1.3 Two photon interference
1.3.1 Quantum theory of parametric down-conversion

nonlinear crystal signal l o
pump (2) // @s. NN @,
—| 7 7
o,k T @r 70
prp :
| \ Idler
(2) '\+'\ '\ A '\+'\+
I'L[ =hy +4a,a )
¢* v
&, &, :strong pump wave (no pump depletion)
energy conservation: @, = @ + W; Imposes the correlation
for the energy and
momentum conservation: K, = K, + k; momentum.

(propagation direction)
perturbation solution
_ ri b~ ' r—|
() =exp — [ 7, ()dt’ [(0))
S [0).J0), - initial state
~ |00 0); + ¢ 1) 1), +

(2)¢ |Y'bl
C1 oC gp)( negligible

2

c-number pump field amplitude (highly excited coherent state)
carries the phase information of the pump wave

|C0|2 +|C1|2 ~1 (normalization)
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1.3.2. Quantum Theory of Photodetection

_

|c) : ionization continuum

atom field
bandwidth bandwidth
radiation field Ao )Ao
‘l/\>/\)7 (wideband photodetector)
Pr ® |a) : ground state

Hamiltonian: H=H,+ H; +V

V=-d-E (electric dipole interaction)

atomic dipole/ ™ electric field
Interaction picture (with regard to H, + Hg):

1 eat
U,(At)=1+ﬁj0dtv,(t)
Vi(t)=—d, (t)E,(t)
d, (t)= aifat/h g -HAL 7
()=
E| (t) — eiHRt/h Ee—iHRt/h

Initial state: |l//. (0)> = |a, (DR)

Excitation probability: / any orthonormal sets (ex. photon number

Pexc(At) _ ZZKC, n|U. (At)|a, %)lz eigenstates)
n cza (cla) =0, soU,(At)=1 does

4_ -
not contribute to P,,..

= XX [dv gt Cpale A nXnlE, @)
/ < (ald, (t") cXcld, (t")]a)

We can include a because

(ald a) =0
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Closure relations: D InXn|=1
n

D leXcl=1
@ :

1 eat oat e e .
Poc(8t) =— [ dt [ dt"GL (', t")G(t't")

Atomic dipole correlation function:
GZ(tr’trr) — <a|d I(tr)dl ( H) a>
= > (ald, ®)lc)cld, (t")a)

- Z|(a|d|0>|2e‘i‘,”<a("‘”)
C

Field correlation function: ¢
E,(t) = E|(+) () + E|(_) (t)

oscillation
canceled out

v

resonant

EX(t")ez)  off-resonant

Resonance condition: @, ® @;
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Gg(t',t"") varies much more slowly than G,(t',t"") since
Aw,)Awy (broadband photodetector).

<

exc(At) = _<¢R|E( )(O)E(+)(O)|(DR>
x jodt' [d dt'G (it e

@ : center frequency of a radiation field

&

Photodetection rate:

= B8O gty £ (0] o)

S__ZZKa|d|c)| 5@ —w_,) : Fermi’s golden rule
absorption rate

exc

In general, k photon coincidence detection rate is given by
a)(tv tz e 'tk ) = S182 o 'Sk <§0R ‘E1(_) (tl) Eé_) (tz) e EIE_) (tk)EIEH (tk) e Eéﬂ (tz) E1(+) (tl)‘ §0R>

S;---S, :absorption rates of photodetectors 1~k

Chapter1-13



1.3.3 Two photon interferometer - Mach-Zehnder type -

input states into beam splitter BS , and BSg:

|W1> = C0|0)|0);y + Coul Dl )iy
|W2> = Cy|0),,|0)., +Cy|D_,I1)., :> |W12> - |W1>| WZ)

(product state)
From laser
ey
Q1: If we shift a BS, laterally,
T does a single photon count
rate at D, feature an

3 L - -
oscillation?

Q2: If we shift a BS, laterally,
does a double photon count
rate at D, and Dy feature an
oscillation?

fields detected by D, and D :

N

_E® O
E.=E,"+E,

&7 R negative frequency part
positive frequency part

E,(A+) — ha)s x 1 (ésl n iész -t _ I:E,(A_):IJF
26N A2
vacuum field  annihilation operators ~ creation
amplitude  of the two signal outputs ~ OPerators

Chapterl-14



Es=E” +Ey’

~ (4 h i 1 .. . A o, Z(—
=i iy -]

A. Single photon count rate

Probability that a detector D, detects a photon at t

w rA’t): SA<W1|<W2|é(A_) (t) é/iﬂ (t) |\W2>l l//1}>

detector sensitivity projection operator Initial state

that annihilates one photon
= (+)
EL Olwolws)

= K8, +18,,)87 " {€10C2 0,0,0,00 +C,oC,1[1,1, 0,0 ) +€1,C,/0, 0,1, 1)
hao, 1

2oy T 52,/i;,/s{, i§ +M 1)}

arg(gpz) arg(epl) neglected
= K, {icy,C,| 0,1, 0,0 ) +¢,,¢,40,0,0,1)}

orthogonal Even though the
phase information is
2 2 2 kept, there is no
@ rA’t): SA KA {C10C21| + |C’11C20| ] interference.
Similarly, , 5 ,
a)(rs’t): SBKB{CLO(:le +|C11020| ]
A W
a photon from a photon from
NL2 NL1T | o
N V ~ (which-path information is
No interference leaked via the non-detected
photon)
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B. Two photon coincidence count rate

Joint probability that a detector D, detects a photon at t; and

a detector Dy detects another photon at t,: initial state

oyt 5 Tt )= SuSe{wi [EC)ES (L) ESY (L) ES (4w

projection operator rojection operator
that annihilates one V ?ha’g annihilart)es one

photon at rg and t,. photon at r, and t;.

ES (6)EL ()| wi)

A~ .AA/A—\-AA —-iot,—iod,
= K,K,(@, +ia, )@, +ia, e {€10C10,0,0,0) + ¢, [1,1,0,0)
T agley) aroen)

= KAKBe_iWitz_iwstl (_C10C21 + CLICZO)O’O’O’())

\ |
projected onto identical state

. 2,,2 2
DMy, L rB’tZ): SASBKAKB|C11C20 - C10C21|

+€1,C,[0,0,1,1) }

= SASB KiKé [C11C20|2 + |C10 Cle2 o qclo(:ZOCﬂCleCOS ¢:|

9= arg(g p1 )_ arg(g p2 )+ const. interference term

The phase information is encoded between the probability amplitudes
C10 (C20) =1 and ¢y (Cyy).
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1.3.4 Two photon interferometer - Young’s double-slit type-

(b)

()

results in the shift of signal

interference pattern
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Measured signal photon-counting (@) and coincidence-
counting (M) rates as functions of (y -y '). Error bars for
the signal photon-counting rate are smaller than the dot
size. The solid curve is the least-squares fit.

Physical interpretation: entanglement
which-path measurement
quantum erasure
nonlocality
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