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Driving to the steady ground-state superposition assisted by spontaneous emission
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We propose a scheme for preparing a coherent ground-state superposition for an atom through external
drivings assisted by spontaneous emission. In the scheme, the dynamics induced by the competition between the
spontaneous emission and the external drives contributes to the superposition of the ground states. Compared

with schemes based on the stimulated Raman adiabatic passage, such a scheme is more easily implemented
because the preparation of special initial states is no longer needed, which simplifies the operation process.
Moreover, since spontaneous emission is involved to act as a positive factor, a higher fidelity superposition state is

achieved.
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I. INTRODUCTION

A quantum computer overtakes its classical counterpart due
to its fascinating feature, namely, the quantum superposition
principle [1,2]. A lot of works devoted to the realization of
superposition of multiple states have been published [3—13].
Most of these works are based on the stimulated Raman
adiabatic passage (STIRAP) [3-10]. Note that in the STIRAP,
the fidelity of the prepared superposition state is dependent
on the specifically tailored pulse sequences of the laser fields.
Besides, an initial state should be specified to determine what
kind of laser fields should be used.

We should also notice that decoherence is unavoidable in a
real experiment. It can decrease the coherence in a quantum
system, ruining the reliability and practicality of quantum
information. In recent years, the study of dissipation-induced
state preparation has attracted many researchers’ attention
[14-18], showing that decoherence, if specifically tailored,
could act as an effective factor assisting to drive the system
to a more stable as well as a higher fidelity target quantum
state. The effectiveness of decoherence has also been verified
in entangled state preparation protocols because it exhibits
good character in improving the fidelity of the target state as
compared to those based on unitary dynamics [15,16].

In this paper, we present a scheme to prepare a single-atom
ground-state superposition by the combination of coherent
drivings and atomic spontaneous emission. The dynamics
drives the atom with an arbitrary initial state to a specific
superposition state formed by its ground states, optimally
modulated by tuning the amplitude ratio between the laser
fields. The validity of the analytical dynamics is verified by the
numerical simulation, showing that the fidelity is remarkably
improved due to the fact that the spontaneous emission
is effectively employed. We will detail this by making a
comparison with a previous scheme through STIRAP [6]. The
scheme we propose here is also different from the theoretical
work in [19,20] as well as the experimental work in [21]
for the preparation of a specific qubit state, because those
studies [19-21] are based on the assistance of the cavity field
photon decay.
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The paper is organized as follows. In Sec. II, the theoretical
method to obtain the ground-state superposition is given. In
Sec. III, detailed numerical simulation is discussed to approve
the analytical dynamics. In Sec. IV, the generalization to the
preparation of a n-ground-state superposition is made. The
summary is given in Sec. V.

II. ANALYTICAL DISCUSSION

We first consider a three-level atom that possesses two
ground states |g;) and |g;) and one excited state |r), as shown
in Fig. 1. Such an atomic structure is common for preparing
entangled states and implementing logic gates in experiment.
Two laser fields are applied to drive the atomic transitions
|g1) <> |r) and |g2) <> |r). The Rabi frequencies of these two
laser fields are €2; and €2,. Moreover, these two laser fields are
assumed to be both detuned from the atomic transitions with
the same detuning A. The Hamiltonian of the system in the
interaction picture can be written as

H = (1]g1)(r| + 22[g2)(r| + H.e) + Alr)(r]. (1)

The eigenvalues and eigenstates of the Hamiltonian H are
listed in Table I. Ny, N,, and N3 are the corresponding
normalization constants of the eigenstates |v), [¥»), and
|Yr3), respectively. The eigenstate with null eigenvalue is
formed by the superposition of the two ground states. Such
a state is of importance since it can be the initial state for
protocols of entangled state preparation [22,23]. Here we
would like to prepare this kind of superposition state by
utilizing the dynamics induced by the coherent drivings as well
as the decaying of the excited state (with x| and «, denoting
the decay rates for its spontaneous emission to the two ground
states). The time evolution of the density matrix of the system
is described by the Markovian master equation

2
. . Kj _ _
p=—ilH.pl+ ) =H2S;pS| ~ S|S;p — pS}S)). @)
j=1
where §; = |g;)(r|. One intuitive way to solve the problem
is to use the eigenstates of the Hamiltonian and rewrite the

motion of the density matrix in the dressed state picture based
on the eigenstate basis. Under the eigenstate basis space {|¢),
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FIG. 1. Level configuration of the atom. Two laser fields are

applied to drive the atomic transitions |g;) <> |r) and |g,) <> |r), with
the corresponding Rabi frequencies being €2, and €2, respectively.
k, and k, denote the rates for the excited state |r) decaying to the

ground state |g;) and |g,), respectively.

[¥2), [¥3)}, we get new forms of S; and S,
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and thus Eq. (2) can be restructured. Notice that the value of the
time differentiation of all the elements in the density matrix
should come to zero when the system evolves to a steady
state. We would like to discuss their influences on the steady
ground-state superposition separately. First, we consider S
with decay rate «, the detailed derivation process is presented
in the Appendix. From the Appendix, we find that when the
system evolves to a steady state under two coherent drivings
and one decay channel, the system population finally transfers
to |¢1). This is because the dark state |1/) is the only eigenstate
which does not contain the state component of the excited state
|r), and its decaying finally dominates the evolution dynamics
as the time increases when the coherent drivings are weak
enough. Besides, it shows that an arbitrary initial state, not
only a pure state but also a mixed state, is applicable for the
generation of the state |i). It should be noticed that other
methods like the STIRAP do not possess such an advantage.
Dealing with S, with the decay rate «,, we will come to the
same consequence. This means that these two decay processes
are independent contribution sources for preparing the target
state |).

TABLE 1. Eigenvalues and eigenstates for the Hamiltonian H.

Eigenvalue Eigenstate
A =0 [¥r1) = N1(22g1) — R1182))
—/ A24+4Q2 +4Q2
hy = SN V) = Na(Silg1) + Ra182) + Aalr))
2 2 2
hy = NS ¥3) = N3(Qu1g1) + Rlg2) + Asr))
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FIG. 2. (Color online) Population of the steady state |i) =
%(lgl) — |g2)) versus dimensionless parameter €2;¢ and variable
combination of k; and k, originating from a pure state |g;) [(a),(b)]
and from a mixed state %(Igl Y(g1] + 1g2)(g2]) [(c),(d)], and averaging
from 100 groups of initial random pure states [(e),(f)]. 2; = 2, =1
unit, A =0 in the left-side graphs and A = Q; in the right-side
graphs.

III. NUMERICAL SIMULATION

Numerical simulations are presented here to show the
validity of our proposal. In Fig. 2, we simulate the population
of the steady state |y) = %(lgl) — |g2)) as a function of

dimensionless parameter ;¢ during the irreversible dynam-
ical evolution, under the conditions of zero A and nonzero
A, respectively, by presetting the kinds of initial states. For
all the graphs in Fig. 2, the Rabi frequencies of the two laser
fields €27 and €2, are set to be the same as 1 unit and the
six graphs indicate six groups of parameter combinations.
In Figs. 2(a), 2(c), and 2(e), we assume that both the two
ground states are resonantly coupled to the excited state |r)
(A = 0); while in Figs. 2(b), 2(d), and 2(f), we assume that
there is a detuning for the two laser fields driving the transitions
|g1) < |r) and |g2) <> |r) (A = ;). As mentioned before,
not only a pure state but also a mixed state can be applied
as the initial state for the preparation of the steady state.
The comparison between Figs. 2(a) [2(b)] and 2(c) [(2(d)]
indeed shows that our scheme does not require the special
initial state. Both the pure state |g;) and the mixed state
%(|g1)(g1| + |g2){(g2]) can finally evolve to the steady state
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FIG. 3. (Color online) Comparison between our method [(a),(b)]
and the STIRAP method [(c),(d)] to prepare the steady state |v) =
%(l g1) — |g2)) from a initial state |g;). The dimensionless parameter
€2;¢ ranges from O to 100 for our method, while €2y¢ ranges from 0
to 130 for the STIRAP method. Qy = 2; = Q, = 1 unitand A =0
are set.

|s). More generally, we use a random state generator to
produce 100 groups of random initial pure states and average
their results in Figs. 2(e) and 2(f). Besides, we find from Fig. 2
that the two decay channels are independent and have the same
contribution on the preparation of the steady state. Therefore,
they join together to promote the state preparation process.
The detuning A would affect the evolution time, which can be
concluded by comparing the left-side and right-side graphs in
Fig. 2: the larger the detuning is, the longer the evolution time
it takes. There exists an optimized value for the spontaneous
decay rate, but the evolution rate is not proportional to the
decay rate. Once the excitation is unstable and the decay rate
is much stronger than the amplitude of the laser fields, it would
cost more time for the system to decay to the target steady state.

To illustrate the advantage of our scheme, numerical results
are shown below to compare our method with the one through
the STIRAP for the preparation of the steady superposition
|Ys) from a initial state |g;). For the STIRAP method, we
use two laser fields €2, and Q2 referred in Ref. [6] to drive
the transitions |g;) <> |r) and |g;) <> |r) [24], respectively.
And we assume the condition of A =0 for both methods.
Notice here that for the STIRAP method the pulse €2, comes
first and is followed after a certain time delay by the other
pulse €2,, and then the two pulses vanish simultaneously.
While for our method, these two pulses remain the same
all the time, and we assume them to be the same as 1 unit
for simplicity. The time scales chosen for each method fulfill
the required condition, which is the steady state condition
for our method and the adiabatic condition for the STIRAP
method. The dimensionless parameter €2;¢ for our scheme
is set to range from 0 to 100, and the Q¢ for the STIRAP
is from O to 130. The fidelity [defined as (Y¥|p|v¥), with p
solved by the master equation in Eq. (2)] of the target state
falls to 91.29% in Fig. 3(c) for STIRAP method, while that
is close to 1 in Fig. 3(a) for our scheme (for both schemes,
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k1 = kp =209 is set). We define a quasi-cooperativity
parameter C = 2,2, /1« for our method (C = Qg/Kle for
the STIRAP method). The relations between the cooperativity
C and the fidelity are shown in Figs. 3(b) and 3(d). It shows
that our method is more robust to the atomic spontaneous
decay. As mentioned before, the fidelity can be improved by
prolonging the evolution time if the decay rates are too large
for our scheme. So the fidelity in Fig. 3(b) can be further
improved by extending the evolution time.

IV. PREPARATION OF n-GROUND-STATE
SUPERPOSITION

We can generalize the above method to the preparation of
a single atom n-ground-state superposition. To tackle such a
task, we need a more complex level configuration that involves
n — 1 auxiliary excited states as shown in Fig. 4. Such a level
structure has been commonly employed in recent experiments
(see Ref. [25] as an example).

The Rabi frequencies of the laser fields driving the ground
state |g,) are set to be €2,,. All the laser fields are assumed to
be detuned from the atomic transitions with the same detuning
A. Under this situation, we obtain a dark state

|D,) = N, Z( " '—|g,> )

j=1

where N, is the normalization constant. By tuning the Rabi
frequencies of the laser fields, we can get an arbitrary
superposition state of the n ground states when the system
is driven to be steady.

We should notice that the two laser fields applied on the
same ground state |g,) with unequal Rabi frequencies would
lead to the deviation of the dark state |D,). Nonetheless,
our further numerical results show that the state |D,) with
a relative high fidelity can still be reached when the Rabi
frequencies of these two laser fields are slightly different.
For simplicity, we set the laser fields applied on the same
ground state to be the same for the following numerical
simulation. In Fig. 5, we use four groups of laser fields with
preset Rabi frequencies (£2,,) for preparing the superposition
state |D,) involving 2, 3, ..., 12 ground states originating
from a pure state |g;). Each evolution line in the graphs
corresponds to a different amount of laser fields applied to
the system, which are picked out from the applied field group

FIG. 4. Configuration for preparing an n-ground-state superposi-
tion. All the laser fields are detuned to the transition |g,) <> |r,—1)
and |g,) < |r,) with the same detuning A. The Rabi frequencies of
the fields applied to the same ground state |g,) are set to be the same
as ,. The excited state |r,_;) is assumed to decay to the ground
states |g,) and |g,+1) with decay rates k,_; and k,,, respectively.
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FIG. 5. (Color online) Population of the superposition state | D,,)
involving 2, 3, ..., 12 ground states originating from a pure state |g;).
The number in the legend represents the number of the ground states
involved in the steady superposition state. Each graph corresponds to
a set of laser fields of specific Rabi frequencies (€2,,) with (a) {1, 1, 1,
1,1,1,1,1,1,1, 1, 1} units; (b) {1, 2,4,3,6,5,9,2, 3,7, 6, 8} units;
©{L 3. 4. 5. 5 5. 5. 3 5 50 50 3 x 13,1594 units; (d) {100, 1, 1,
1,1,1,1,1, 1, 1, 1, 1} units. A = 0 is set. Notice that in (c) and (d)
the axis €2,¢ are respectively reduced 13.1594 and 100 times.
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sequence in sequence. In this figure, we consider that each
excited state |r,) will decay to the related ground states
|gn) and |g,+1) with the same decay rate (set to be 0.5
unit), and the detunings are set to be zero for simplicity. The
numerical results show that the time required to reach the
steady state slightly increases with increasing dimension of
the superposition state.

V. SUMMARY

We have proposed a scheme to prepare the superposition
of the ground states for a single atom, by the use of
external fields assisted by spontaneous emission from the
excited states. The scheme does not require the preparation
of the specific initial states, relaxing the requirement for
experimental implementation. As the spontaneous decay of
the excited states is effectively employed in the process, the
target state with a higher fidelity is achieved, as compared to the
protocols through the unitary dynamics based on, for example,
the STIRAP. Such a scheme may find many applications in
quantum-information storage and processing.
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The time differentiation of all the elements in the density matrix should be equal to zero when the system is steady. Because
023 is the complex conjugate of ps3;, from Eq. (A1) we get a relation among p»,, p33, and the real part of p,3,

NZN N3 T (2060 \2 A3 \?
Re =1 + . A7
{023} Dohs 2 [(Nl N, 022 NN 033 (AT)
Equations (A4) and (A5) also can be simplified as follows:
2hah3 S22 I A SV TR MA2 A2 A2 A\’
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After replacing Re{py3} with py; and p33 in Egs. (AS8)
and (A9), we can find that only py = p33 = 0 makes these
two equations established. Applying the results to Eq. (A6),
we have p,3 = 0 as well as p3, = 0. Furthermore, we can find

(

P12 = p13 = p21 = p31 = 0 from applying the above results
to Egs. (A2) and (A3). As other elements drop to zero
and pj; rises up to unity, the system is definitely decayed

to [Y1).
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