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Abstract

We investigate the entanglement of a trapped three-level ion interacting with two vibrational phonons,
which form a fifteen-dimensional Hilbert space. We reveal analytic formulas describing both the
concurrence and negativity. We show that, in such a system, a higher degree of entanglement with a
concurrence of 0.999 and a negativity of 0.499 can be attained at a specific time of 16.9 fs. Derived
expressions of concurrence and negativity include first-order terms in the interaction picture. Finally,
an explicit solution for first-order terms shows that the amount of concurrence can be tuned between
0 and 1.0, while the amount of negativity changes between 0 and 0.5.

Keywords: time-dependent Rabi frequency, time-dependent Lamb-Dicke parameter, concurrence,
negativity, trapped three-level ion.

1. Introduction

As a direct consequence of the quantum entanglement, the philosophically comfortable tenets of local
realism needs to abandoned [1,2]. With the crucial role it plays in quantum optics and information,
the emphasis on quantum entanglement has dramatically increased during the last thirty years. The
fundamental question on quantum entanglement is: Which states are entangled and which ones are not?
Trapped atomic ions are among the most attractive implementations of quantum bits for applications in
quantum information processing, owing to their long coherence times [3,4]. In particular, trapped atoms
and ions are favored systems for studying and engineering quantum entanglement [5] due to their long
decoherence times [6]. Experimental preparation of such profound and delicate nonclassical states are
based upon sequential optical procedures [7].

There has been extensive research in the field of quantum communication, which has yielded a variety
of methods to distribute bipartite entanglement [8,9]. Quantum entanglement can be modeled physically
by the states of a single and three-level trapped ions [10,11]. Furthermore, entangled pure states can
be produced by lasers and trapped three-level ions [12,13]. Qudit entangled states in the second-order
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corrections can help to answer some important questions about quantum linearity [14]. The three-
different pure-state entanglement in the time-dependent ionic-phononic system have been demonstrated
eventually [15].

On the theoretical side, we have worked out the quantum correlations of a full trapped ion interacting
with two stationary laser beams [16]. We considered quantum dynamics of a three-level trapped ion
using the quantum entropy of the system with time-dependent Rabi frequency [17]. In order to quantify
quantum entanglement, the concurrence and negativity are uniquely determined by the spin—spin cor-
relation between the impurities [18]. The entanglement entropy, which is an entanglement measure, is
calculated in terms of the infinitesimal generator of conformal transforms that keep the sphere fixed [19].
Its relation to tomographic entropy associated to the spin-state tomograms was introduced in [20,21]. In
addition to these existing studies, in order to better identify long surviving states, we believe that the
effects of the entanglement measurements in the quantum system are worthy of further inquiry.

Several Hamiltonian models are available, which describe the quantum entanglement of two-coupled
atoms affecting by the time-dependent external magnetic field [22]. The inequality for eigenvalues of the
density matrix and purity parameters describing either a bipartite-system state or a single-qudit state was
studied in [23]. Similar to the correlations, analogous to the entanglement for the single qudit, they were
formulated in terms of quantum contextuality [24]. A brief explanation of historical aspects of studying
the properties of light and quantum correlations of photons and qudit states can be found in [25].

In this work, we develop a unitary transform method that is extended with respect to the weak
excitation regime [26]. Our theoretical model possesses three crucial time-dependent parameters: Rabi
frequency €2(t), harmonic trap frequency v(t), and Lamb-Dicke (LD) parameter n(t).

This article is organized as follows.

In Sec. 2, we give the theoretical model as it is characterized in the weak excitation regime. In Sec. 3,
we quantify the quantum entanglement of the time-dependent ionic—phononic system using concurrence
and negativity. Finally, we give our conclusions in Sec. 4.

2. Theoretical Model of the Time-Dependent Ionic-Phononic System

Qubit logic gates can be implemented by engineering the quantum states and the interactions among
these states [27]. This scheme bounds the center of mass vibrations within a region much smaller than the
optical wavelength so that the coupling of the vibrational phonons to the internal states can be linearized.
This is the so-called LD regime, which is described by a small LD parameter n < 1. Experiments operate
beyond the LD regime where n < 1 [28,29]. We assume that the lower levels of the three-level ion r
and g are degenerate and the beams are of different polarizations so that each beam can drive only one
transition. The time-dependent Rabi frequencies of the corresponding transitions e — g and e — r, where
e represents the excited level of the ion, are also considered to be the same and denoted by w; = wa (see
Fig. 1).

In this paper, two time-dependent-amplitude laser beams are characterized by frequencies wy and wa,
where we assume w = w; = wy. The time-dependent Rabi frequencies are 2(t) = Q4 (t) = Qa(¢) assumed
to be the same as in Fig. 1. The annihilation a and creation a operators of the vibrational phonons

muv(t
correspond to a = 5 }g ) (l’ +1 p(t)) , where v(t) is the time-dependent harmonic trap frequency, x
my

is the direction along the trap axis, m is the mass of the ion, and p is the momentum of the center-of-mass
of the ion.

973



Journal of Russian Laser Research Volume 87, Number 6, November, 2016

The total Hamiltonian for the time-dependent ionic-phononic quantum system is
H(t) = Hion(t) + H1(t) + Ha(t).

The Hamiltonian of the trapped ion Hion(t) and the interacting Hamiltonians H;(t) and Ha(t) at h =1
read

2
P 1

Hion(t) = om + §m’/2(75)$i20n + wegle) (el (1)

H1 (t) _ Ql;t) ei(kla:ionfwlt)|e> <g| + h.C., (2)

Hy(t) = 922(“ e!(“hamion =2 e) (r| 4 Ti.c., (3)

where both wavelengths of the laser beams A = A} = Ay are slightly red detuned from the e — g transition
angular frequency of the ion we, by the same amount § = v(t)n?(t), so that w = wey — &, with n(t) =

2
being the time-dependent LD parameter and k = Tﬁ Additionally, the weak excitation regime

2mu(t)
Q(t
is assumed to satisfy, v(t) = ;)
52 \ Fig. 1. Trapped three-level ion interacting with two

time-dependent laser beams. The excited level e, the
ground lever g, and the Raman level r are the inter-

mediate and upper levels of the cascade, respectively.
th“ The other parameters are assumed to be Q(t) = Q4 (t) =
photonl Da(t), w = w1 = wa, 6 = 01 = 2, W1 = Weg — 01, and

W2 = Weg — (52.

We employ growing time-dependent Rabi frequency €2(t) = sinh(weg4t) [30]. This rapid growth in time
decreases 7)(t), which eventually leads to the LD regime (7(¢) < 1). Hence, our analytical results, which
will be provided below, become almost precise, since we only use the correction to the first order in n(t).

In the weak excitation regime, this A scheme has been shown to be equivalent to a cascade = scheme for
the vibrational phonon transitions, under a unitary transform, calculated by the transformation matrix
U adopted from [26],

0 V2 V2

U=5| —v2D[(t)] D)  —D®)] |, (4)
V2D[=n(t)] D[-n(t)] —D[-n(®)]
where we represent the basis vectors as (e| = (1,0,0), (r| = (0,1,0), and (g| = (0,0,1) and the Glauber

displacement operators by D(n) = exp (in(t)(a + aT)). Applying the unitary transform method of [26],
we obtain the transformed Hamiltonian H(t) = UTH(t)U. This Hamiltonian describes cascade-type
transitions of the vibrational phonons. Using Eq. (4) and the transformed Hamiltonian H(t), we write
the time evolution of the initial state ¢)(0) as follows:

(1)) = U§Ue™  Ho®dt je (1)Ut |y 0)), (5)
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where K (t) is the well-known propagator for the cascade Hamiltonian [26], i = 1, and exp[— / i Ho(t) dt]

are the interaction-picture transform. A given state of the vibrational phonons and the ion evolve in the
= configuration according to the propagator K (t) in the interaction picture,

cos[A(t)t]  —e(t)S(t)al —e(t)S(t)a
Kit)=| e®)aSt) 1+e(t)aL(t)a’  e(t)al(t)a , (6)
e()atS(t) E@)a'Lt)a’ 1+ €(t)alL(t)a
where A(t) = e(t)v2aTa + 1, L(t) = C‘)S[ﬁ(j()t)]l nd S(t) = Smgzg)t]

We take an ion in a harmonic trap with small vibrations, which can be considered as coherent
displacements described by an approximately normalized coherent phononic state |0) + «|1) to the first

1
order in « (i.e., @« < 1). We assume the superposition state \ﬁ(|g> — |r)) so that the initial state for the

ion—phononic system becomes

1
V2
After action of the propagator K(t) on the initial state of the cascade [i.e., UT|1(0))], we obtain the

state |Yx(t)) = > (Mip(t) |i,p)), where i stands for the electronic state (e, r, g) and p stands for the
ip

vibrational quantum number (0, 1, 2, 3, 4). The dimension of the Hilbert space H = H; ® H,, is 15. In

the first-order terms, the probability amplitudes M;,(t) are

¥(0) = —%((g) = [m) @ (10) + a[1))]. (7)

Ma(t) = [eos [VIZZuOmto] + ) sin[y/I2u(em(] | e On (5)
Ma(t) = acos |\/3/2u(tn()]e 1, (9)
Ma(t) = —j;]gsin (VB2 u(tmey] 20, (10)
Myolt) =z sin [VB/Zu@n(t)t]e ", (11)
Mal) = 2 [3/9) + 2/5)cos [VETRutem(e] | 20, (12)
M) = [sinlI2u(On(0] - "2 cos (IR0 | 00, (13
Myp(t) = ay/2/3sin[v/3/2v(t)n(t)tle Ot (14)
Mgs(t) = —(V3/5)in(t) |1 = cos[\/5/2v(t)(t)t]]| e 210, (15)

and Meg(t) = Me4(t) = Mrz(t) = Mrg(t) = MT4(t) Mgo(t) Mg4( ) = 0.
In the interaction picture, the final state can be written as follows:

ZAIP ) |i, p), (16)

975



Journal of Russian Laser Research Volume 87, Number 6, November, 2016

where
Aol ) — 9—1/2 g—iwt _QZN(t)MTQ(t), (17)
Aci(t) = 2712 e Wle 2NN, (1), (18)
Aez(t) — 9 1/2 g—iwt iN(t)Mgg(t), (19)
Acg(t) = 2712 71N Mg (1), (20)
Acy(t) = 2712 e Wle2N Ny (1), (21)
Aro(t) =iV2 n( Je MO M (£) + el !Mro(t) = in(t)e” >N My (1), (22)

A (1) = =2 NOM (1) + 2in(t)e >N O Mea (8) — in(t)e >N O Myo(t)
+e N Mo (8) + v 3n()e* N Mys (8), (23)
Ara(t) = 2in(t)e” N My (1) — V2072 ( Mea(t) — iv/2n(t)e >N M, (1)

—e~ NN, ()ﬂfn() N Mgy (8), (24)

Ars(t) = iV (t)e N Mo (t )+lf77( £)e™N O Mys(t) — >N M5 (), (25)
Ara(t) = 2in(t)e* ™D Mgy (t), (26)

Ago(t) = iv2n(t)e” NI M (8) + N O Mo (1) + in(t)e > NI M (1), (27)

Agi(t) = V2 NOMy () + 2in(t)e™ >N O Mo(t) + in(t)e >N Myo(1)
+e‘2"N“)M 1(t) — iv2n(t)e iN(“MgQ(t% (28)
Aga(t) = 2in(t)e™ MO M (1) + V2 ENO Mo () + iv/2n(t)e 2N O M, (1)

ZN(t M, 2( ) —iV/3n(t)e? N My (), (29)
Ags(t) = ivon(t)e 2NV Mo (t) — iv/3n(t)e™ D Mo () — 2N My (1), (30)
Aga(t) = —2in(t)e* N M (1), (31)

Q(t sh(wegt
and N(t) = /y(t) dt = / é ) dt = 0052 (Weg ) Here, there are 15 terms coming from the state in
Weg

Eq. (16). Thus, we need the 15 probability amplitudes for the full density matrix p in order to calculate
the concurrence and negativity in the next section.

3. Quantum Measurements: Concurrence and Negativity

Quantum entanglement is one of the cornerstones in quantum optics. The amount of entanglement
in a quantum system is quantified by the well-known measures of entanglement called concurrence and
negativity, which are what we employ in this paper as well. Hence, the quantum entanglement is char-
acterized by comparing concurrence and negativity of the time-dependent ionic—phononic system. The
internal states of the three-level ion subsystem are associated with a three-dimensional Hilbert space H;
of a qutrit spanned by the basis states Hj, while the vibrational phonon subsystem is described by a
five-dimensional Hilbert space H,. Therefore, the initial state in the previous section evolves in 3x5
(C3? ® C° = C1%) dimensional Hilbert space. The density matrix of the system in a pure state |1 (¢)) is
pi—p = |[Y())(¥(t)|. In our case, p,—, can be represented by a 15-dimensional matrix in the basis [i, p).
Concurrence for any arbitrary bipartite pure state is [31, 32]

0= \/2[Tx (py) — Tr (62,)]- (32)
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In the time-dependent ionic-phononic system, the full density matrix p;_, can be represented by a 15-
dimensional square matrix in the basis of |i,p). By tracing over the phononic variable, we obtain a
3x3-square reduced density matrix pion given by

Trle)(e| Trle)(r| Trle)(g|
pion = Trphonon(pi—p) = | Tr|r)(e[ Tr|r){r| Tr|r)(g| [, (33)
Trlg)(e| Trg)(r| Tr[g)(g|

where |e)(e| is a 5x5 square matrix. In Eq. (33), the full density matrix pi_, is written as

pip = (la)al ), (34)

where |a)(a| is a 15x15 square matrix and the basis vectors are |a1) = |e,0), |a2) = le, 1), |as) = |e,2),
|a4) = le,3), las) = [e,4), lag) = [r,0), laz) = [, 1), [ag) = |r,2), |ag) = |r,3), laro) = [, 4), [a11) = |9,0),
|a12) = [g,1), |a13) = |9,2), |a14) = |9,3), and |a15) = |g,4).

According to the Schmidt decomposition theorem, in order to study the negativity, we rewrite the
pure state [1) as follows:

[0) =D V/Ailai)lb;), (35)
J
where \/1i; (j = 1,...,d) are the Schmidt coefficients (SCs) obtained from the eigenvalues of the reduced

density matrix pion, and |a;) and |b;) are the orthogonal basis in H; and H),, respectively. The negativity
of any arbitrary bipartite pure state |¢) is given by [33]

N(9) = 53 S VI = 5 (VR + VIV + V) (36)

1<j
with d = min(d; = 3,d2 = 5).
1F 0.5F
0.75 04r
8- >
5 =S o3t
5 05f 8
) O ool
S Z 0.2
© 0.25¢
01r
0 1 ! I Il T T 1 0 I 1 L I T T 1
0.2 10 20 30 40 50 60 70 0.2 10 20 30 40 50 60 70
Time, fs Time, fs
Fig. 2. The time evolution of the concurrence and negativity of the time-dependent ionic—phononic system in
sinh(wet
the 15-dimensional Hilbert space. The time-dependent harmonic trap frequency v(t) = M and Rabi

frequency (t) = sinh(weyt) are used with we, = 5- 10" Hz. The system is initially prepared in the state
¥(0) = (1/v2)(|lg) = ) ® (|0) + @|1)) with a = 0.01.
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Fig. 3. The time dependence for Q(¢) and the scaled LD parameter 7(t) at A = 1. The time-dependent ionic-
phononic system is initially prepared in the state ¥(0) = (1/v/2)(|g) — |r)) ® (|0) + a|1)) with a = 0.01 in the
fifteen-dimensional Hilbert space.

In Fig. 2, we show two measurements of the quantum entanglement using Eqs. (32) and (36), where
both curves resemble the Gaussian profile. In one of these plots, we elucidate the optimum entanglement of
the system from 2.0-10716 to 7.0-10~'4 across time. We prepare Table 1 using the optimum entanglement
of the time-dependent ion—phonon system of Fig. 2. We can compare negativity with concurrence in
Table 1. We arrive at the same conclusions if we use negativity and concurrence as the entanglement
measurements — the entanglement measurements then ensure the scale between 0—0.999 (for concurrence)
and 0 — 0.499 (for negativity). We focus specifically on the effect of time-dependent Rabi frequency
Q(t) and time-dependent LD parameter 7(¢). In Fig. 3, we illustrate the analytic evaluations of the
entanglement measurements for Q(t) (left panel) and 7(¢) (right panel) for the optimum entanglement.
The quantum entanglement values presented here are consistent with the quantum entropy studied in [17].
Moreover, these graphical observations are in accordance with that of mixed-state entanglement of [34].

Table 1. Values of C' and N of Optimum Entangled Points for Fig. 2.¢

Figure 2 1-107%s 1 14-107%s | 16-107 s | 1.69-107%s | 1.9-107%s | 2.1-1074 5
Concurrence C' 0.339 0.775 0.971 0.999 0.884 0.645
Negativity N 0.169 0.387 0.485 0.499 0.442 0.322

“The other parameters are the same as in Fig. 2.

In the figures, we assume we, = 5 - 1014 Hz and o = 0.01 [26]. In Fig. 2, we see that the quantum
entanglement of the systems exhibit a Gaussian-like profile as a function of time, and the concurrence
reaches about 0.999 at the peak (left panel). This state is an approximately maximum entangled state
for 1.69 - 10~ s. At the peak, i.e., t = 16.9 fs, we obtain the entangled state,

[ih(t = 16.9 fs)) = (5.69 - 10717|e) + 0.41|r) + 0.41|g)) @ |0) + (0.31]e) 4 0.44|r) 4 0.44|g)) @ |1)
+(8.04 - 1071 7|e) +0.29|r) +0.29|g)) @ |2) + (0.0]e) + 3.09 - 10~2|r) + 3.09 - 107 '%|g)) ® |3)
+(8.04-10717)e) +0.0]7) +0.0|g)) ® |4).  (37)

Afterwards, the degree of entanglement monotonically decreases until the system reaches a separable
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state. For instance, the electronic and phononic states of the ion get completely disentangled at ¢t =
70 fs= 7.0 - 104 s at the end of the plot in Fig. 2, where the system reaches the separable state. These
disentangled states are seen in both the left and right panels in Fig. 2. Hence, the quantum entanglement
results shown in Fig. 2 become more accurate after 70 fs, and 7(t) approaches zero after 21 fs (see Fig. 3,
right panel). The analytic results in Eqs. (17)—(31) almost exactly describe the quantum dynamics of the
ionic—phononic system since only the first-order correction in 7)(t) is taken into account in these equations;
this is in contrast to the time-independent analytic solutions of [12,13].

4. Conclusions

In this paper, we analyzed the quantum entanglement process as a result of the time-dependent interaction
of a three-level trapped ion with two laser beams in the A scheme using a unitary transform. At the
same time, we focus on determining the entanglement generated by the system using the concurrence
and negativity. It is an extension of our previous time-independent results [12,26] to the time-dependent
analytical form that become exact when the LD regime is reached. The predicted quantum entangled
states can be experimentally achieved in the LD regime at least for a certain period of time.

It is worth noting that the amount of quantum entanglement is the highest degree of concurrence and
negativity, with the maximum of entanglement being reached at 16.9 fs= 1.69-1071* s (see Fig. 2). With
the help of Fig. 2, we show in Table 2 six different times of the optimum entangled points of concurrence
and negativity. In this context, the consequences in Fig. 2 and Table 1 are in accordance with the previous
studies [17,34].

Punch-line result. We plotted the time evolution of the concurrence and negativity of the time-
dependent 15-dimensional ionic—phononic system. Highlighting the two among many results of this
paper are: (1) the amount of concurrence and negativity of entanglement exhibit the highest degree
C = 0.999 and N = 0.499; (2) Rabi frequency €2(¢), harmonic trap frequency v(t), and LD parameter
n(t) are time-dependent in the ionic—phononic system. Entangled states as demonstrated through first-
order corrections by time-dependent coupling parameters and optimum entanglement can be beneficial
for researchers in quantum computation and quantum optics. We hope such a practical availability of
entangled states can be helpful for the ongoing efforts in ion—phonon-based quantum information where
a high degree of entanglement can be useful for practical quantum computation applications.
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