.010046683		0.009539413		0.0096679839		0.0084548708				-20.1466408109																								44.516		0.094444		8.42E-01				-7.45E-01

		69		0.0000396285		0.0000394398		0.0000384071		0.0000369414				0.0083907137		0.0086595312		0.0084942584		0.0080735327				-20.7087452943																								45.516		0.085904		7.66E-01				-1.16E+00

		70		0.0000351267		0.0000353361		0.0000342207		0.0000313547				0.0074375421		0.0077585208		0.0075683858		0.0068525541				-21.2099673935																								46.517		0.080507		7.18E-01				-1.44E+00

		71		0.0000357549		0.0000348476		0.0000333741		0.0000300639				0.0075705428		0.0076512509		0.0073811531		0.0065704521				-21.3187578602																								47.517		8.46E-02		7.55E-01				-1.22E+00

		72		0.0000541734		0.0000546241		0.0000457161		0.0000467557				0.0114703771		0.0119934573		0.0101107439		0.0102184611				-19.9521689066																								48.517		0.093236		8.32E-01				-8.01E-01

		73		0.000096876		0.0000826289		0.0000782613		0.0000758912				0.0205119884		0.0181422901		0.0173085819		0.0165860049				-17.6173851252																								49.518		0.10081		8.99E-01				-4.62E-01

		74		0.0001194933		0.0001118563		0.0001136729		0.0001053084				0.025300857		0.0245595622		0.0251403567		0.0230151315				-15.9962856505																								50.518		0.10075		8.99E-01				-4.64E-01

		75		0.0001080367		0.0001076729		0.0001140367		0.0001099454				0.0228750985		0.0236410427		0.0252208102		0.0240285433				-15.982409669																								51.518		0.097561		8.70E-01				-6.04E-01

		76		0.0000540382		0.0000506595		0.0000548044		0.0000552551				0.0114417481		0.0111229878		0.012120754		0.012075989				-19.1647036239																								52.519		0.098556		8.79E-01				-5.60E-01

		77		0.0000207249		0.0000106613		0.0000128742		0.000015085				0.0043881689		0.0023408245		0.0028473024		0.0032968351				-25.4556640872																								53.519		0.1038		9.26E-01				-3.35E-01

		78		0.0000041273		0.0000029799		0.000004619		0.0000053971				0.0008738897		0.0006542695		0.0010215659		0.0011795455				-29.9073360687																								54.52		0.10917		9.74E-01				-1.16E-01

		79		0.0000124979		0.0000166613		0.0000078144		0.0000103301				0.0026462287		0.0036582244		0.0017282702		0.0022576361				-27.6238835368																								55.52		0.10786		9.62E-01				-1.68E-01

		80		0.0000313547		0.0000290833		0.0000247376		0.0000261744				0.0066388629		0.0063856274		0.0054710635		0.0057204116				-22.619282466																								56.52		0.093696		8.36E-01				-7.80E-01

		81		0.0000382675		0.0000359643		0.0000341858		0.0000335228				0.0081025455		0.0078964393		0.0075606678		0.0073263926				-21.214398444																								57.521		0.069326		6.18E-01				-2.09E+00

		82		0.0000409114		0.0000380581		0.0000351267		0.0000378487				0.0086623485		0.0083561674		0.0077687676		0.0082718285				-21.0964787002																								58.521		0.039446		3.52E-01				-4.54E+00

		83		0.0000305029		0.0000321967		0.0000307868		0.0000310707				0.0064585151		0.0070692124		0.0068089335		0.0067905031				-21.669209072																								59.521		0.017278		1.54E-01				-8.12E+00

		84		0.0000225089		0.0000235124		0.0000212259		0.0000232894				0.004765913		0.0051624721		0.0046944124		0.0050899004				-23.284187566																								60.522		0.0030959		2.76E-02				-1.56E+01

		85		0.0000200558		0.0000217656		0.0000216169		0.0000198496				0.0042465148		0.0047789214		0.0047808761		0.0043381188				-23.2049250747																								61.522		0.00012802		1.14E-03				-2.94E+01

		86		0.0000320571		0.0000348656		0.0000311851		0.0000323905				0.0067875901		0.0076552239		0.0068970183		0.0070789465				-21.6133861856																								62.522		0.00070439		6.28E-03				-2.20E+01

		87		0.0000413118		0.0000416677		0.0000370112		0.0000378487				0.0087471251		0.0091486966		0.0081855389		0.0082718285				-20.8695272131																								63.523		1.21E-03		1.08E-02				-1.97E+01

		88		0.0000253936		0.0000307461		0.0000242475		0.000032406				0.0053767065		0.0067507131		0.0053626794		0.0070823362				-22.7061816571																								64.523		7.28E-04		6.49E-03				-2.19E+01

		89		0.0000145947		0.0000178362		0.0000121366		0.0000167324				0.003090207		0.0039161795		0.0026841706		0.0036568653				-25.711898862																								65.523		0.00026975		2.41E-03				-2.62E+01

		90		0.0000090428		0.0000094121		0.0000081423		0.0000094121				0.0019146733		0.0020665585		0.0018007757		0.0020570177				-27.4454038759																								66.524		0.00032152		2.87E-03				-2.54E+01

		91		0.000010484		0.0000095639		0.0000106702		0.0000079369				0.0022198166		0.0020998829		0.0023598606		0.0017345997				-26.2711364889																								67.524		0.00060415		5.39E-03				-2.27E+01

																																																68.525		0.00059466		5.30E-03				-2.28E+01

																																																69.525		0.00029919		2.67E-03				-2.57E+01

																																																70.525		0.00014657		1.31E-03				-2.88E+01

																																																71.526		0.00037505		3.35E-03				-2.48E+01

																																																72.526		0.00064192		5.73E-03				-2.24E+01

																																																73.526		0.00068753		6.13E-03				-2.21E+01

																																																74.527		0.00044929		4.01E-03				-2.40E+01

																																																75.527		0.00014385		1.28E-03				-2.89E+01

																																																76.527		4.33E-05		3.87E-04				-3.41E+01

																																																77.528		6.69E-05		5.96E-04				-3.22E+01

																																																78.528		1.32E-04		1.18E-03				-2.93E+01

																																																79.528		0.00022765		2.03E-03				-2.69E+01

																																																80.529		0.0003067		2.74E-03				-2.56E+01

																																																81.529		0.00030777		2.75E-03				-2.56E+01

																																																82.53		0.00019757		1.76E-03				-2.75E+01

																																																83.53		7.51E-05		6.70E-04				-3.17E+01

																																																84.53		0.00011362		1.01E-03				-2.99E+01

																																																85.531		0.00030428		2.71E-03				-2.57E+01

																																																86.531		0.00037353		3.33E-03				-2.48E+01

																																																87.531		0.00022857		2.04E-03				-2.69E+01

																																																88.532		5.07E-05		4.52E-04				-3.34E+01

																																																89.532		4.09E-05		3.65E-04				-3.44E+01

																																																90.532		0.00024256		2.16E-03				-2.66E+01

																																																91.533		0.00050063		4.47E-03				-2.35E+01

																																																92.533		0.00052624		4.69E-03				-2.33E+01

																																																93.534		0.00033776		3.01E-03				-2.52E+01

																																																94.534		0.00016298		1.45E-03				-2.84E+01

																																																95.534		5.35E-05		4.77E-04				-3.32E+01

																																																96.535		3.54E-05		3.15E-04				-3.50E+01

																																																97.535		3.05E-05		2.72E-04				-3.57E+01

																																																98.535		4.35E-05		3.88E-04				-3.41E+01

																																																99.536		0.00012034		1.07E-03				-2.97E+01

																																																100.54		0.00019193		1.71E-03				-2.77E+01

																																																101.54		0.00021994		1.96E-03				-2.71E+01

																																																102.54		1.73E-04		1.54E-03				-2.81E+01

																																																103.54		9.38E-05		8.36E-04				-3.08E+01

																																																104.54		4.18E-05		3.72E-04				-3.43E+01

																																																105.54		2.87E-05		2.56E-04				-3.59E+01

																																																106.54		8.51E-05		7.59E-04				-3.12E+01

																																																107.54		0.00028502		2.54E-03				-2.59E+01

																																																108.54		0.00048096		4.29E-03				-2.37E+01

																																																109.54		0.0005656		5.04E-03				-2.30E+01

																																																110.54		0.00039043		3.48E-03				-2.46E+01

																																																111.54		0.00013951		1.24E-03				-2.91E+01

																																																112.54		6.46E-06		5.77E-05				-4.24E+01
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Coherent control of photons

Coherent

— Keep track of field 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 guantum aspects of photons

— Quantum
» No accepted measure of “quantumness”

» C(lassical analogies often exist (e.g., the coherent oscillator state) except for:

— Wave-particle duality
— Identical indistinguishable particles

— Linearity and superposition of particle states

— Entanglement of particles

Motivation: Demonstrate a path to intuitive control of transient photon dynamics (in quantum systems)

— Open-loop control with control field generator

Physical objective —

Model-based control
parameters and
control-field generator

Quantum system with
controlled dynamics
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Uncontrolled short single-photon pulse and cavity ring-down

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

<~ L. —
1214
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Photon energy density, |'P(x,?)?
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\fz\r

Position, x (mm)
* Identical lossless dielectric mirrors m, with complex field ‘K
. / m
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,=51s
reflectivity » and transmission ¢ 5 =801
. . . Try= 150 fs
* 1 phase shift on reflection of the incident field m 7o = 153 fs
T T

» Resonant photon field in resonator is geometric series (1 + rei¢ + ,
r2ei2¢ + e+ )= 1/(1 - re'®) where phase per round-trip is Incident photon
. . pulse energy Space —>
2¢ = 2nw/Aw and spacing between resonances is A = nc/Lqn, density



Create videos with https://clipchamp.com/en/video-editor - free online video editor, video compressor, video converter.




Uncontrolled single-photon cavity ring-down

Cptical resonator: 113:1500nm, ED:O.SQYeV, nr:2.5, LC:151ﬂ. TDcoD:SO, Espread:OQO?e\z‘
Multiple Multiple
reflected transmitted
photon energy photon energy
density pulses density pulses

(ring-down) (ring-down)

5 Il
1 3 |
-E |

)
-

7, =51s

_ 7, =80 fs
Incident photon | Spatial extent of Fabry-Perot o= 150 f5
pulse energy resonator that stores and releases o =153 1s

density | photon energy density is L-= 154,

”80 500 520 540 560 580 600
Fosition, x {um)

Space —>



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, ...

\Hm
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Coherent control of transient dynamics

* Question: How do you stop a bell ringing ?

e Answer:

You hitit ! (... in a very controlled and precise way)

/P

Control field generator System
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Controlled single-photon zero cavity ring-down

<~ L. —>
= Control pulse can
Eal o result in exact
>‘:I .
'z E cancellation of
o . .
3 = energy density in
>
£ resonator
5 rr+r= J
5 (E+r2)yr=r . itr? - itrr =0
IS
<=
(a5

Q

0 200 400 600 800 1000 1200
Position, x(mm)

* Identical lossless dielectric mirrors m_ with field reflectivity »
and field transmission ¢
* Control pulse with optimal amplitude and phase shift to
eliminate photon energy density in resonator ,
* Formal control methods replaced by intuitive ray-tracing of Incident photon
b Y y pulse energy Space —>
resonant part of photon field density

,=51s
7, =80 fs
o= 150 fs
7o = 153 fs




Create videos with https://clipchamp.com/en/video-editor - free online video editor, video compressor, video converter.




Controlled single-photon zero cavity ring-down

COptical resonator; 1U:1500nm, ED:O.SQYe\/, nr:2.5, LC:151U. TDcoD:SO, Espread:O.QOYe\f
Dual reflected Transmitted
photon pulse single-photon
energy density pulse energy
density
(cancellation of
ring-down)
=
=
Incident control
photon pulse | Spatial extent of Fabry-Perot
and lead pulse _
. resonator L-= 154,
energy density ’
,=51s
7, =80 fs
480 500 520 540 560 580 600 re= 150 fs
Position, x (urm) Z'Q =153 fS

Space ——>



Experimental validation using Fabry-Perot resonator in waveguide

80
Delay Attenuator Waveguide To high- 70 A
) Fabry-Perot speed 60 -
?V:/il;';peed _L- resonator oscilloscope 50 |
r=-1 — S 40 -
ru —> E 3.
: splitter combiner DBR DBR 20 +
Synthesizer !. _JI 10 A
frequency f, == 0
Jo =8GHz, ¢, =158, 7, =125ps, 7, =7 ns, 5y = 13.7 18, 75, = 12.5 ns
Coherent control of resonator short output pulse using 80
single short control pulse 70 |
Short electromagnetic pulse of width z,= 10 ns < 7y, 7 50 |
. . . > 40
Round-trip time in resonator 7= 13.7 ns E
Resonator O = 633 corresponds to 75= 12.5 ns (red curve)
Measured transmitted electromagnetic signal in time- 0 -

domain j[mV]| into 50 QO

No control pulse

0

10 20 30 40 50 60 70 80 90 100

Time, t (ns) fileD7.xIm

With single control pulse

‘L.A.M Vo .4 shaanl
y

0

10 20 30 40 50 60 70 80 90 100
Time, t (ns) fileD5.xIm
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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

4.5056603774

5.0943396226

5.3056603774

5.0943396226

5.3056603774

6.6943396226

6.1056603774

6.6943396226

6.9056603774

7.4943396226

7.7056603774

7.4943396226

7.7056603774

7.4943396226

7.7056603774

7.4943396226

7.7056603774

7.4943396226

7.7056603774

7.4943396226

8.5056603774

9.0943396226

8.5056603774

7.4943396226

7.7056603774

7.4943396226

7.7056603774

6.6943396226

7.7056603774

6.6943396226

6.9056603774

5.8943396226

6.1056603774

5.8943396226

6.1056603774

5.0943396226

5.3056603774

5.0943396226

3.7056603774

4.2943396226

4.5056603774

2.6943396226

2.9056603774

3.4943396226

3.7056603774

2.6943396226

2.9056603774

2.6943396226

2.9056603774

3.4943396226

2.9056603774

1.8943396226

2.9056603774

2.6943396226

2.9056603774

2.6943396226

2.9056603774

1.8943396226

2.1056603774

1.8943396226

2.1056603774

1.8943396226

2.1056603774

1.0943396226

2.9056603774

1.8943396226

2.1056603774

1.8943396226

2.1056603774

2.6943396226

2.1056603774

2.6943396226

2.9056603774

2.6943396226

4.5056603774

3.4943396226

2.9056603774

3.4943396226

3.7056603774

4.2943396226

3.7056603774

4.2943396226

3.7056603774

4.2943396226

4.5056603774

3.4943396226

3.7056603774

5.0943396226

3.7056603774

4.2943396226

4.5056603774

4.2943396226

4.5056603774

5.0943396226

4.5056603774

4.2943396226

4.5056603774

3.4943396226

3.7056603774

3.4943396226

3.7056603774

2.6943396226

3.7056603774

2.6943396226

3.7056603774

2.6943396226

2.1056603774

2.6943396226

2.1056603774

1.0943396226

2.1056603774



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

		97.652		6.6		1.32		3.7056603774		4.4396969474

		97.847		17.8		3.56		3.4943396226		4.4052020163

		98.043		6.6		1.32		3.7056603774		4.3708002636

		98.239		17		3.4		2.6943396226		4.3366671661

		98.434		6.6		1.32		3.7056603774		4.3029727413

		98.63		17		3.4		2.6943396226		4.2693693325

		98.826		6.6		1.32		3.7056603774		4.2360283443

		99.022		17		3.4		2.6943396226		4.2029477276

		99.217		8.2		1.64		2.1056603774		4.1702922572

		99.413		17		3.4		2.6943396226		4.1377249964

		99.609		8.2		1.64		2.1056603774		4.1054120646

		99.804		15.4		3.08		1.0943396226		4.0735144131

		100		8.2		1.64		2.1056603774		4.0417029241
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Coherent control of single-photon resonator output pulse using one backward
control pulse

<~ L. —>

Control pulse can
result in exact
cancellation of energy
density in resonator
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Photon energy density, [¥(x,f)|?
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Coherent control of single-photon resonator output pulse using one backward

control pulse

Optical resonator; 11321500nm‘ ED:O.SQTeV, nr:2.5, LC:15AU. TDcoD:SO, Espread:OQO?e\f
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Geometric series using coherent control pulses to confine photon energy density in

resonator
Useful relations: 2+ 2= 1, 2/rr=1/r*- 1 -2/ro+ 2/r°=0
! - xV it/ +HB =it g i
n=0 —X _.O il Photon field in resonator is geometric series
el® it/ /P =-it/r> in €!%/r that sums to the N-1 value as
T £2/r0 LI+ rA=() ((1+e /e et/ + . )=
a=t 1 Tl > 1(1-(e%/r)M)/(1-(e'%/r))
it/r>+itd fri=it/rt S~ where phase per round-trip is 20=2n®/A®
p=n0/Aw \,.0 -2/ and spacing between resonances is
Aw=rc/ L, Litlr-if3 =it/ Aw=nc/Lqn,. The series does not converge
24 0 because <1 and so |ei%/r| >1.
Q . - 7
= i+ /r=it/r? f} 0 =51
= < i r =80 fs
Control pulseto __~ itr-iB3r=itlr 10T
eliminate photon ~ /2/;2 0 Q=153 1s
energy density | T 7
reflection it 2y Control pulse to eliminate
\r photon energy density
/7 reflection
Identical lossless dielectric mirrors with field

Incident photon  reflectivity » and field transmission ¢
pulse energy density Space ————>



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, W(x,?), describes single-photon energy density, U(x,1)=| W(x,?)|?
— Multiple resonator round-trip times, 7, required to build-up steady-state behavior

— Steady-state behavior evolves exponentially during characteristic resonator time, 7,

 Transient behavior controlled by incident waveform
— Non-Markovian dynamics because of mirror reflections and energy stored in resonator
— Can eliminate a// energy density in resonator in less than one round-trip time, 7y
— Can control exact number of identical transmitted and reflected pulses at multiples of round-trip time, 7yt
— Can use control to pass long pulses, 7> 7z, 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 {7y, Tpy, 7o } < Tcon
— Resource for manipulation of single-photon quantum states

— Use waveform as sensor probe of resonant structures (inverse problem)



Transient transmission and reflection of 2-photon Fock state at a Fabry-Perot
resonator

* The input state is |2,0);,, i.e. 2
photons incident from the left

* The photons are prepared as
rectangular wave packets

* The central frequency is on
resonance with the Fabry-Perot
resonator

* The spatial width of the wave packet
lw(x,, x,)| 1s much larger than that of
the resonator
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Why are “decoherence-free subspaces” fragile?

Polyacetylene

« Example: Su—Schrieffer—Heeger (SSH) model of polyacetylene [C,H,],_, H t ot H t H t H ‘)

— N=N,

atom

= 8 in a 1D chain with alternating nearest-neighbor hopping integral

t, and t, and onsite potential V=0

— Fix hopping integral t; =1 and sweep ¢,

.—CHH.—C

Jj=1

J=2

Jj=2

Jj=3

j=4

J=5

Jj=6

t, = 0, 1solated dimers

t, <t,, bulk states only
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r]:L a::r]:(}1 a::r2:(}1 a::rd:(L N =8
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\ g y
Y

t, > t,, bulk and isolated atom
surface states as N — o




Gaussian noise in hopping ¢ introduces noise in The edge-state protection 1s removed when on-site
eigenenergy and DOS. However, noise 1s suppressed noise is introduced in the bulk and/or at the edges
for protected edge (surface) states (¢,>t,)

flzl'1 f;rlzo'l’ f;rjzo'l’ d;rzo’ T:U'l’ Natﬂms:30 'tl:]’ fnr =0.1, f;rjzo'l’ d}rzo' L, F}:O'l’ Na[ﬂlﬂS:30

log] U(DO S)

Energy, Effl Energy, E,f’fl
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Encrgy cigenvalue, E/ |£]|

Next-next-nearest-neighbor hopping retains particle-antiparticle (PA) symmetry of energy eigenvalues

i{;l’ tmti0=0.25, crl=0-1, U;_:O-lr .:rd=0, Natom:30

R}

0 0.5 1

flz-l? thD:OZS? 0'1:01, 0'2201, O'd=0, Nﬂtmj=30

l/'.'—
27 o7
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//
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0 ',-"_"(‘
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/
-1 e
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) '/"
.“/
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Wave vector, k/m

N(E)

Next-next-nearest-neighbor

interaction retains PA symmetry

in energy eigenvalues and
retains protection from noise.
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Two Hermitian sub-systems H, and H, coupled by H,, while retaining particle-antiparticle (PA) symmetry protection

a t; 0t, 00 0O O0O0OOO 0O O O
t, a t, 0 t, 0 0 0 0 0 0 O 0 0 0 O
0O t, at, 0t, 00 0O0UO0O 0O O0 O
t, 0 t; a t, 0 t; 0 0 0 0 0 O O 0 O
O t, 0 t, a t; 0 t, O O O O O O 0 O
0 0 t, 0 tt a t, 0 t, 0 0 O 0 O 0 O
o0 Ot O¢t at O0¢t, 0000 O0 O
4y +Hy.=00 00 t, 0 t; a t O t; 0 0 0 0 0
270 0 0 0 0 tg O t, Vt; 0 t, 0 0 0 0
000O0UOT Ot 0O ¢t Vt 0 t 0 0 0
0000 0O Ot Ot V¢t 0¢t, 00
o000 0O 0O t, 0 ¢t V t 0 t; 0
0000 O0OO0OO O0¢t, 0 ¢t, Vit 0 t,
0000 00O0O0 00 ¢t 0 ¢t V t, 0%
000 0 0O0O0O 0 0 0 t OtZth%,O’\o%
00000 OOOO OO0 OO0 t, O Y

Retain particle-antiparticle (PA) symmetry and include next-next-nearest-neighbor terms in both sub-systems A, and H,
On-site potential, each element V= a. Require no dependence of 7 on a.
Nearest and next-next-nearest neighbor coupling determines non-zero off-diagonal H,, matrix elements



There 1s a lot to learn and get right ...
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Nearest-neighbor tight-binding dispersion in electrode and tunnel barrier

* (a) Propagating electron state (dot) of energy E, in the real nearest-neighbor tight-binding s-orbital cosine band of
the electrode (black curve)

* (b) Cosine band shifted up in energy relative to (a) to form a potential barrier of energy V. An electron of energy
E,incident on the potential barrier may be viewed as tunneling via the imaginary k-state (dot) in the normal
imaginary dispersion in the band structure (red dashed curve with negative slope and curvature)

Tight-binding nearest-
neighbor hopping
energy t, for s-orbitals
propagating k-state
dispersion

ho =21, (1 -cos(kL))

44 F

e
£
Q
o
[

A(a)

Electrode

Wave vector, &

T
2

‘ (b) a Anomalqus dispersion of non-propagating
o states with complex k

“«— Dispersion of propagating
states with real £

TShift cosine band up to create potential
barrier of energy Vg

Normal imaginary dispersion for which higher
energy components of wave packet have
~ / greater probability of tunneling

. e Tunnel barrier
\

~1E

Wave vector, A



Single-electron pulse dynamics at a tunnel barrier

* (a) Electron wave packet propagating in a constant potential (upper sketch) and incident on a rectangular
potential barrier of energy Vy (lower sketch). Measurement at position, xg, far to the right of the potential barrier

* (b) Probability of measuring the electron at xi as a function of time with and without a potential barrier. With
normal imaginary dispersion, the peak in detection probability after tunneling occurs before the peak for an
electron propagating in the absence of the potential barrier

I N = No barrier

Ly
000~ 0—0—0—0—0—0—0—0——0—0—0—0—0—0-1> -10
Position, x X; XR =
o000O , & —»| |1 =0.14ps
g Higher energy components of = i
— > the wave packet have greater = After tunneling
probability of tunneling 0% B throu gh barrier
E,~—~~~""~""~""~"""""""~"“"“"T"~""“""“"~“"""~""" "~ "~ = region
oo 000000 oo 000000 -20 : ' L—
Position, x |/ X; Xp 0.4 0.6 0.8 L.O

Electrode Barrier Electrode Time, 7 (ps)



Single-electron pulse dynamics at a tunnel barrier

67



Create videos with https://clipchamp.com/en/video-editor - free online video editor, video compressor, video converter.




High-pass k-space filter in a tunnel barrier

* (a) Incident electron wave packet of energy E, in the electrode has distribution of k-space amplitudes with standard
deviation o, about wave vector k_. Because, with normal imaginary dispersion, higher energy components of the wave
packet have greater probability of tunneling, the tunnel barrier of thickness Ly acts as a high-pass filter for wave vector
amplitudes. The transmitted pulse is distorted relative to the incident pulse, contains k-states with amplitudes that peak at &’
> k., and has a group velocity, v,, that is greater than that of the incident pulse. The transmitted pulse has a time-

independent wave vector spectrum
* (b) Transmitted pulse group velocity, v,, depends on 6, and Lg. Example: £, = 0.15 eV, V3 =0.35 eV, and m* = 0.07 x m,
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Space-time plot of high-pass k-space filter in a tunnel barrier
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Summary

A coherent single-particle wave-packet incident on a classically impenetrable barrier can be reflected and

interfere with itself and can be transmitted by tunneling

— Tunneling acts as a filter in k-space (high-pass k-space filter with normal imaginary dispersion and a low-pass k-space
filter with anomalous imaginary dispersion)

— Complex k-space dispersion in a tunnel barrier controls the arrival time, shape, and group velocity of a transmitted
single-electron single-peaked wave packet

The tunnel-transmitted particle can move faster (high-pass k-space filter) or slower (low-pass k-space filter)
than the incident particle

The dispersion described by complex band structure due to the periodic potential of a bulk crystal can be used
as a guide for component design (before solving the Schrodinger equation for the actual finite-sized nano-
scale geometry under consideration)

— Suggests a methodology and heuristics to expand design space and assist in the search for the optimal design

— A resource to reduce complexity, control tunneling between quantum dot electron-spin qubits, increase the peak-to-
valley ratio of a resonant tunnel diode (RTD), reduce subthreshold slope in a transistor (T-FET), etc.

Super-luminal transmission of information is precluded because single-bit information detection requires a
common bit-detection threshold. This results in the single-bit tunnel transmitted information in the pulse
arriving after the pulse with no barrier present. Collision lifetime and the related tunneling time can also be
defined by considering such information transport

“Wave packet tunneling and imaginary wave vector dispersion”, W. Unglaub and A. F. J. Levi, Physics Open 17, 100164 (2023).



https://bpb-us-w1.wpmucdn.com/sites.usc.edu/dist/e/127/files/2023/07/283_Phys_Open__Wave_packet_tunneling_and_dispersion_of_imaginary_wave_vector.pdf
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