Group Theory in Quantum Mechanics
Lecture 2 1515

Quantum amplitudes, analyzers, and axioms

(Quantum Theory for Computer Age - Ch. 1 of Unit 1 )
(Principles of Symmetry, Dynamics, and Spectroscopy - Sec. 1-2 of Ch. 1)

Review: “Abstraction” of bra and ket vectors from a Transformation Matrix
Introducing scalar and matrix products

Planck's energy and N-quanta (Cavity/Beam wave mode)

Did Max Planck Goof? What's 1-photon worth?
Feynman amplitude axiom I

What comes out of a beam sorter channel or branch-b?
Sample calculations
Feynman amplitude axioms 2-3

Beam analyzers: Sorter-unsorters
The “Do-Nothing” analyzer
Feynman amplitude axiom 4
Some “Do-Something” analyzers
Sorter-counter, Filter, 1/2-wave plate, 1/4-wave plate

http://www.uark.edu/ua/modphys/pdfs/QTCA_Pdfs/QTCA_Text 2013/QTCA_Unit_I_Ch._I_2013.pdf
http://www.uark.edu/ua/modphys/pdfs/QTCA_Pdfs/QTCA_Text 2013/QTCA_Unit 7_Ch._22_ 2005.pdf

See also 2005 site:

http://www.uark.edu/ua/pirelli/php/light_energy flux_I.php
http://www.uark.edu/ua/pirelli/php/amplitude_probability_|.php
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Feynman amplitude axiom I
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Feynman amplitude axioms 2-3

Beam analyzers: Sorter-unsorters
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“Abstraction” of bra and ket vectors from a Transformation Matrix

Ket or column vectors Bra or row vectors

Given . <x|x'> <x|y'> ( s sinb j
Transformation | L= '
Matrix To, | 1) () ) L sinf cos6

Thursday, January 15, 2015



“Abstraction” of bra and ket vectors from a Transformation Matrix

Ket or column vectors Bra or row vectors

Given | <x|x'> <x| y'> ( c0sf  —sing ]
Transformation | e .
Matrix T, : <y‘x > <y’y > Slzn9 cos@

-

Abstracting ket | n'") state vectors

from
Transformation Matrix

T =(m| ')
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“Abstraction” of bra and ket vectors from a Transformation Matrix

Ket or column vectors Bra or row vectors
Given () () ( c0s6 —sing ] -------------------------- = fxl=( (sx) () )=( eoso —sino )
Transformation = by A b S kbbbl
Matrix Ty, . 1% () | Lsing cos6 Jeen = Pl=[ OF) Ol) )=(sine cose )
e ﬁ e Abstracting bra (m| state vectors;
U e U from '
(x| x") CosO (x| Cain@ ) Transformation Matrix
<y‘x'> Sll;l@ <y‘y'> COSQ m. <m’ n>
. Abstracting ket | n') state vectors : : (|
N : i oS
'si Jrom - sing/
Transformation Matrix O//
Tm,n’:<m‘ I/l/> _______________________________________ 9 gcos 0
o) =[x} +]2) () Ol= O+ O] Y
...................................................... ! . | | sin 0
.................................... Pt} ne) " okl lot s

........ :x>(—sm9)+y>(cos9) = (cos0){x|+(-sin0)(»]
(0=+30°)-Rotated kets {|x’),|y’)} or {x/, y’} (0=-30°)-Rotated bras {(x|, (y|} or {x,y}
represented in page-aligned {|x), |y) } basis. represented in page-aligned {|x’),|y’)} basis.
Ket vector algebra has the order of Tn,» transposed Bra vector algebra has the same order as Tm,»

o) =)l ) + ) (]x) =) eos6) +]v)(sin6) (xf= Gl e+ (o]0 = (cos0) e+ (=sin0) (]

V) =[xl )+ )]y =) (=sing) +] y)(cos) (= O+ )] = (sind)x|+(cos8) (v
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Review: “Abstraction” of bra and ket vectors from a Transformation Matrix
Introducing scalar and matrix products

Planck's energy and N-quanta (Cavity/Beam wave mode)

Did Max Planck Goof? What's 1-photon worth?
Feynman amplitude axiom 1

What comes out of a beam sorter channel or branch-b?
Sample calculations
Feynman amplitude axioms 2-3

Beam analyzers: Sorter-unsorters
The “Do-Nothing” analyzer
Feynman amplitude axiom 4
Some “Do-Something” analyzers
Sorter-counter, Filter, 1/2-wave plate, 1/4-wave plate
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Transformation matrix 7,,,,=(m| »") is array of dot or scalar products (dot products) of unit vectors

<x\|x'> (x]») ]_( c0sO —sind ]:[ (xox') (xev) ]

or direction cosines.
sinf  cos6 (vex') (vey')

<) ()
{(x].00[3 | {103
components B \ components
of [W): W of [W):
W)=l (x| )=0y
(V[ TY =, e j 5 o Y-,
o)
Any state |¥) can be expanded in any basis {(x <y} or {{x'|,(y/|},
W)=l ¥) + [)of) = |x <X'|‘P> + y'><y'\‘1’>
Transformation matrix Tp, relates {{x|¥) (y|¥)} amplitudes to {{x'|W),(y'|¥})} .
W) [ Gl ) ) e ) [w IEERE [T] e
ob) |7 0l O )| o) v, Lok Ob) )| v o
L ’

Proof (x| =) (x'| -+ x| y) (v
(=) (015700 implies: (y{w)=(ola )/ |) +
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Transformation matrix 7,,,,=(m| »") is array of dot or scalar products (dot products) of unit vectors

<x\|x'> (x]») ]_( c0sO —sind ]:[ (xox') (xev) ]

or direction cosines.
sinf  cos6 (vex') (vey')

<) O)
y
{03 - {071
components R \ components
of [W): W of [W):
(=T (x| W)=y
I ; . Y0,
G )
Any state |¥) can be expanded in‘any basis {(x|, CURGCALS
W)=l w) + | ><y\‘1’> )+ )0 ])
Transformation matrix Tp . relates {{x|¥) ,(y@vamplitudes to {(x'|\W),(/ [\If/;} .
AVA el B R Bl S ¥ IV
OFF) ) O O L O) o) L0 Ob) ) o
Inverse (f=T*=-1) matrix T »m relates {{ x'|¥),( y'|¥)} amplitudes to {(x|¥),(y|¥)}
Hybrid

Y H (x]x) {x]7)
Lt W) (]

Gibbs-Dirac
notation
(Still Ug-ly!)

o it 60 )

<x| lP> J or:
O1¥)
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Review: “Abstraction” of bra and ket vectors from a Transformation Matrix
Introducing scalar and matrix products

Planck's energy and N-quanta (Cavity/Beam wave mode)

Did Max Planck Goof? Whats 1-photon worth?
Feynman amplitude axiom I

What comes out of a beam sorter channel or branch-b?
Sample calculations
Feynman amplitude axioms 2-3

Beam analyzers: Sorter-unsorters
The “Do-Nothing” analyzer
Feynman amplitude axiom 4
Some “Do-Something” analyzers
Sorter-counter, Filter, 1/2-wave plate, 1/4-wave plate
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Planck's energy and N-quanta (Cavity/Beam of volume V with wave mode of frequency w=2rv)

Planck axiom: E-field energy density U in cavity/beam mode-w is: U=Nhaw/V =Nhv/V (N “photons”)

h=2nh=6.63107%Js

Planck constant

http://www.uark.edu/ua/modphys/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_|_Ch._|_2013.pdf

http://www.uark.edu/ua/modphys/pdfs/QTCA_ Pdfs/QTCA Text 2013/QTCA_Unit_7_ Ch. 22_2005.pdf

Thursday, January 15, 2015
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http://www.uark.edu/ua/modphys/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_7_Ch._22_2005.pdf
http://www.uark.edu/ua/modphys/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_1_Ch._1_2013.pdf
http://www.uark.edu/ua/modphys/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_1_Ch._1_2013.pdf

Planck's energy and N-quanta (Cavity/Beam of volume V with wave mode of frequency w=2nv)
Planck axiom: E-field energy density U in cavity/beam mode-w is: U=Nhaw/V =Nhv/V (N “photons”)

h=2nh=6.63-10>%Js Planck constant
X-photon
counter
”;r\%
((((( ‘ x-pOZarlZed llght \ ,0‘ Fig. 1.2.3 Photon x-yphoton counting x'-state
((( ) )@5 5
2

-palarzzed light 4’6

W (((@

fﬁ;

Dvcx?‘"s
y-photon ///
counter y_pOZaViZ€ llgl’lt - m < 1”:
//////////// “R

/\ /\ _ A _ /\ A _ gx—wuntsfv‘ (x\x')‘z :COSZG

A A y-countsfv‘ (y\x '>|2 = Sin2 0

Quantum 1ncory tor the Computer Age - URL is "http://www.uark.edu/ua/modphys/markup/QTCAWeb.html"
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Planck's energy and N-quanta (Cavity/Beam of volume V with wave mode of frequency w=2nv)
Planck axiom: E-field energy density U in cavity/beam mode-w is: U=Nhaw/V =Nhv/V (N “photons”)
E-field vector (E\, Ey) = f(\Yx, ¥y) where quantum field proportionality constant is f .

h=2nh=6.63-10>%Js Planck constant
X-photon
counter
”;r\%
((((( ‘ x-pOZarlZed llght \ ,0‘ Fig. 1.2.3 Photon x-yphoton counting x'-state
((( ) )@5 5
2

-pOIarlzed light g&'@

)i (((@

fﬁ;

1
M‘
y-photon ///
counter y_pglariZe llghl‘ m 17{
//////// N
Wiy >

/\ /\ | A _ /\ A _ §X-60unts~‘<x‘x'>‘2:COSZG
/\ - A _ éy'w””““" GH? = sin2 ©
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Planck's energy and N-quanta (Cavity/Beam of volume V with wave mode of frequency w=2nv)

Planck axiom:

E-field vector (E\, Ey) = f(\Yx, ¥y) where quantum field proportionality constant is f .

( U N 4
kz—iwt
[ E. ]_ E 0|
E E O eikz—ia)t o
X-photon
counter

a

y-photon
counter

E_(0)e ™"
Ey (O)e—ia)t

J

E-field energy density U in cavity/beam mode-w 1s: U=Nhw/V =Nhv/V (N “photons”)

Planck constant

) g | h=27h=6.6310-Js
= f .
Yy

A

((( (( “ x-polarized light ﬁ% ﬁ @

f/&f‘;‘,

y-polarized light

Fig. 1.2.3 Photon x-y photon counting x'-state
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Planck's energy and N-quanta (Cavity/Beam of volume V with wave mode of frequency w=2nv)
Planck axiom: E-field energy density U in cavity/beam mode-w is: U=Nhaw/V =Nhv/V (N “photons”)
E-field vector (E\, Ey) = f(Yx, ¥)) where quantum field proportionality constant is = f(h,w,V, cp).

E ( £ (O)eikz—ia)t Y E(0) i1 ) W h=2nh=6.626 075-103%*Js Planck constant
o= * - = g , =f Al e =2.997 924 58108 ms™! Light speed
ikz—iw t —iwt
E, \ E,(0)e \ E,(0)e ) ty c0 =8.854-10-"°CN-'m2Electrostatic constant

Coulomb constant: k =1/47eo
Y-amplitude-squares sum to exciton-number N. (..or photon-number N) Ouantum —9.-70° J/C

2 2 * * em wave
V=[P [ =) (O] ) () theory
x-photon Fig. 1.2.3 Photon x-y photon counting x'-state
counter B
x-polarized light 7
)V‘ . . \ /0.
x'-polarized light /e
1S
o
y-photon
counter

y-polarized light
T

-
[}

A A . A _ A A _ §X-C0unts~‘<x|x'>‘2:COSZG
/\ - /\ | éy'w“”“’“" (ylx‘)‘Z = sin? 0

Thursday, January 15, 2015 14



Planck's energy and N-quanta (Cavity/Beam of volume V with wave mode of frequency w=2nv)

Planck axiom:

E-field energy density U in cavity/beam mode-w is: U=Nhaw/V =Nhv/V (N “photons”)

E-field vector (E\, Ey) = f(Yx, ¥)) where quantum field proportionality constant is = f(h,w,V, cp).

( ke—ior | [ it )
E. | E _(0)e"™ | E.0)e 0
E E O eikz—ia)t o E O e—ia)t
v )| BO ) | 5O

J

=/

b
b4

X

y

h=2nh=6.626 075-10%Js

c =2.997 924 58-10° ms'  Light speed
0 =8.854-101°C°N-'m~Electrostatic constant

Planck constant

Coulomb constant: k =1/4mey

Y-amplitude-squares sum to exciton-number N. (..or photon-number N) Quantum =9-10° J/C
V=pe [ =) ) o) Ol )
Poynting energy flux S(J/m”s) or energy density U(J/m?) of light beam. Classical
S=cU, where: U=¢, U E[ +‘Ey‘2j ¢, (ExEx + EyEy) ¢, (Ex(O)z + Ey(O)z) “heory

See also 2005 site:

http://www.uark.edu/ua/pirelli/php/light_energy flux_I.php
http://www.uark.edu/ua/pirelli/php/amplitude_probability_|.php

Fig. 1.2.3 Photon x-y photon counting x'-state
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Planck's energy and N-quanta (Cavity/Beam of volume V with wave mode of frequency w=2nv)

Planck axiom:

E-field energy density U in cavity/beam mode-w is: U=Nhaw/V =Nhv/V (N “photons”)

E-field vector (E\, Ey) = f(Yx, ¥)) where quantum field proportionality constant is = f(h,w,V, cp).

E. ( E. (O)eikz—ia)t Y [ E (0) i1 ) ' h=27h=6.626 075-1073%Js Pla.nck constant
= L = . =f c =2.997 924 58-10° ms! Light speed
F E (O)eZkZ—lwt E (O)e—za)t P
y L J ) Y JNeo=8.854-10""°C>N-'m2Electrostatic constant
Coulomb constant: k =1/4meo
VY-amplitude-squares 2sum to exciton-number N. (...or photon-number N) Ouantum —9-70° J/C
2 * * em wave
V= [ =] ) (o () (] ) theory
Poynting energy flux S(J/m?s) or enezrgy density U(J/m’) of light beam. Classical
. _ 2 _ * * _ 2 2 em wave
S=cU, where: U=¢, O E[ +[E) j =&, (ELE, + EJE, )=, E0) + E,(0)) -
Equate U to Planck's V- “photon” quantum energy density Niw/V
x-photon Fig. 1.2.3 Photon x-y photon counting x'-state
counter . . S
x-polarized light %,@“ A . @'\&
x'-polarized light %
0 s
-

y-photon
counter

y-polarized light

_/\_A_ _/\ A A_ ;x-counts~ (xlx') 2 =cos? 0

A A é y-counts~ (ylx '> 2 =sin? 0

=T
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Planck's energy and N-quanta (Cavity/Beam of volume V with wave mode of frequency w=2nv)

Planck axiom:

E-field energy density U in cavity/beam mode-w is: U=Nhaw/V =Nhv/V (N “photons”)

E-field vector (E\, Ey) = f(Yx, ¥)) where quantum field proportionality constant is = f(h,w,V, cp).

£ ( £ (O)eikz—ia)t Y [ E (0)e ! ) W h=27h=6.626 075-103%*Js Planck constant
Y= * L = * . =f * N =2.997 924 58108 ms-! Light speed
F E (O) tkz—iwt E (O)e—za)t P
y L € J ) Y JNeo=8.854-10""°C>N-'m2Electrostatic constant
Coulomb constant: k =1/4meo
VY-amplitude-squares 2sum to exciton-number N. (...or photon-number N) Ouantum —9-70° J/C
2 * * em wave
V= [ =] ) (o () (] ) theory
Poynting energy flux S(J/m?s) or enezrgy density U(J/m’) of light beam. Classical
. _ 2 _ * * _ 2 2 em wave
S=cU, where: U=¢, O E[ +[E) j =¢, (ExEx + EyEy) =¢, (Ex(O) +E, (0) ) -
Equate U to Planck's V- “photon” quantum energy density Niw/V
Nho 0 2 ) o) 2 x—phc;ton Fig. 1.2.3 Photon x-y photon counting x'-state
V =U= 80 UEX‘ +‘EJ" j_ Eof U‘Px‘ +‘LPJ" ) x-polarized light \,S*@
—— 70 ) g &
N x'-polarized light %
0 .
o

y-photon
counter

y-polarized light

_/\_A_ _/\ A A_ ;x-counts~ (xlx') 2 =cos? 0

A A é y-counts~ (ylx '> 2 =sin? 0

=T
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Planck's energy and N-quanta (Cavity/Beam of volume V with wave mode of frequency w=2nv)

Planck axiom:

E-field energy density U in cavity/beam mode-w is: U=Nhaw/V =Nhv/V (N “photons”)

E-field vector (E\, Ey) = f(Yx, ¥)) where quantum field proportionality constant is = f(h,w,V, cp).

£ ( £ (O)eikz—ia)t Y [ E (0)e ! ) W h=27h=6.626 075-103%*Js Planck constant
Y= * L = * . =f * N =2.997 924 58108 ms-! Light speed
F E (O)eZkZ—lwt E (O)e—za)t P
y L J ) Y Jleo =8.854-101°C>N-'m2Electrostatic constant
Coulomb constant: k =1/4meg
VY-amplitude-squares 2sum to exciton-number N. (...or photon-number N) Ouantum —9-70° J/C
2 * * em wave
V= [ =] ) (o () (] ) theory
Poynting energy flux S(J/m?s) or enezrgy density U(J/m’) of light beam. Classical
. _ 2 _ * * _ 2 2 em wave
S=cU, where: U=¢, O E[ +[E) j =&, (ELE, + EJE, )=, E0) + E,(0)) -
Equate U to Planck's V- “photon” quantum energy density Niw/V
Nho 0 2 ) o) 2 x—phc;ton Fig. 1.2.3 Photon x-y photon counting x'-state
V =U= 80 UEX‘ +‘EJ" j B Eof U‘Px‘ +‘LPJ" ) x-polarized light \,S*@
. -/ 0 s &@s
Photon number /V for beam is: N N polarized light )
0.
_ UV . SOV 2 2 _ (C:OV 2 2 2 ,ODQS
i R R AR T *

(divide by N)

y-polarized light
=T

]

_/\_A_ _/\ A A_ ;x-counts~ (xlx') 2 =cos? 0

A A é y-counts~ (ylx '> 2 =sin? 0
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Planck's energy and N-quanta (Cavity/Beam of volume V with wave mode of frequency w=2nv)

Planck axiom: E-field energy density U in cavity/beam mode-w is: U=Nhaw/V =Nhv/V (N “photons”)
E-field vector (E\, Ey) = f(Yx, ¥)) where quantum field proportionality constant is = f(h,w,V, cp).

£ ( £ (O)eikz—ia)t Y [ E (0)e ! ) h=2rh=6.626 075-103%Js Planck constant
S T =1 ¢ =2.997 924 5810 ms'  Light speed
F E (O)eZkZ—lwt E (O)e—za)t
y L J e0 =8.854-10-°C’°N-'m?Electrostatic constant
Coulomb constant: k =1/4meg
VY-amplitude-squares 2sum to exciton-number N. (...or photon-number N) Ouantum —9-70° J/C
2 * * em wave
V= [ =) (o )+ w) (o] ) theory
Poynting energy flux S(J/m?s) or enezrgy density U(J/m’) of light beam. Classical
. _ 2 _ * * _ 2 2 em wave
S=cU, where: U=¢, O E[ +[E) j =&, (ELE, + EJE, )=, E0) + E,(0)) -
Equate U to Planck's V- “photon” quantum energy density Niw/V
Nho 0 2 ) o) 2 x—phc;ton Fig. 1.2.3 Photon x-y photon counting x'-state
V =U= 80 UEX‘ +‘EJ" j B Eof U‘Px‘ +‘LPJ" x-polarized light \,S*@
. —— 70 ) g &
Photon number V for beam is: \polarized light %Ie
_&" A

y=Y7 & (|E "4 E 3
ho ho ¥

AR

(divided:by N)

) ho

U _ A (‘Ex‘2+ y2\

= = E
Niw Nho y,

= —8OV 2(—

y-photon
counter

y-polarized light
T

]

_/\_A_ _/\ A A_ ;x-counts~ (xlx') 2 =cos? 0

A A é y-counts~ (ylx '> 2 =sin’ 0
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Planck's energy and N-quanta (Cavity/Beam of volume V with wave mode of frequency w=2nv)
Planck axiom: E-field energy density U in cavity/beam mode-w is: U=Nhaw/V =Nhv/V (N “photons”)
E-field vector (E\, Ey) = f(Yx, ¥)) where quantum field proportionality constant is = f(h,w,V, cp).

r ( £ (O)eikz—ia)t Y ( E(0) i1 ) W h=2nh=6.626 075-10%*Js Planck constant
S = = 7 | =f Y e =2.997924 58105 ms!  Light speed
E ikz—iwt —imt P
y \ E,(0)e \ E,(0)e ) Y Jeo=8.854-10-°C>N-'m=Electrostatic constant
Coulomb constant: k =1/4meg
Y-amplitude-squares 2sum to exciton-number N. (..ot photon-number N) Quantum =9-10° J/C
2 * * em wave
N=|‘Px‘ +“‘Py‘ =<X“P> <X|LI’>+<J’|\P> <y|‘{l> theory
Poynting energy flux S(J/m?s) or enezrgy density U(J/m’) of light beam. Classical
. _ 2 _ * * _ 2 2 em wave
S=cU, where: U=¢g, OE}C‘ +‘Ey‘ j = SO(ExEx + EyEy) =& (Ex(O) + Ey(o) ) theory

Equate U to Planck's V- “photon” quantum energy density Niw/V

Nho 2 2 5 o) 2 x-photon Fig. 1.2.3 Photon x-y photon counting x'-state
—:Uzgo ‘Ex‘ —|—‘Ey‘ :gof “Px‘ +“~I—’y‘ counter

&
x-polarized light ,@“\

v
. — Yy — % 9 1S N
Photon number /V for beam is: N )é'jaozarized tiaht Y
ury gl 2 2\ &V ., 2 2 0 i
N:% :ho_a) (|EX| +Ey :hO_(Uf ‘LPX‘ +‘\Py‘ y-photon <0
/ E counter y-polarized light
_ UV _ & (\E P )2 Gl it
Nhw Nhiw\' Y ha
/ _/\_A_ _/\ A A_ ;x-counts~ (xlx '> 2 =cos? 0
quantum field hao | |
constant [ =7z | f é y-counts~| (X2 = sin2 0
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Planck's energy and N-quanta (Cavity/Beam of volume V with wave mode of frequency w=2nv)

Planck axiom:

E-field energy density U in cavity/beam mode-w is: U=Nhaw/V =Nhv/V (N “photons”)

E-field vector (E\, Ey) = f(Yx, ¥)) where quantum field proportionality constant is = f(h,w,V, cp).

E ( £ (O)eikz—ia)t Y ( E(0) i1 ) W h=2nh=6.626 075-103%*Js Planck constant
o= * - = g , =f Y e =2.997 924 58105 ms™! Light speed
tkz—iwt —iwt
E, \ E,(0)e )\ E,(0)e ) ty c0 =8.854-10-"°CN-'m2Electrostatic constant
Coulomb constant: k =1/4mey
Y-amplitude-squares 2sum to exciton-number N. (..ot photon-number N) Quantum =9-10° J/C
2 * * em wave
N = [ =] ) (x )+ ) (o] ) theory

Poynting energy flux S(J/m”s) or energy density U(J/m’) of light beam. Classical

S=cU, where: U= eo(\E\ +E | j—eO(EE +E)E, | =2, E,(0)+ E,(07) em v

Equate U to Planck's V- “photon” quantum energy density Niw/V

=U=¢, UEX‘ZJr‘Ey‘Zj =&, f” U‘Px‘zJ“‘qu‘z

“/“N”\)

“P‘+“{"

ha)

hw

Nhw
V
Photon number V for beam 1is:
Ul gl 2 2)
-— =" ||E|HE,
ho ho y,
Ul gV 2 2\
= =——||E | +E,
Nho Nho
quantum field o
constant [ /= Ve,

E ‘2+‘Ey‘2

;

for V-photons

Fig. 1.2.3 Photon x-y photon counting x'-state

x-photon
counter 5
: : S

x-polarized light &
8y )(,'\S §%

x'-polarized light %

it
y-photon b
counter y-polarized light
=T
_/\_A__/\ /\ A_ ;x-counts~ (xxM? = cos? 6
A A é y-counts~ (ylx '> 2 =sin’ 0
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Review: “Abstraction” of bra and ket vectors from a Transformation Matrix
Introducing scalar and matrix products

Planck's energy and N-quanta (Cavity/Beam wave mode)

»Did Max Planck Goof? What's 1-photon worth?
Feynman amplitude axiom I

What comes out of a beam sorter channel or branch-b?
Sample calculations
Feynman amplitude axioms 2-3

Beam analyzers: Sorter-unsorters
The “Do-Nothing” analyzer
Feynman amplitude axiom 4
Some “Do-Something” analyzers
Sorter-counter, Filter, 1/2-wave plate, 1/4-wave plate
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Did Max Planck GOOﬁ After his 1900 (U=hwN)-axiom paper, Max Planck felt despondent
and that his (U=hwN)-axiom was a career-ending goof. Here is one paradox (and its resolution):

Paradox: We know...
Energy ¢ for classical harmonic oscillation is quadratic in frequency w and amplitude A.

e = (const.) WA’ = 1/2 m W’A?
Energy U for classical electromagnetic cavity mode is quadratic in frequency w and vector potential A.
U =co (|Ex|*+|Ey]?) = 0 |E|? =20 W?|A|? where: E =-0; A =iw A
But....

Planck’s quantum axioms gives field energy and flux that appear to be linear in its frequency w.

E-field energy density U in cavity mode-w i1s: U=AwN/V (V=cavity volume)

E-field Poynting flux S=cU in beam mode-w i1s: S=/wn/c (o =beam area)

http://www.uark.edu/ua/modphys/pdfs/QTCA_Pdfs/QTCA_Text 2013/QTCA_Unit_7_Ch._22 2005.pdf
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Did Max Planck GOOﬂ After his 1900 (U=hwN)-axiom paper, Max Planck felt despondent

and that his (U=hwN)-axiom was a career-ending goof. Here is one paradox (and its resolution):

Paradox: We know...

Energy ¢ for classical harmonic oscillation is quadratic in frequency w and amplitude A.
e = (const.) WA’ = 1/2 m W’A?
Energy U for classical electromagnetic cavity mode is quadratic in frequency w and vector potential A.
U =co (|Ex|*+|Ey]?) = 0 |E|? =20 W?|A|? where: E =-0; A =iw A
But:...
Planck’s quantum axioms gives field energy and flux that appear to be linear in its frequency w.

E-field energy density U in cavity mode-w i1s: U=AwN/V (V=cavity volume)
E-field Poynting flux S=cU in beam mode-w i1s: S=/wn/c (o =beam area)

Quick Resolution:
Given constant (N-1)-quantum field factor f, squared |E|= A/N is linear in w: |E|?= f2N= hwN/Vzq
2 2
quannttm{lejid const.= f = o _\/|EX| +‘Ey‘ - ‘E‘ for V-photons €O|E‘2: TNV = U
constan | Ve, N JN =0 W |A? = hwN/V
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Did Max Planck GOOf? After his 1900 (U=hwN)-axiom paper, Max Planck felt despondent
and that his (U=hwN)-axiom was a career-ending goof. Here is one paradox (and its resolution):

Paradox: We know...
Energy € for classical harmonic oscillation is quadratic in frequency w and amplitude A.

e = (const.) WA’ = 1/2 m W*A?
Energy U for classical electromagnetic cavity mode is quadratic in frequency w and vector potential A.
U =co (|Ex|*+|Ey]?) = 0 |E|? =20 W?|A|? where: E =-0; A =iw A
But:...
Planck’s quantum axioms gives field energy and flux that appear to be linear in its frequency w.

E-field energy density U in cavity mode-w i1s: U=AwN/V (V=cavity volume)
E-field Poynting flux S=cU in beam mode-w i1s: S=/wn/c (o =beam area)

Quick Resolution.
Given constant (N-1)-quantum field factor f, squared |E|= A/N is linear in w: |E|?= f2N= hwN/Vzq
2 2
quannttm{lejid const.= f = h_w _\/|EX| +‘Ey‘ — ‘E‘ for V-photons €O|E‘2: NV =U
constan . | Ve, N JN =0 W |A? = hwN/V
Formal Resolution.:
Harmonic Oscillator Hamiltonian : H=(p+w’x’)/2
factors into:  H — o (Nox—ip No) Noxt+ip No ), ho oxt+ip No) Nox—ip No)
| 2 J2h J2h 2 J2n J2n
ho 7 — —
H = 7( a : a + a : a )
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Did Max Planck GOOf? After his 1900 (U=hwN)-axiom paper, Max Planck felt despondent
and that his (U=hwN)-axiom was a career-ending goof. Here is one paradox (and its resolution):

Paradox: We know...
Energy € for classical harmonic oscillation is quadratic in frequency w and amplitude A.

e = (const.) WA’ = 1/2 m W*A?
Energy U for classical electromagnetic cavity mode is quadratic in frequency w and vector potential A.
U =co (|Ex|*+|Ey]?) = 0 |E|? =20 W?|A|? where: E =-0; A =iw A
But:...
Planck’s quantum axioms gives field energy and flux that appear to be linear in its frequency w.

E-field energy density U in cavity mode-w i1s: U=AwN/V (V=cavity volume)
E-field Poynting flux S=cU in beam mode-w i1s: S=/wn/c (o =beam area)

Quick Resolution.
Given constant (N-1)-quantum field factor f, squared |E|= A/N is linear in w: |E|?= f2N= hwN/Vzq
2 2
quannttm{lejid const.= f = e _\/|EX| +‘Ey‘ - ‘E‘ for V-photons €O|E‘2: TNV = U
constan . | Ve, N JN =0 W |A? = hwN/V
Formal Resolution:
Harmonic Oscillator Hamiltonian : H=(p+w’x’)/2
| ho (Nox—ip No) Nox+ip No) ro Nox+tip No) Nox—ip No)
factors into: H = + (aaTZaTa+1)
2 J2n J2n 2 J2n J2h
ho \/YT\J -/ — \/YT\J ; |
HZT( a : a + a : a ):ha)(a a+5-1)
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Did Max Planck GOOf? After his 1900 (U=hwN)-axiom paper, Max Planck felt despondent
and that his (U=hwN)-axiom was a career-ending goof. Here is one paradox (and its resolution):

Paradox: We know...
Energy € for classical harmonic oscillation is quadratic in frequency w and amplitude A.

e = (const.) WA’ = 1/2 m W*A?
Energy U for classical electromagnetic cavity mode is quadratic in frequency w and vector potential A.
U =co (|Ex|*+|Ey]?) = 0 |E|? =20 W?|A|? where: E =-0; A =iw A
But:...
Planck’s quantum axioms gives field energy and flux that appear to be linear in its frequency w.

E-field energy density U in cavity mode-w i1s: U=AwN/V (V=cavity volume)
E-field Poynting flux S=cU in beam mode-w i1s: S=/wn/c (o =beam area)

Quick Resolution.
Given constant (N-1)-quantum field factor f, squared |E|= A/N is linear in w: |E|?= f2N= hwN/Vzq
2 2
quannttm{lejid const.= f = e _\/|EX| +‘Ey‘ - ‘E‘ for V-photons €O|E‘2: TNV = U
constan . | Ve, N JN =0 W |A? = hwN/V
Formal Resolution:
Harmonic Oscillator Hamiltonian : H=(p+w’x’)/2
| ho (Nox—ip No) Nox+ip No) ho Nox+tip No) Nox—ip No)
factors into: H = + (aaTZaTa+1)
2 J2n J2n 2 J2n J2n
ho \/YT\J -/ — \/YT\J ; |
HZT( a : a + a : a ):ha)(a a+5-1)

H.O. quantum energy eigenvalues: wy = hw(N +1/2)
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Review: “Abstraction” of bra and ket vectors from a Transformation Matrix
Introducing scalar and matrix products

Planck's energy and N-quanta (Cavity/Beam wave mode)

Did Max Planck Goof? What’s 1-photon worth? é
Feynman amplitude axiom I

What comes out of a beam sorter channel or branch-b?
Sample calculations
Feynman amplitude axioms 2-3

Beam analyzers: Sorter-unsorters
The “Do-Nothing” analyzer
Feynman amplitude axiom 4
Some “Do-Something” analyzers
Sorter-counter, Filter, 1/2-wave plate, 1/4-wave plate
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What's a phOtOI/l worth? What field is there for N=1 in a cavity of energy (U=hwN) ?
or n=1 in a beam of Poynting flux (S=hwn/c)?

Classical: c =2.99792 458:10° ms! €p=8.842-10"°C°N''m*>  e=1.602 177-10-"°Coul
Energy ¢ for classical harmonic oscillation is quadratic in frequency w and amplitude A.
e = (const.) WA’ = 1/2 m W’A?
Energy U for classical electromagnetic cavity mode is quadratic in frequency w and vector potential A.
U =co (|Ex|*+|Ey]?) = 0 |E|? =20 W?|A|? where: E =-0; A =iw A
Quantum: h=21h=6.626 075-10°%Js ¢ =2.997 924 58:10° ms™! cp =8.854-10"°C*N-'m*
Planck’s quantum axioms gives field energy and flux that appear to be linear in its frequency w.

E-field energy density U in cavity mode-w i1s: U=AwN/V (V=cavity volume)
E-field Poynting flux S=cU in beam mode-w i1s: S=/wn/c (o =beam area)

Quan fum ﬁeld * H.O. quantum energy eigenvalues: wy = hw(N +1/2)
Given constant (N-1)-quantum field factor f, squared |E|= A/N is linear in w: |E|?= f2N= hwN/Vzq

2 2
o |IE] +‘Ey‘ E| ,
= f=|— = = - co|E|“= hwN/V = U
quantum field  const.= f Ve, \/ ~ \/ﬁforN photons 0|E|

constant f 20 W AP = hiwN/V

Example: V=(1/4micron)’ cubic cavity fundamental (1/2-wave for 600THz green) with N=10° photons
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What's a phOtOlfl worth? What field is there for N=1 in a cavity of energy (U=hwN) ?
or n=1 in a beam of Poynting flux (S=hwn/c)?

Classical: c =2.99792 458:10° ms! €p=8.842-10"°C°N''m*>  e=1.602 177-10-"°Coul
Energy ¢ for classical harmonic oscillation is quadratic in frequency w and amplitude A.
e = (const.) WA’ = 1/2 m W’A?
Energy U for classical electromagnetic cavity mode is quadratic in frequency w and vector potential A.
U =co (|Ex|*+|Ey]?) = 0 |E|? =20 W?|A|? where: E =-0; A =iw A
Quanmm: h=21h=6.626 075-10°%Js ¢ =2.997 924 58:10° ms™! cp =8.854-10"°C*N-'m*
Planck’s quantum axioms gives field energy and flux that appear to be linear in its frequency w.

E-field energy density U in cavity mode-w i1s: U=AwN/V (V=cavity volume)
E-field Poynting flux S=cU in beam mode-w i1s: S=/wn/c (o =beam area)

Quan fum ﬁeld * H.O. quantum energy eigenvalues: wy = hw(N +1/2)
Given constant (N-1)-quantum field factor f, squared |E|= A/N is linear in w: |E|?= f2N= hwN/Vzq
2 2
E | HE E
STw =\/| x| ]\J y‘ —\‘/—‘forN-photons =0|El?= hiwN/V = U
! N =0 W?|A|? = hwN/V

quantum field  const.= f =
constant f

:\/‘ Ex|2+‘ Ey‘z Z‘E‘ for 1-photon
Example: V=(1/4micron)’ cubic cavity fundamental (1/2-wave for 600THz green) with N=10° photons
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What's a phOtOlfl worth? What field is there for N=1 in a cavity of energy (U=hwN) ?
or n=1 in a beam of Poynting flux (S=hwn/c)?

Classical: c =2.99792 458:10° ms! €p=8.842-10"°C°N''m*>  e=1.602 177-10-"°Coul
Energy ¢ for classical harmonic oscillation is quadratic in frequency w and amplitude A.
e = (const.) WA’ = 1/2 m W’A?
Energy U for classical electromagnetic cavity mode is quadratic in frequency w and vector potential A.
U =co (|Ex|*+|Ey]?) = 0 |E|? =20 W?|A|? where: E =-0; A =iw A
Quanmm: h=21h=6.626 075-10°%Js ¢ =2.997 924 58:10° ms™! cp =8.854-10"°C*N-'m*
Planck’s quantum axioms gives field energy and flux that appear to be linear in its frequency w.

E-field energy density U in cavity mode-w i1s: U=AwN/V (V=cavity volume)
E-field Poynting flux S=cU in beam mode-w i1s: S=/wn/c (o =beam area)

Quan fum ﬁeld * H.O. quantum energy eigenvalues: wy = hw(N +1/2)
Given constant (N-1)-quantum field factor f, squared |E|= A/N is linear in w: |E|?= f2N= hwN/Vzq

2 2
w  EHE] B 2
— == - for N-ph co|Elf= hwN/V = U
quantum field — const.= f e, \/ - NI or N-photons o|E]

constant f 20 W AP = hiwN/V

:\/‘ Ex|2+‘ Ey‘z Z‘E‘ for 1-photon

Example: V=(1/4micron)’ cubic cavity fundamental (1/2-wave for 600THz green) with N=10° photons
Energy per N=1 photon = hv=6.63-107%Js-600-10 /s =4.0-10-°J=2.5eV
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What's a phOtOlfl worth? What field is there for N=1 in a cavity of energy (U=hwN) ?
or n=1 in a beam of Poynting flux (S=hwn/c)?

Classical: c =2.99792 458:10° ms! €p=8.842-10"°C°N''m*>  e=1.602 177-10-"°Coul
Energy ¢ for classical harmonic oscillation is quadratic in frequency w and amplitude A.
e = (const.) WA’ = 1/2 m W’A?
Energy U for classical electromagnetic cavity mode is quadratic in frequency w and vector potential A.
U =co (|Ex|*+|Ey]?) = 0 |E|? =20 W?|A|? where: E =-0; A =iw A
Quantum: h=21h=6.626 075-10°%Js ¢ =2.997 924 58:10° ms™! cp =8.854-10"°C*N-'m*
Planck’s quantum axioms gives field energy and flux that appear to be linear in its frequency w.

E-field energy density U in cavity mode-w i1s: U=AwN/V (V=cavity volume)
E-field Poynting flux S=cU in beam mode-w i1s: S=/wn/c (o =beam area)

Quan fum ﬁeld * H.O. quantum energy eigenvalues: wy = hw(N +1/2)
Given constant (N-1)-quantum field factor f, squared |E|= A/N is linear in w: |E|?= f2N= hwN/Vzq

2 2
w  EHE] B 2
— == - for N-ph co|Elf= hwN/V = U
quantum field — const.= f e, \/ - NI or N-photons o|E]

constant f 20 W AP = hiwN/V

:\/‘ Ex|2+‘ Ey‘z Z‘E‘ for 1-photon
Example: V=(1/4micron)’ cubic cavity fundamental (1/2-wave for 600THz green) with N=10° photons
Energy per N=1 photon = hv=6.63-10-Js-600-10 /s =4.0-10-"°J=2.5eV
E-field for N=1 photon =|E|=N(hv/Veo)=1.7-10Volts/m
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What's a phOtOlfl worth? What field is there for N=1 in a cavity of energy (U=hwN) ?
or n=1 in a beam of Poynting flux (S=hwn/c)?

Classical: c =2.99792 458:10° ms! €p=8.842-10"°C°N''m*>  e=1.602 177-10-"°Coul
Energy ¢ for classical harmonic oscillation is quadratic in frequency w and amplitude A.
e = (const.) WA’ = 1/2 m W’A?
Energy U for classical electromagnetic cavity mode is quadratic in frequency w and vector potential A.
U =co (|Ex|*+|Ey]?) = 0 |E|? =20 W?|A|? where: E =-0; A =iw A
Quantum: h=21h=6.626 075-107%Js ¢ =2.997 924 58:10° ms™! 9 =8.854187817-10-"°C?N-'m?
Planck’s quantum axioms gives field energy and flux that appear to be linear in its frequency w.

E-field energy density U in cavity mode-w i1s: U=AwN/V (V=cavity volume)
E-field Poynting flux S=cU in beam mode-w i1s: S=/wn/c (o =beam area)

Quan fum ﬁeld * H.O. quantum energy eigenvalues: wy = hw(N +1/2)
Given constant (N-1)-quantum field factor f, squared |E|= A/N is linear in w: |E|?= f2N= hwN/Vzq

2 2
w  EHE] B 2
— == - for N-ph co|Elf= hwN/V = U
quantum field — const.= f e, \/ - NI or N-photons o|E]

constant f 20 W AP = hiwN/V

:\/‘ Ex|2+‘ Ey‘z Z‘E‘ for 1-photon
Example: V=(1/4micron)’ cubic cavity fundamental (1/2-wave for 600THz green) with N=10° photons
Energy per N=1 photon = hv=6.63-10-Js-600-10 /s =4.0-10-"°J=2.5eV
E-field for N=1I photon =|E|=N(hv/Veo)=1.7-10Volts/m
Energy per N=10° photons =10° hv=1006.63-10-7Js-600-10'°/s =4.0-10"3J=2.5MeV
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Was Planck's linear-in-frequency-v energy axiom a Goof ?

Not at all. It’s really not linear-in-frequency after all.

The ¢o |E|? =h N-v axiom IS in fact a product of TWO frequencies!
The 2nd “‘frequency” is COUNT RATE N.

As shown later: Both frequencies transform by Relativistic Doppler factor e**:
Coherent frequency is light quality: v'= e*v. Incoherent frequency is light quantity: N'=e** N.

This would imply that the |E|-field also transforms like a frequency: |E|’ = =e** |E|.

Indeed, E-field amplitude is a frequency, too!
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Review: “Abstraction” of bra and ket vectors from a Transformation Matrix
Introducing scalar and matrix products

Planck's energy and N-quanta (Cavity/Beam wave mode)
Did Max Planck Goof? Whats 1-photon worth?

% Feynman amplitude axiom 1

What comes out of a beam sorter channel or branch-b?
Sample calculations
Feynman amplitude axioms 2-3

Beam analyzers: Sorter-unsorters
The “Do-Nothing” analyzer
Feynman amplitude axiom 4
Some “Do-Something” analyzers
Sorter-counter, Filter, 1/2-wave plate, 1/4-wave plate
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Feynman amplitude axiom 1

(1) The probability axiom
The first axiom deals with physical interpretation of amplitudes < J ‘ k '>.

Axiom 1: The absolute square K j‘ k'>

-

Feynman-Dirac
Interpretation of

JIK’)

=Amplitude of state-j after
state-k’ is forced to choose
from available m-type states

J

2 <]‘ k'>* <]‘ k'> gives probability for

occurrence in state-j of a system that started in state-k'=1",2’,..,or n' from one sorter

and then was forced to choose between states j=1,2,...,n by another sorter.
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. . . probability
Amplitude axioms apply to all intensity-conserving systems

This includes, first of all, spin-1/2 electron, proton, ...,'>C, ... particles (Fermions)

Bt

I B-tilted PB\:\Z 0
|

| SpIn-up
T-beam \‘\/
|

N\

electron
counter

electron
counter

(blocked) C/\‘/

BE Y

é /\ : A : éi-count&/‘ <~L|f'>‘2 = sin? B/ZZ sin‘0

Fig. 1.2.4 Electron up-dn-spin counting of a tilted spin-up (1”)-state

T-counts~| (T2 = cos? B/2=cos26
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. . . probability
Amplitude axioms apply to all intensity-conserving systems
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. . . probability
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Bt

I B-tilted PB\:\Z 0

| SpIn-up | :
, electron spin
T-beam | vector S \
| tiltedby |9/0
| B=26

is analogous to:
polarization

vector E
tilted by 0
0=B/2

T-counts~| (T2 = cos? B/2=cos26

N\

electron
counter

electron
counter

(blocked) C/\‘/

BE Y

é /\ : A : éi-count&/‘ <~L|f'>‘2 = sin? B/ZZ sin‘0

Fig. 1.2.4 Electron up-dn-spin counting of a tilted spin-up (1”)-state

Thursday, January 15, 2015

39



. . . probability
Amplitude axioms apply to all intensity-conserving systems
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. . . probability
Amplitude axioms apply to all intensity-conserving systems
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. . . probability
Amplitude axioms apply to all intensity-conserving systems

This includes, first of all, spin-1/2 electron, proton, ...,'>C, ... particles (Fermions)
spin-“dn”

'\‘ When “down’” is H/>

only 90° from “up”...

. N | — ) ;o
spin-up T B-tilted _[3\39 ...that’s U(2) space:
electron \ A
counter B

| SpIn-up | :
, electron spin
T-beam | vector S \
| tiltedby |9/0

8/,
S is analogous to:
polarization v}
electron vector E

tilted by
0=B/2

STy /o
\ L[]
\ L]
~. >
x-polarization ’X>

T-counts~| (T2 = cos? B/2=cos26

counter

y-polarization

(blocked) C/\‘/

BE Y

é /\ : /\ : éi-countw‘ <~L|f'>‘2 = sin? B/ZZ sin‘0

Fig. 1.2.4 Electron up-dn-spin counting of a tilted spin-up (1”)-state
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Review: “Abstraction” of bra and ket vectors from a Transformation Matrix
Introducing scalar and matrix products

Planck's energy and N-quanta (Cavity/Beam wave mode)

Did Max Planck Goof? Whats 1-photon worth?
Feynman amplitude axiom I

What comes out of a beam sorter channel or branch-b?
Sample calculations
Feynman amplitude axioms 2-3

Beam analyzers: Sorter-unsorters
The “Do-Nothing” analyzer
Feynman amplitude axiom 4
Some “Do-Something” analyzers
Sorter-counter, Filter, 1/2-wave plate, 1/4-wave plate
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Q:What comes out of an analyzer channel or branch-b?
A: Want to determine or calculate:

its base state |b), its amplitude (bIV), and its probability I{(bIW¥)I>2 using T-matrices

S
N
S

x-polarized light

fﬁ,

&f
—polarzzed light *

OO

s S aied g

h

y polarzze ioht

y-polarized'light

http://www.uark.edu/ua/modphys/pdfs/QTCA_Pdfs/QTCA_Text _2013/QTCA_Unit_|_Ch._I_2013.pdf
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Q:What comes out of an analyzer channel or branch-b?
A: Want to determine or calculate:

its base state |b), its amplitude (bIV), and its probability I{(bIW¥)I>2 using T-matrices

S

\7

x-polarized light O 0 1
> &’
—\d O @)

fg /%//& - polarzzed light

GG | (V32 -172 A
I YlyY | | 172 372 polarzze {ght
KXY | | V32 12

GG | -12 V32

—polarzzed light *

y-polarized'light

Thursday, January 15, 2015

45



Q:What comes out of an analyzer channel or branch-b?
A: Want to determine or calculate:

its base state |b), its amplitude (bIV), and its probability I{(bIW¥)I>2 using T-matrices

4';'%

\/

x-polarized light O 0 1
o &’
—\d O @)

f}g /%//& - polarzzed light

GG | (V32 -172 A
XY ylyy| | 12 N3/2 | Y polarzze {oht
KXy | [ V32 12

GG | -12 V32

—polarzzed light *

y-polarized'light

Base
State
X
Amplitude=
1.0

Probability=
1.0
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Q:What comes out of an analyzer channel or branch-b?
A: Want to determine or calculate:

its base state |b), its amplitude (bIV), and its probability I{(bIW¥)I>2 using T-matrices
S
A\
S
_ OoﬁxS

-polarlzed light

\

x-polarized light

y-polarizedVight J}ﬁ ////’, x- polarzzed light

G Y | VB2 -12
(ylIx") <yly"? 172 ~N3/2 % polarlz

<X'IX> Xy | |N32 12

Base Y 'ly? -1/2 372
State
[X")XX'[x)
Amplitude= Base
N3/2=0.867 State
Probability= |X>
0.75 Amplitude=
1.0
Probability=
1.0
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Q:What comes out of an analyzer channel or branch-b?
A: Want to determine or calculate:

its base state |b), its amplitude (bIV), and its probability I{(bIW¥)I>2 using T-matrices

S

\7

*

x-polarized light

y-polarizedVight J}ﬁ ////’, x- polarzzed light

G Y | VB2 -12
(ylIx") <yly"? 172 ~N3/2 % polarlz

At

-polarlzed light

<X'IX> Xy | |N32 12

Base V' Y'ly? 172 372
State

[X'XX'|%)

Amplitude=
\3/2=0.867 State
Probability= |X>
0.75 Amplitude=
Base 1.0
State Probability=
ly'Xy }X> T L.0
Amplitude= > x)
-1/2=-0.500 Zx/‘|x>
Probability=
0.25
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Q:What comes out of an analyzer channel or branch-b?
A: Want to determine or calculate:

its base state |b), its amplitude (bIV), and its probability I{(bIW¥)I>2 using T-matrices
S
A\
S
_ OoﬁxS

-palarlzed light

\

x-polarized light

)(})(J//ﬁ

y-polarized'light

KX XY | {32 -122 ///////
Cylxy <yly"> 1/2 N3/2 |y polcmze
sase <X'IX> X |32 12
late =
|X><X|X'><X'|X> Base Y 'ly? -1/2 372
: State
Amplitude= \ |
(~N3/2)(N3/2)=0.750 X" )NX'[x)
Probability= Amplitude= base
0.5625 N3/2=0.867 State
Probability= |X> .
0.75 Amplitude=
Base 1.0
State Probability=
Yy x) Tw L0
Amplitude= > [x)
-1/2=-0.500 Zx/‘|x>
Probability=
0.25
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Q:What comes out of an analyzer channel or branch-b?
A: Want to determine or calculate:

its base state |b), its amplitude (bIV), and its probability I{bI'W)I>2 using T-matrices
S
o
Q

\/

x-polarized light

— OO S
o &V
—polarzzed light * —\ () O

y-polarizedVight fg /%//& x- palarzzed light

<X|X'> <X|Y'> \/3/2 _1/2
(yIx") <yly" 172 ~N3/2 % polarzz

gase <X'|X> X'ly? \3/2 172
tate =
|X><X|X'><X'|X> Base ' Y'ly) -1/2 3/2
. State
Amplitude= : :
(~N3/2)(N3/2)=0.750 X" )NX'[x)
Probability= Amplitude= Base
0.5625 N3/2=0.867 State
Probability= |X>
Base 0.75 Amplitude=
State Base 1.0
YIYIXAKX) 57 State Probability=
Amplitude= K |y 1>4<ny21 K KA 1.0
(1/2)(N3/2)=0.433 | T ’”’%m o0 > [x)
Probability= XY Ix) P- T x[x)
0.1875 ’”Obgl’;gl”y -

Thursday, January 15, 2015

50



DAALNICAES

(c1lb1)Xb1['F)

(e,|D,C, B, |¥)=(e,|d,)(d,

(d1lc2) {c2lb1){b1[¥)

(e1ld2) (d2|c2){c2l|b1)b1['F} X(czlblxbn‘l’)

><d2I<:2> <czlb1><b1|‘l’>/ o |‘;'>-beam
(e2]d2) (d2|c2) <<>2Ib1><b1I‘P>/

Fig. 1.3.10 Beams-amplitude products for successive beam sorting
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Review: “Abstraction” of bra and ket vectors from a Transformation Matrix
Introducing scalar and matrix products

Planck's energy and N-quanta (Cavity/Beam wave mode)

Did Max Planck Goof? Whats 1-photon worth?
Feynman amplitude axiom I

What comes out of a beam sorter channel or branch-b?
Sample calculations

» Feynman amplitude axioms 2-3

Beam analyzers: Sorter-unsorters
The “Do-Nothing” analyzer
Feynman amplitude axiom 4
Some “Do-Something” analyzers
Sorter-counter, Filter, 1/2-wave plate, 1/4-wave plate
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Feynman amplitude axiom 1 Givenabovep.ss)

(1) The probability axiom
The first axiom deals with physical interpretation of amplitudes < J ‘ k '>.

Axiom 1: The absolute square ‘< j kv>‘2 _ < j‘ k'>* < j‘ kv> gives probability for

-

\_

Feynman-Dirac
Interpretation of

1K)
=Amplitude of state-j after
state-k’ is forced to choose

from available m-type states
J

~

occurrence in State-j of a system that started in state-k'=1"2’,..,or n' from one sorter

and then was forced to choose between states j=1,2,...,n by another sorter.
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Feynman amplitude axioms 1-2

(1) The probability axiom
The first axiom deals with physical interpretation of amplitudes < J ‘ k '>.

Axiom 1: The absolute square ‘<] kv>‘2 — <]‘ kv>* <J‘ kv> gives probability for

and then was forced to choose between states j=1,2,...,n by another sorter.

(2) The conjugation or inversion axiom (time reversal symmetry)

Axiom 2: The complex conjugate < Jj

from available m-type states

\_

Feynman-Dirac
Interpretation of

1K)
=Amplitude of state-j after
state-k’ is forced to choose

J

occurrence in state-j of a system that started in state-k'=1",2",..,or n' from one sorter

The second axiom concerns going backwards through a sorter or the reversal of amplitudes.
k'>*0f an amplitude< j‘ k'> equals its reverse: < j‘ k'>* — <k" j>
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. . Feynman-Dirac
Feynman amplitude axioms 1-3 Interpretation of

JIK’)

(1) The probability axiom

. . : . - - | =Amplitude of state-j after

The first axiom deals with physical 1nZerpretat1:)n of amplitudes < ]‘ > state-k’ is forced o hoose

Axiom 1: The absolute square ‘< j‘ kv>‘ _ < j‘ kv> < j‘ kv> gives probability for | fiom available m-type states
N Y,

occurrence in state-j of a system that started in state-k'=1",2",..,or n' from one sorter

and then was forced to choose between states j=1,2,...,n by another sorter.

(2) The conjugation or inversion axiom (time reversal symmetry)
The second axiom concerns going backwards through a sorter or the reversal of amplitudes.

Axiom 2: The complex conjugate <J‘ k'>*0fan amplitude<j‘ k'> equals its reverse: <]‘ k'>* = <k"j>

(3) The orthonormality or identity axiom
The third axiom concerns the amplitude for "re measurement” by the same analyzer.
Axiom 3: If identical analyzers are used twice or more the amplitude for a passed state-k is one,

and for all others it is zero: o

()=8,=1 ol =)

) 02k
A r Ay
P01 b i o . . . .
BEEEEEEE LA A A ANy

BENEEREE LA Ay

IR
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Review: “Abstraction” of bra and ket vectors from a Transformation Matrix
Introducing scalar and matrix products

Planck's energy and N-quanta (Cavity/Beam wave mode)

Did Max Planck Goof? Whats 1-photon worth?
Feynman amplitude axiom I

What comes out of a beam sorter channel or branch-b?
Sample calculations
Feynman amplitude axioms 2-3

»Beam analyzers: Sorter-unsorters
The “Do-Nothing” analyzer
Feynman amplitude axiom 4
Some “Do-Something” analyzers
Sorter-counter, Filter, 1/2-wave plate, 1/4-wave plate
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Beam Analyzers: Fundamental Quantum Processes (Sorter-Unsorter pairs)

"Sensitive"
Output beam H< Region Input beam
- ] ===~~~ \Y .. -nolarize
‘POUT P olarlze x-polarized ® INP <

-polarized ®
— S
’ 2. 7\ !!u \ N\ NV ulm URAS

Z= NN NN S

ANA NANANANA ANANANMANMANANA \E

Fig. 1.3.1 Anatomy of ideal optical polarization analyzer in its “Do nothing” mode

Thursday, January 15, 2015

57



Beam Analyzers: Fundamental Quantum Processes (Sorter-Unsorter pairs)

"Sensitive"
Output beam H< Region Input beam
- ] ===~~~ \Y .. -nolarize
‘POUT P OZa”Ze x-polarized ® INP <

-polarized ® 0
A WA WA WA WA WA WA

' .4;11xi!!uuuuuuulmms;;\p

== Y\ Y\ N |

A VA WA WA WA WA

T~

Fig. 1.3.1 Anatomy of ideal optical polarization analyzer in its “Do nothing” mode

Final polarization angle

eﬁnazl: _ éh einitial: -6
s n s n ot
S Lo el
polarization —
unchanged by - o _
“Do-Nothing” E’ﬁ ﬁ{] =20
analyzer

Fig. 1.3.2 Computer sketch of simulated polarization analyzer in "do-nothing" mode

Initial polarization angle
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Review: “Abstraction” of bra and ket vectors from a Transformation Matrix
Introducing scalar and matrix products

Planck's energy and N-quanta (Cavity/Beam wave mode)

Did Max Planck Goof? Whats 1-photon worth?
Feynman amplitude axiom I

What comes out of a beam sorter channel or branch-b?
Sample calculations
Feynman amplitude axioms 2-3

Beam analyzers: Sorter-unsorters
The “Do-Nothing” analyzer
»F eynman amplitude axiom 4
Some “Do-Something” analyzers
Sorter-counter, Filter, 1/2-wave plate, 1/4-wave plate
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Beam Analyzers: Fundamental Quantum Processes (Sorter-Unsorter pairs)

"Sensitive"
Output beam H< Region Input beam
_ ' So--0-0-0 O \Y  -polarize
‘POU P OZdl’lze x-polarized ® INP <
Y

-polarized ®
" r’ “1‘ ﬁ ! o

ANA NANANANA ANANANMANMANANA \E

Ny
VIV VIV ulm WA

Z= NN NN S

Fig. 1.3.1 Anatomy of ideal optical polarization analyzer in its “Do nothing” mode

Feynman amplitude axiom 4

(4) The completeness or closure axiom

The fourth axiom concerns the "Do-nothing" property of an ideal analyzer, that is,

a sorter followed by an "unsorter" or "put-back-togetherer" as sketched above.
Axiom 4. ldeal sorting followed by ideal recombination of amplitudes has no effect:

n

VALDEP VALY LY
Kifyl® 44_;711);7L \
\(2"11')!2 7\ / )

TS //EH W——H%HHH%FHM

2 gy iy |2
PAGNIIN

Tt -

Hﬁ/ . Al :'_1_'1 o

2 2" lyGilI2 / A

| Z¢2" il At N TS o
(2" ‘\\_\\ \ ' . @’%Hﬁ -
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Beam Analyzers: Fundamental Quantum Processes (Sorter-Unsorter pairs)

"Sensitive"
Output beam H< Region Input beam
- ] ===~~~ \Y .. -nolarize
‘POUT P OZdl’lze x-polarized ® INP <

_polarized ®
ANANANANANA A A A 5

A .4;11ﬁ!!uuuuuuulmms;;\.
= WA NN S

ANANANMANMANANA \E

Fig. 1.3.1 Anatomy of ideal optical polarization analyzer in its “Do nothing” mode

. . May use axioms 1-3
Feynman amplitude axiom 4 to prove special case:
(4) The completeness or closure axiom I = <M|m> by 3

The fourth axiom concerns the "Do-nothing" property of an ideal analyzer, thatis,  {,,,
a sorter followed by an "unsorter" or "put-back-togetherer" as sketched above. I o)
Axiom 4. Ideal sorting followed by ideal recombination of amplitudes has no effect. =~ z ‘< m >‘

n

VALDEP VALY LY By,
ot =% (Y el
R /%WH*H*H%%PHH\LQ o
| ZCrllnl? #f%w ; Z )Gk
|52 lpcil 1 T W;{ﬁ"lﬁﬁl}:\ . =<m'|m'>
@ \;%,»;, ;;.L//,,@%'H* :
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. . Feynman-Dirac
Feynman amplitude axioms 1-4 Interpretation of

JIK’)

(1) The probability axiom

. . : . - - | =Amplitude of state-j after

The first axiom deals with physical 1n§erpretat1:)n of amplitudes < ]‘ > state-k’ is forced o hoose

Axiom 1: The absolute square ‘< j k'>‘ _ < j‘ kv> < j‘ kv> gives probability for | fiom available m-type states
N Y,

occurrence in state-j of a system that started in state-k'=1",2",..,or n' from one sorter

and then was forced to choose between states j=1,2,...,n by another sorter.

(2) The conjugation or inversion axiom (time reversal symmetry)
The second axiom concerns going backwards through a sorter or the reversal of amplitudes.

k'>*0f an amplitude< j‘ k'> equals its reverse: < j‘ k'>* = <k" j>

Axiom 2: The complex conjugate < Jj

(3) The orthonormality or identity axiom
The third axiom concerns the amplitude for "re measurement" by the same analyzer.
Axiom 3: If identical analyzers are used twice or more the amplitude for a passed state-k is one,

and for all others it is zero: L
(HR)=8,=1 (70 h=(f) S
O1if:j#k o T T

(4) The completeness or closure axiom

The fourth axiom concerns the "Do-nothing" property of an ideal analyzer, that is,
a sorter followed by an "unsorter" or "put-back-togetherer" as sketched above.
Axiom 4. Ideal sorting followed by ideal recombination of amplitudes has no effect:

(7m)= 2 (5715 )k
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(a) “Do-Nothing "Analyzer Y1 O unatyzer=-30°

O . -polarized light

Quit

R

®0ut :®in

No change if analyzer
does nothing

tilt of analyzer

(b)Simulation [, _ - ‘ l
T

" u analyze
oy
.~

analyzer activity angle £)

(Q2=0 means do-nothing)

input
polarization

%)

n

- setting of
ﬁqnq:ly;fe _ ||:|] ||:%(:-)| I input

_30° polarization

2®m :Bin:2000

3,/2=100°
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Imagine final xy-sorter analyzes output beam into x and y-components.

(a) “Do-Nothing " Analyzer Yt Ounatyzer=-30°

| input
; T o ot -polarized light 1. Polarizeq : ) | polarization
‘¢I LA SR | X 1O G 2=100°
v ] DA § L | in n
\\\\v "‘ /// :
_ l » 5\ | -
_®in p " ""l( “V 1-1.1_‘_‘_“ : -
No change if analyzer g . “'\‘l‘\‘:;‘:, 4‘-:.‘_‘_“
does nothing 4 IDOZC”'Z.ZB J /lgh ‘1‘;-,-,,,":":‘
Amplitude in x or y-channel is (b)Simulation (it of “’”:}alyze’” setting of
sum over x' and y-amplitudes o= 0 | Ll Eq:zyﬂk;q] =19, input

(x1in)=cos(Oin-0O) < R 30° éolargaﬁfm
@,|®in>=sin((~)in—@) o “x‘i‘}‘ . 2 in = in:200 O
A ?

with relative angle ©;;—0

| |
of ©jn to O-analyzer axes-(x',)") Jati }%Z// / / // f 7 \\\

analyzer activity angle £

>[(2= 0 F
(Q2=0 means do-nothing) L
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Imagine final xy-sorter analyzes output beam into x and y-components.

(a) “Do-Nothing "Analyzer Y1 Ounatyzer=-30°

| input
—yTT ' T ®ut -polarized light / , | 3’ polarization O
U 1 X O, 3. /2=100

\

7~
®0ut =®m R -7
\
No change if analyzer f ““‘:‘:“:, 41-1.1..1_‘-
does nothing y ; . ““"‘1“‘1‘-‘1
l

Amplitude in x or y-channel is : : lilt of analyzer setting of
sunll) over x" and y{amplitudes (b)Simulation *= 9 | ol Eﬁyﬂﬁqﬁ:%g input
(x1@in)=cos(Oin—O) = o é“l‘fézazz’; N
(1'1®in)=sin(Ojn—0) e M\;ﬁw in ~Pin o
with relative angle ©;;,—0 (1Y %? \\\H'TQQQ@

f ©jn to ©-analyzer axes-(x',)") LAk ///// / Al
of Yin y Y / /
in products with final xy-sorter: x ﬁ: EDDi
lab x-axis: (x|x")=cos® = {y|y) analyzer activity angle Q >[0- Dc,r = F

y-axis: (ylx)=sinO = -(x|y). (CQ2=0 means do-nothing) e b Lo
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Imagine final xy-sorter analyzes output beam into x and y-components.

(a) “Do-Nothing "Analyzer Y\ Ounatyzer=-30° input
11 {1 T ®ut -polarized light xapola’”izedlig/,;i )’ polarization O
Exaalf ' X O, /2=100

Amplitude in x or y-channel 1s

sum over x' and y-amplitudes

(x1®in)=cos(0in—0)

(1'1®in)=sin(Ojn—0)

with relative angle ©;n—0

of Ojn to O-analyzer axes-(x',)")

in products with final xy-sorter:

lab x-axis: {(x]xy=cos© = {y|p)
y-axis: (y|x")=sin® = -{x|)’).

©

No change if analyzer
does nothing

i
-

:®in

~
~

B \A\A‘
“‘\‘\ QJQ o

 ZAAL LS . N T —anh)
e O Mm

~

~

1
4‘.“-
' H-;'i.':,‘-‘-k

yipO[a]/'iZed /l' b "l";-;

8.
. , tilt of analyzer setting of
b)Simulation : _ _ s
( ) I::F=| II:I ] I i Enq—lyg’ﬁ[jl]t?l_%c:-‘)l lnput
—1.30° polarization
xtg,‘:xf“‘ RS 20, =B;,=200°

e
[=20 U® ]

3

Iy

i
11

r |

»>2= 0" |

analyzer activity angle £)

(Q2=0 means do-nothing)

x-Output is: {x|Oout)= {x|x XxOin)+{x|y Y} |Oin)y=cosOcos(Oin-0) - sinOsin(Ojn-0)=cos Oin
y-Output is: (y|Oout)= YxYx10im)+y W Oin)=sin®Ocos(@in-0) - cosOsin(O;n-0)=sin Oin.

(Recall cos(a+b)=cosa cosb-sina sinb

and sin(a+b)=sina cosb+cosa sinb )

Thursday, January 15, 2015

66




Imagine final xy-sorter analyzes output beam into x and y-components.

(a) “Do-Nothing”Analyzer y: @analyzer:'300 input
; : : , | , L.
11 T o @ut polarized light X Polarizey ll'g/zz‘: Y polarization
Rxnusi X O 8. /2=100

Amplitude in x or y-channel 1s

sum over x' and y-amplitudes

(x1®in)=cos(0in—0)

(1'|®in)=sin(O;n—0)

with relative angle ©;;—0

of Ojn to O-analyzer axes-(x',)")

in products with final xy-sorter:

lab x-axis: {(x]xy=cos© = {y|p)
y-axis: (y|x")=sin® = -{x|)’).

No change if analyzer
does nothing

_O.
n 77 ”FF

yLIDO[CZl”l.Zed /lgb

I
S \%%Vy\ ////
. "ll ! "A

~
~

~

~

N/ =R
\_\ taly <
x' NS

(b)Simulation o= 0° | N él;;é%’la:lyfg Sel{ZZiOf
' ' ) —].30° polarization
B SO 20, =B, =2000
o . ‘“33.‘3"‘ in in =
i @gﬁ )| (st
i //// : LYV
/ / ﬁ: EDDi

analyzer activity angle £)

i
11

(Q2=0 means do-nothing)

»>2= 0" |

3

x-Output is: {x|Oout)= {x|x XxOin)+{x|y Y} |Oin)y=cosOcos(Oin-0) - sinOsin(Ojn-0)=cos Oin
y-Output is: (y|Oout)= YxYx10im)+y W Oin)=sin®Ocos(@in-0) - cosOsin(O;n-0)=sin Oin.

(Recall  cos(a+b)=cosa cosb-sina sinb

Conclusion:

and sin(a+b)=sina cosb+cosa sinb )

(X|®out)= cos Oout = cos Ojn or: Oout=in so “Do-Nothing” Analyzer in fact does nothing.
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Review: “Abstraction” of bra and ket vectors from a Transformation Matrix
Introducing scalar and matrix products

Planck's energy and N-quanta (Cavity/Beam wave mode)

Did Max Planck Goof? Whats 1-photon worth?
Feynman amplitude axiom I

What comes out of a beam sorter channel or branch-b?
Sample calculations
Feynman amplitude axioms 2-3

Beam analyzers: Sorter-unsorters
The “Do-Nothing” analyzer
Feynman amplitude axiom 4
Some “Do-Something” analyzers

» Sorter-counter, Filter, 1/2-wave plate, 1/4-wave plate
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(1) Optical analyzer in sorter-counter configuration

Analyzer reduced to a simple sorter-counter by blocking
output of x-high-road and y-low-road with counters

x-counts~‘ (x |x '>‘2

Initial polarization angle

= cos? 0 =075 0=P/2 = 30°
7

J-f"fcﬁz;lyzer
y-counts~| (ylx '>‘2 \\(Ei”ily@r

. : —r 2
= Sln2 e :r:_,l 'l-"r_.; S — ﬁﬂ Fig. 1.3.3 Simulated polarization

— analyzer set up as a sorter-counter
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(1) Optical analyzer in sorter-counter configuration

Analyzer reduced to a simple sorter-counter by blocking
output of x-high-road and y-low-road with counters

x-counts~‘ (x |x '>‘2

Initial polarization angle

6=P/2 = 30°

ey

_ o
[_)J— E":. Fig. 1.3.3 Simulated polarization
— analyzer set up as a sorter-counter

= cos? 0 =0} 75

J-f"fcﬁz;lyzer
y-counts~| (ylx '>‘2 \\(Ei”ily@r

=sin20=0725 [ §

1

e
"0
=

0

(2) Optical analyzer in a filter configuration (Polaroid© sunglasses)

Analyzer blocks one path which may have photon counter without affecting function.

x—countsfv‘ <y|X'>‘2: r.a'rf'rj w
(Blocked and filtered out) ,

. xy-analyze

HHH
] 1

Initial polarization angle
0=B/2 = 30°
”
— 24

ey 0

=60

y-output~| {y|x")| 2
=sin2 0= ;%5

Fig. 1.3.4 Simulated polarization
analyzer set up to filter out the

x-polarized photons
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Review: “Abstraction” of bra and ket vectors from a Transformation Matrix
Introducing scalar and matrix products

Planck's energy and N-quanta (Cavity/Beam wave mode)

Did Max Planck Goof? Whats 1-photon worth?
Feynman amplitude axiom I

What comes out of a beam sorter channel or branch-b?
Sample calculations
Feynman amplitude axioms 2-3

Beam analyzers: Sorter-unsorters
The “Do-Nothing” analyzer
Feynman amplitude axiom 4
Some “Do-Something” analyzers
Sorter-counter, Filter, 1/2-wave plate, 1/4-wave plate

e
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(3) Optical analyzers in the "control" configuration: Half or Quarter wave plates

( a) Initial polarization angle
Half-wave plate =PB/2 = 3//0;
(Q p— TC) = "2 —%—r)(cg-analyz P ﬁ_ﬂﬁ"'{:—?‘{/ /e
\; %H‘%Jﬁ‘ '| ,I analyzer .-'_

Final polarization angle\ ,I 1
0=PB/2 = 150°(or -30°) i
Analyzer phase lag .
(activity angle) [T }E.[:I.ﬁl ol |
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(3) Optical analyzers in the "control" configuration: Half or Quarter wave plates

( a) Initial polarization angle
Half-wave plate =PB/2 = 3//0;
(Q p— TC) = "2 —%—r)(cg-analyz P ﬁ_ﬂﬁ"'{:—?‘{/ /e
\; %H‘%Jﬁ‘ '| ,I analyzer .-'_

Final polarization angle
0=B/2 = 150°(or -30°)
Analyzer phase lag E[:]':'.
(activity angle) [F .}. NN .|

(b) Quarter-wave
plate

(Q2=T/2

Final polarization is
untilted elliptical

GO

s
S

Analyzer phase lag |9=. PDQ | L ‘ L l

(activity angle)

Fig. 1.3.5 Polarization control set to shift phase by (a) Half~wave (Q=m) , (b) Quarter wave (QQ=1/2)
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(a)Analyzer Experiment

Vi
Elliptically |
polarzzed llght Olarizeq /lg bt i
péas
”U ili/

- Polayize,y liohy

3/2=0=-30°

|
|
|

O/, Br=100°

N la:we-polarz;d light

~
~
~

-;-..,.":":’a

(b)Simulation |o— 00

setting of
input

S

| O
[%ncﬁy;r_bl[:h L1
e, !

AN

Output polarization / / /

changed by analyzer
phase shift

T %ﬁ“

(2

° polarization

Phase shift — IQZEDE'| L]

Similar to "do-nothing" analyzer but has extra phase factor e-i£2 = ().94-i 0.34 on the x'-path .
)= (o) (e, )+ (o), )=

v-output: — {7[¥,,) = {r[x)e (¥, )+ ()], ) = e

X-OUutput: <x

coS @cos(@m — @) —sin® sin(@l.n — @)

sin@cos(@l.n — @) +cos® sin(@l.n — @)
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ReY¥Y

; x-velocity v,/
(c) 2-D Oscillator O X-veqocily vy
Phasor Plot 2 7 2
(x-Phase ) 3 \\ ;
45° behind the ~_
y-Phase) -4 4 x-position
] /
—’S\/ S 5 clockwise
\/ / orbit
- 6 f x is behind
6\ if x i /,,\W y
v 1 _ 8 Left- /
y-position (1.p) @) / /
I o0 Qo (3.5), handed ¥
AL />‘°\ o—Ai—o¢4e
P / L / / /’J
— \ ™~ © / /‘, 0(5,7)
yrvelocity 'I \ < /0 \ counter-clockwise
v/oo = | y = Q —0(6,8) if v is behind x
0 p ) //'
D / / \ \ / o 1 \'/ o7.-7) Right-
(\'I\L \/\jo © — O(8,-6) / handed
= O5—909.-5) 4

Fig. 1.3.6 Polarization states for (a) Half-wave (Q2=m) , (b) Quarter wave (Q=m/2) (c) (Q2=—m/4)
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Ellipsis in Middle

1.3.1 Ay-polarized light beam of unit amplitude (1 photon/sec.) enters an active analyzer that is tilted by 30° as shown
below. The active analyzer puts a o = 90° phase factor e-im in the x' beam.

Fill in the blanks with numbers or symbols that tell as much as possible about what is present at each channel or branch.

0= 30°
N1

o= 0° B=0°

-polarized
I:-J:=| Iﬁl::!;:-l | y-p

Lot fight

. iddle channel

=907 | [

(xIX) (x]y') )
OIX) Oly'y |~ (1% (yy)

State of output x channel

)

Amplitude=

Probability=

State of output y channel

)

Amplitude=

Probability—

(x'x) (xy)

State of x' channel

) \
Amplitude=

Probability=  State of input
channel

State of middle channel |Y>1 0
Amplitude=

1.0

/ Probability=
' . 1.0
Probability= -

State of y' channel

)

Amplitude=

Note: The x' and y'
guantities will not be Probabilitv= '
graded. Use for work. ropaiity
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