Quant. Inf. Revl, No. 1, 19-22 (2013) %N = P) 19

Quantum Information Review
An International Journal

http://dx.doi.org/10.12785/qir/010103

Generation of MOON states in ion-laser interactions

A. Ziiiga-Segundd, R. Juarez-Amard, F. Soto-Eguibaf and H.M. Moya-Cessa

1 Departamento deibica, Escuela Superior désica y Matenaticas Edificio 9, Unidad Profesional 'Adolfodpez Mateos’, Mexico
2 Universidad Tecndigica de la M[xteca, Apdo. Postal 71, Huajuapan derl,@ax., 69000 Mexico
3 Instituto Nacional de Astrdgica,Optica y Electbnica, Calle Luis Enrique Erro No. 1, 72840 Santa Mafnantzintla, Mexico

Received: 3 Dec. 2012, Revised: 21 Dec. 2012, Accepted: 21 Dec. 2012
Published online: 1 Jan. 2013

Abstract: A new class of entangled states, similaiNOON states is introduced. We call these sta#30N states as the excitations
shared in both subsystems do not need to be equal. The generation proposed here does not need conditional measurements, and therefore
is achieved in a deterministic manner.
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1 NOON states be written in the form

1

In recent years, the generation of nonclassical states has ﬁ
attracted a great deal of attention. Among most preferred
states because of their nonclassical behaviour are (dj has been pointed out thAlOON states manifest unique
macroscopic quantum superpositions of quasiclassicatoherence properties by showing that they exhibit a
coherent states with different mean phases or amplitudeperiodic transition between spatially bunched and
[12], (b) squeezed states3][ (c) the particularly antibunched states when undergo Bloch oscillations. The
important limit of extreme squeezing; i.e., Fock or period of the bunching/antibunching oscillatiorNgimes
number states, and more recently, (d) nonclassical statfaster than the period of the oscillation of the photon
of combined photon pairs also call&DON states 4,5]. density [LQ].
NOON states, because of their entanglement propertiesThe greatestN for which NOON states have been
are particularly useful in the quantum information area. produced isN = 5 [4]. Most schemes to generate this

Methods to measure generated non-classical stateglass of states are either for opticd, 3] or microwave
have already been presented. For instance, by looking dtL1] fields.
the atomic inversion, squeezed state®] [and In this contribution we will show how to generate a
superposition of coherent stated] [show specific new class of states, namely, MOON states, or states of the
signatures of their statistical properties. In fact, althoughform
trapped ions present low dissipative features, methods to 1
obtain knowledge even in dissipative environments have IMOON), , = —= (IM),10), +[0)4N)y,) , @)
been put forwardg. V2

It is well known thatNOON states can be used to with high excitation numbersl andN.
obtain high-precision phase measurements, becoming
more and more advantageous as the number of photons
grows. Many applications in quantum imaging, quantum? |on vibrating in two dimensions
information and quantum metrolog®][ depend on the
availability of entangled photon pairs because We consider an ion in a two-dimensional Paul trag][
entanglement is a distinctive feature of quantumand we assume that the ion is driven by a plane wave
mechanics that lies at the core of many new applications. o
These maximally path-entangled multiphoton states may E()(%,9,t) = Ege (k&krhyalt. (3)

INOON) 5 = —= (IN)a[0)p +10)aN)p) - (1)
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with k;j, j = x,y the wavevectors of the driving field. The Transforming to the interaction picture,
Hamiltonian has the form ”7x) (=in)™ tnamg: t(n—m+k)
_ o w(

H=v sta ata W21 A Hix = Qe TZ mi — & KO el

= Wx&dx+ Wa ay + — 0z

1 + H.C.
+ -Qx{ "[”X(ax*"‘*)*“’@ 6. +H.C. } @)
(13)

+
—| Ny (&y+ay ) +wt
+ Qy{ [ ( ) } ++H.C. } We consider now the low-intensity regime; i.84 << vy,

and we apply the rotating wave approximation, to get

where we have defined the Lamb-Dicke parameters , o )2n
g, - ~FnAkEn A
Hix = Qe 2 (_mx)k ZOLa;n kn

_ x(0|A%?]0),, _ y(0]A¥?|0)y o n! (k+n)!
nx—2"T7 ny—ZHT, (5) +H.C.,
and redefined the ladder operators according to (15)
k&= nNu(ax+ay),  ky=ny(ay+a). (6) py substitutingal"a} = " ), , multiplying by (2 o and

In the resolved sideband limit, the vibrational frequenciesre""rr"’mglng terms

vx and vy are much larger than other characteristic ng .y A K JOR
frequencies and the interaction of the ion with the two Hix = €2 (=inx) (GET]] La (%) &6+ +H.C.,
lasers can be treated separately using a nonlinear

Hamiltonian [L7,18]. where we have identified
We consider that the ion is trapped in the axis; i.e., |k _ oo EDUM)T (k! the associated
Qy #0andQy = 0; then (ﬂx) Z n! (n+k)!(A-n)!
Laguerre polynomlals so that finally
Hy = wala+ 215, @)
2 Hix = O« (1R &6, +a i (M) &), (16)

n -Qx{ [nx(ax+al)+wt} G0 1 H. C}

where
) .
We write ap; = w+ &, whered is the detuning, to obtain ka(ﬁ) e (—inx) G n'k)l s (nx) (17)
n+
At A w+9) ,
Hy = anTax+( )Uz (8) By using a nonunitary transformation in terms of
Susskind-Glogower phase operat@f)][ (written here in
0 { g [x(8c+8k) + G, + H.C.} _ matrix form) we write
o . 10 10
We transform the Hamiltonian to a frame rotatingcat Hix = o VK Hix 0 VK (18)
X X

frequency by means of the transformation
where we have introduced and defined

T—el%0, ©)
Hi = Q£ (A) /858l 8. + Oty () | /akal) 6.
and we get (19)
5 The evolution operator for this last transformed
Hy = vxé;{éer —0y (10) Hamiltonian,Uy, = e M1 | may be calculate easily. For
2 . . this we need
+Qx{ [’b((ax"rax)]O_ +e{”x(ax+ax)}0}- 2 om| gk gy |2 4k am
m— Q2™ £X(A) (y/ak ) 1ox2  (20)

Using the Baker-Hausdorff formuldg], and expanding _ . _
the exponentials in Taylor series, we cast the Hamiltoniarwherel,,.» is the € x 2) unity matrix. For odd powers we

to have
At A 0. . fk Zm‘H-f*k — 2m+1
Hy = vxa;{aerEaz (11) HamHL — U+Qfm+1’ )|‘ ) () < a!ﬁalk)
X
g —i —i N k(ay 2L cxk (A 2mt1
Lo e Z( n’Zx) ( nx) aI"AM6, 4 H.C.| +a,gx2m+l‘fx (n)yk L) A§éI"> 1)
am [ £ (A)]
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They(t) =5 ("t)) H2M 4 z le)'(“”, (22)and ltis clear that after a time
m

(2m 2m+1
therefore - 1 nl
Cee & - :
U= (282 @3) =20 0w | k! 49
with the probability to find the ion in its internal excited state
Cee= cos(th £X(A) \/ak‘“‘) (24) s 0, so at that time the ion is in its internal ground state

with probability 1. This situation is obviously repeated
periodically; every2j +1,j = 0,1,2, ... timestp, the ion
\/ﬁ will be in its ground state. As can bee seen from
’ Aex (25 Hamiltonian 89), when the probability of finding the ion
in the excited state goes to zero, the ion is giving four
\/{) phonons to the vibrational motion. Now, if we consider

Sg=—i(— ) sin (th

Sge =~V (i) sin (th X () (26)  the ion initially in its ground state, the probability to find
it in the ground state at the same tirgels also zero. In
and this case the ion removes four phonons of the vibrational

motion.

\/ & “Tk>Vk (27) If we consider now that the ion is trapped in the axis;
ie., Qy # 0 and Qx = 0, we get exactly the same
expressions and the same results with the variable

Cgg = V(¥ cos(th ()

Finally, asy/akatk = /(KL we can write instead ofx.
U11 U12>
Uk (t) = , 28 .
() (UZl U2z (®8) 3 Generation of MOON states
with

By starting with the ion in the excited state and the
vibrational state in the vacuum state; i.@)x|0)y, if we

Up = cos| Qut | £X(A) (”f k)! 7 (29)  setny =0, after the timer, when the probability to find
n! the ion in its excited state is zero (meaning that the ion, by
passing from its excited to its ground state, gives

_ phonons to the vibrational motion), we can generate the

_(iykFLl g KA (A+K)! | ok state|4)«|0)y. Repeating this procedure (with the ion reset
Uz = (=) "sin x (A) ~ x» (30) - Y : - - :

Al again to the excited state, via a rotation), but now with
nx = 0, four phonons are added to thevibrational
motion, generating the two-dimensional stekg|4)y.

RO Kon (A+K)! Therefore, if we consider the ion initially in a

Uzp = — ()Y, sin| Q| fy (A) a | (G superposition of ground and excited states, and the
' |4)x|4)y vibrational state; i.e.,
and 1

init) = —=(|€e 4)4|4 36

- .. AR ] o |Uinit) \/é(‘ ) +19))[4)x|4)y, (36)

Usp =V, cos|Qut | fy (A) = V. (32)
n: for ny = 0 andtp, the state generated is

Now, we consider as initial state of the ion a number i
state|n) for the vibrational motion and the excited stée |Wny=0) = ﬁ(|e> 10)x+19)[8)x)[4)y- (37)
for the internal states; i.e.,

In) Now, we consider this state as initial state for the next
|w(0)) = (33) interaction withny = 0 and still the interaction timey, to
0 P
produce

The probability, after the timég, of finding the ion in its

internal excited state is then |Un—0) = 7\%(|e>|o>x|8>y+ 19)|8)x|0)y)- (38)
Pell) = mZ()(e\<m|tp(t)><q/(t)\m>|e> If in equation (16) we considde= 2, the vibration in

they axis andry <« 1 we obtain the Hamiltonian

‘ > &9 HY = Qy (&6, +a75-). (39)

y

x co& (th
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It is known that this interaction is periodic and may be [17] R.L. de Matos Filho and W. VogeRhys. Rev. Letf6, 608

used to subtract/add excitations from the sysi2j. \We (1996).
use this fact, and by setting the interaction time such that, [18] R.L. de Matos Filho and W. VogeRhys. Rev. &4, 4560
if the ion is initially in its excited state, after a tintg it (1996).
will end up in its ground state, if the initial state is given [19] W.H. Louissel, Quantum Statistical Properties of Radiation
by (38), the state produced is (Wiley, 1973).
[20] L. Susskind and J. GlogowedPhysicsl, 49 (1964).
1 [21] H. Moya-Cessa, S. Glvez-Cerda, and W. Vogel, J. of Mod.
) = —\72|g>(\8>x|0>y+ 0)x|10)y), (40) Optics46, 1641 (1999).

this is, the part of the entangled state B8) associated
with the excited states "wins” to excitations, while the one
associated to the ground state remains invariant, leaving,
without conditional measurement, a state we have named
MOON state.

4 Conclusions

We have shown howl0ON states for the two dimensional
vibrational motion of an ion in a Paul trap may be
generated without the need of conditional measurements.
By means of a set of laser interactions, the ion is
manipulated in such a way that excitations may be added
or subtracted in a controlled form in order to produce the
target state.
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