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Entanglement and quantum logic
with atoms and cavities



/ ’ The model I \

® The qubits are identical microwave cavity operat-
ing at low-order modes [1]:

w~ 10 — 100 GHz

e The Fock state with one photon and the vacuum state
are the logical states:

) =10, 1 =11

e Mutual interaction hetween separated qubits are im-

plemented by means of two-level circular Rydberg

atoms slightly detuned from the cavities fre-

Ly

quency:
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Domotos ¢t al. PRAST 3554 (1915)

Two level Rydberg
atom
entering
in a cavity
(off-resonant case)

‘The Hamiltonian is time dependent, [3]:

H(t) = "2 b6+ BbT] + 222 [e)e| — [g)al]

+hQ(t) [le) (g]b + |g) (elb']
with

O(t) = Qe ()’

the instantaneous eigenvectors are the so called dressed
states

W(n)(m _ (8/244/(8/2)24+Q2(t)(n+1))|e,n) +Q(t) v/t g, n+1)
= \/52/2-}-292(t)(71+1):t5\/{5/2)2+§22(i‘)(-rr.—+—1)

while the eigenvalues

EL(1) = hw(n+ 1) = h/(6/2)2 ¥ 2(t)(n + 1)



Position of the atom-cavity energy levels
(0 = Weg —w > 0)
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e adiabatic condition
Q(t) 6
(t)d/n <1

4{(6/2)2 + Q2(t)n]*’*

e coupling with classical field

Hs(t) = —hEg cos(wst + ps)e™ 5" [le) (g] + [g)(e]



l One qubit operation }

One qubit operations are implemented with just an atom
in |g) and the classical field tuned at wef,

e if the atom undergoes to a m pulse we have a NOT

. - PR

-y

gate on the cavity
|0) + B[1) — BI0) + (1)

(]
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an Hadamard gate
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e if the atom undergoes to a 7/2 pulse then we obtain

)

e It is possible to vary also the relative phase of the

qubit components acting on the phase ¢g of the

classical field.



I C-NOT cavity — atom'
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An atom entering in the cavity undergoes a 7 pulse from
a classical field source of frequency w,

(a,b,c,d) — (a,d, ¢, b)

this is a C-NOT in which the cavity is the control qubit
and the atom is the target qubit, (Ref. [2)).

(a.b,¢,d) = alg,0) +blg, 1) + cle, 0) + dle, 1)
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I C-NOT atom — cavity I
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The atom entering in the cavity now undergoes a 7 pulse
from a classical field source of frequency wy

(a,b,c,d) — (b, a,c,d)

in this case the transformation is a C-NOT in which the
atom is the control qubit.

(Q.,b,c,d-)s M807+H3 iH+ecleoyt é,e‘D



4

Parameters

atom-cavity coupling
2y = 420 KHz
atom-cavity detuning
4 =0.18
typical cavity crossing time

T ~ 100 pus

o C-NOT cavity — atom

— atom-classical field coupling: Zy = 240 KHz

— characteristic time of classical pulse: g = 14 us
e C-NOT atom — cavity

— atom-classical field coupling: =g = 141.5 KHz

— characteristic time of classical pulse: 7¢ = 19 us

o
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An example of dynamical evolution of the populations
for the case of the C-NOT atom — cavity with the

system initially prepared in the state |g,0)

-T
— 08> 0.€
—|Lg) — |Le)

e Parasitic phases terms can be adjusted acting on the

phase g of the classical field.




M C-NOT cavity 4 — cavity B ”

It is possible to implement a C-NOT gate in which a
cavity A controls another cavity B of the same type
using this logical scheme

T T,

8> —&

where

¢ T3 is the C-NOT between atom and cavity in which
the cavity A is the control qubit:

¢ T3 is the C-NOT between atom and cavity in which

the atom is the control qubit and cavity B is the
target qubit;

e M is a quantum mirror which permits to reflect back
the atom in the first cavity
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implementat;i

opposite direction;

in the vacuum state;

lases one photon via

This realizes a quantum

the first atom.

N

The dashed line box includes the quanturn
® two atoms are injected in the apparat

ground state: first a; from left to right

e cavity C is resonant with the atoms an

e when a; pass through C its excited

photon is then absorbed by a; when it

az. The overall transformation is equivalent

resonant interact

information trans

) INITror:

us, both in the
, then a5 in the

d it is prepared

component re-
ion. The same

enters in C';

sfer from a; to
to reflect back
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{' All the passages step by step I

The initial condition is:

.Tl—"—)

19)4 ® [¥)B ® |g)a, ® [0)c

| 4104 ® [9)a, + Bal)4 ® e, | @ [0)5 ©10)c

.Tg—'—}

| @Al0) 4T 8lg)a, + Al 4® )5 O, | @[0)c

e a;inC —>

.Tl——>
i

| @4l0)4® ) 5 @(0)c+Ball) @ )58 |1)c | Fhed

e as in C —
r

@Al AT 5@ o)as +8aI1) 4816} 5 Ble), | BIPN

| @4l0)4 ® 0] + Ball)a ® [0 | &l

Ya = aa|0)4 + Ball) 4
Y¥)p = apl0)p + Bp|1)B
1¥) s = B8l0)s + ap|l)s
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