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Early Interaction-Free
Experiments

: Renninger (1960), Dicke (1981),
PaviCic (1986): “Whenever we fall to detect
Interference we know that something is there.”

E.g., PaviCic (1986):
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1993 enter Elitzur and Vaidman and say:
“Measurements might be useful”
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Let us calculate what we get at D,
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Interference

Reflected portion of the incoming beam:

—By=—-AVR

| After a full round-trip this joins It:

By = AV1—RVRV1—ReY

"All” round trips: interference (a geometric
progression) — the total amplitude (D,):

O

1 — e
B=) B;,=-A .
E) \/ﬁl—ReW




Resonator Int.-Free
Experiments

Y = w — Incoming frequency; T'— r-t time; w;..s
— resonance frequency (A\/2 = L/k, L r-t length)



Resonator Int.-Free
Experiments

Y = w — Incoming frequency; T'— r-t time; w;..s
— resonance frequency (A\/2 = L/k, L r-t length)
SO, w=wps =B=0



Resonator Int.-Free

Experiments

Y = w — Incoming frequency; T'— r-t time; w;..s
— resonance frequency (A\/2 = L/k, L r-t length)
SO, w=wps =B=0
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Wave-packet
calculations

r=(1—-R)(1—-p°R)®, t=(1—-R)?*®

where p < 1 Is a measure of overall losses and

/oo exp|—T *(w — Wyes)? /2] dw
0 1 —2pRcos[(w — wyes)T] + p°R?

d = o0
/0 exp|—7 *(w — Wyes)*]dw

where 7 Is the coherence time and 7' Is the
round-trip time.



Efficiency

r as a function of 7 /T for p = 0.99 and

09 < R<1:7/T =500 (top), 150, 50, 20, and
10 (bottom). The differences in the shapes stem
from the amount of losses.
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Efficiency
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The efficiency of the suppression of the reflection
Into D,. when there is no object in the resonator;
p IS the measure of losses
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Let object be atom

Pavicic, M., Nondestructive Interaction-Free
Atom-Photon Controlled-NOT Gate, Physical
Review A, 75, 032342-1-8 (2007)

- Pavicic, M., Quantum Computation and Quantum
Communication: Theory and Experiments,
Springer, New York (2005)
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Let object be atom

5"Rb has closed shells up to 4p and an electron
In ground state 5s (J = L 4+ S); We consider only
one excited state: 5p; ss.

Total nuclear ang. mom. K and J give the total
ang. mom. of the atom: F = J + K.

*’"Rb has K = 3/2, and its j = 1/2 ground states
are split by hyperfine interaction into doublets
with F=K+j=3/2+1/2=2,1.

External magnetic field B splits the levels into
magnetic Zeeman sublevels:
m=-—-F—-F+1,...,F. (See Fig. below.
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Atom vs. photon

To excite and deexcite electrons between
m = +1 and m = 0 we must use circularly
polarized photons with 5, = 1 and m; = +1
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Atom vs. photon

To excite and deexcite electrons between
m = +1 and m = 0 we must use circularly
polarized photons with 5, = 1 and m; = +1

When an atom receives angular momentum of a
photon, the following selection rules must be met:

Al = +1, Am =m; = x1.

When a photon is emitted, the same selection
rules must be observed.
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Atom vs. photon

By solving Schrodinger equation for our
three-level system




Atom vs. photon
(ctnd.)

By solving Schrodinger equation for our
three-level system

0|v)

H|U) = ih
W) =i 5

we arrive at the Hamiltonian

S| 0 ) 0
H=—|00) 27 Q1)
2
0 Q) 0

(), and ), are Rabi frequencies
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Excited state drops
out

One of the eigenstates of the Hamiltonian Is

1

SN T eIy

($2(t)]g1) — (0 (t)]g2))

It depends only on “dark states”

g1) and |go)

We can use this to obtain a direct transfer of
electrons from |g;) to |g2) without either emitting
or absorbing photons on the part of atom in the

following way—Stimulated Raman adiabatic
passage (STIRAP).
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Experimentally, let photons be laser beams.



STIRAP

Experimentally, let photons be laser beams.

Now, let us switch on and off the second laser
before switching on and off the first one.
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STIRAP

Experimentally, let photons be laser beams.

Now, let us switch on and off the second laser
before switching on and off the first one.

This can be described by

‘(gl\\lf0>‘2:1 for ¢t — —o0

‘(gg\\lfo>‘2:1 for ¢ — +o0

Adiabatic complete population transfer
lg1) — |g2) IS STIRAP:
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STIRAP [g1) < |g2)
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Interaction-free
‘excitation”

A left-hand circularly polarized photon could
excite an atom from its ground state |g;) to its
excited state |e) and a right-hand circularly
polarized photon could excite the atom from |gs)
to |e).

So an L-photon will “see” the atom in |g;) but will
not “see” it when itis in |go). With an R-photon,
the opposite is true.

We can induce a change of the atom from |¢;) to
|g2) and back by a STIRAP process, with two
additional external laser beams



State notation

We feed our resonator with +45° and —45°
linearly polarized photons.

In front of an atom we place a quarter-wave plate
' (QWP) to turn a 45°-photon into an R-photon and
a —45°-photon into an L-photon.

Behind the atom we place a half-wave plate and
then another QWP to transform the polarization
back into the original linear polarization.
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State notation (ctnd.)

We denote the atom states as follows:

0) = |g1), 1) = |g2)

They are control states; atom is control qubit.

| We denote the photon states as follows:
0) = [45°), 1) = | — 45°)
They are target states; photons are target qubits.

For example, |01) means that the atom is in state
lg1) and the photon is polarized along —45°.
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Interaction-free
CNOT gate

(a) M 449147 M (b) M
/] N
QWP HWP QWP
Y A
0,1 SO~ M 0.1
— | —
ABS  ABS - ,~HWP
1 > | \M
M PBS D
|

(a) The atom is in state |g;) and can absorb |1);
(b) The atom is in state |g») and can absorb |0);

00) — |00), [01) — |01), |10) — |11),

11) — [10)
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Superposition STIRAP

‘. ~ DS q/o
m=1
19,

Two pump beams (£2;, €23) and a cavity with atom—cavity

coupling (&) instead of the Stokes laser beams
produce superposition a|gi) + 5|92) . o ommes .




Superposition (ctnd.)

The corresponding Hamiltonian is

S0 ) 0 '
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G = \Jhw/(2e0Veavity) is the atom-cavity coupling
constant (V.avity IS the cavity mode volume).



Superposition (ctnd.)

The corresponding Hamiltonian is

S0 ) 0 '
ﬁ:§ Qi(t) 2A  2G
0 2G 0

G = \Jhw/(2e0Veavity) is the atom-cavity coupling
constant (V.avity IS the cavity mode volume).

The photon which supports the cavity modes and
the population of ¢g; and ¢, levels eventually leaks

from the cauvity.
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Inferaction-Free Preparation
of Superposition




Inferaction-Free Preparation
of Superposition

a4

\/4G2 + () (t)

: Wziﬂg(t)@mgm L (t)] g2, L))

W(t)) = (2G|g3, 0) — i (t)|g1, R))

— STIRAP — ’\If(t» — Oz\gl, R> + ﬂ‘gz, L>



Inferaction-Free Preparation
of Superposition

a4
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Inferaction-Free Preparation
of Superposition

a4

NI RN G

-~ oy €10 0) = (Dl 1),

W(t)) (2G g3, 0) — n(t)|g1, 1))

— STIRAP — U (t)) = algi, R) + Blge, L)
Photon |R) + |L) leaves the cavity

V) = algr) + B|ge)




Superposition

manipulations

ey
F=2 {m:— 2

0,
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