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By employing displacement operations, single-photon subtractions, and weak cross-Kerr nonlinearity, we propose
an alternative way of implementing several universal quantum logical gates for all-optical hybrid qubits encoded in both
single-photon polarization state and coherent state. Since these schemes can be straightforwardly implemented only using
local operations without teleportation procedure, therefore, less physical resources and simpler operations are required than
the existing schemes. With the help of displacement operations, a large phase shift of the coherent state can be obtained
via currently available tiny cross-Kerr nonlinearity. Thus, all of these schemes are nearly deterministic and feasible under
current technology conditions, which makes them suitable for large-scale quantum computing.
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1. Introduction

Quantum computation has been attracting more and more
researchers’ attention due to the incredible computational
power over its classical counterpart.!!! The qubit is the ba-
sic unit of quantum computation, which can be encoded in

(2] such as, the ground state

any two orthogonal pure states,
and excited state of a single two-level system, the two lin-
early polarized states of a photon, and so on. Therefore, many
quantum computation schemes have been proposed in differ-
ent quantum systems, such as cavity QED,>* trapped ions
systems, > quantum dot systems, "~*! superconducting quan-

10.111 and linear optical systems.!'>!3] Among

tum systems,|
these systems, the linear optical system has always been a re-
search hot spot, because of the robustness and the long deco-
herence time of photons.

In linear optical quantum computing (LOQC), the qubit
is usually encoded in the vertical and horizontal polarization
states of the linearly polarized photon, and the quantum log-
ical operations can be achieved by using linear optical ele-
ments. However, because of the difficulty of photonic in-
teraction and the probabilistic nature of linear optical quan-
tum gates, it is difficult to achieve deterministic optical quan-
tum information processing.!'?! In recent years, cross-Kerr

[14.15] \which is used to introduce the interaction

nonlinearity,
between photons, has been used to achieve some deterministic
optical quantum information processing tasks, such as quan-
tum communication, 429 quantum logical operations,?!-%3]
and so on. While in practice these schemes may be almost un-
feasible, since currently available nonlinearities are extremely
weak, even though they are theoretically reasonable.

Besides the polarization encoding scheme, another opti-
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cal quantum computation strategy is that the qubit is encoded
in the two coherent states, denoted as |o¢) and | — o), with am-
plitudes +¢, which is generally called coherent-state quantum
computing (CSQC).2%311 For large amplitudes, the two states
|a) and | — &) can be considered to be approximately orthogo-
nal to each other; however, precisely speaking, because of the
nonorthogonality between states |o) and | — @), single-qubit
Z rotations are highly nontrivial and cause a heavy increase

2832 which certainly will reduce the

of the circuit complexity,!
success probability of quantum communication and quantum
computation. It is easy to define an exactly orthogonal qubit
basis by using the symmetric and antisymmetric superposition
of the coherent states (o) + | — «)).1?”*3 The major diffi-
culty in this encoding scheme is that the logical qubits are
sensitive to the photon loss. That is because the two states
(Ja) £| — a)) correspond to the even/odd photon number par-
ity states, respectively, which means the qubit will bit-flip error
as long as one photon is lost. Despite all this, Ralph and Pryde
pointed out that parity-based LOQC and CSQC are the best
ones among many optical schemes when both the loss thresh-
old for fault-tolerant quantum computing and the resource re-
quirements are considered. (34!

Considering the above facts, Lee and Jeong devised a hy-
brid encoding scheme very recently to combine the advan-
tages of LOQC and CSQC.!*! They encoded the qubit in
the combination of single-photon polarization states and co-
herent states, i.e., {|0r) = |+)|a), |1L) = |—)| — &)}, where
|£) = (JH) £|V)) and | &+ &) is coherent states with ampli-
tudes . This is a novel encoding strategy and the au-

thors demonstrated that the approach outperforms LOQC and
CSQC. However, their universal gate operations were imple-
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mented through teleportation protocols.*®! The complicated
Bell state measurements for both single photons and coherent
states are required for the teleportation protocol. Moreover,
different gates require different entangled states as a quantum
channel for teleportation, which means one must generate ap-
propriate entangled states as off-line resources before perform-
ing a quantum gate. All of this indicate that the teleportation-
based quantum logical gates will greatly increase the circuit
complexity for large-scale quantum computation. Therefore,
it is necessary and also significant to explore a method to im-
plement universal quantum gates directly without the telepor-
tation protocol.

In this paper, we propose an alternative approach to di-
rectly implement the universal quantum logical gates of the
hybrid qubits with the help of displacement operations and
single-photon subtractions. Because there is no teleportation
procedure in the present Hadamard gate and controlled-NOT
gate, the implementation devices are simpler than the ones in
Ref. [35]. Moreover, the present Bell-state analyzer is non-
destructive, and can be used for many quantum information
tasks. The major components in the present schemes are dis-
placement operations and single-photon subtractions, which
can assist arbitrarily weak cross-Kerr nonlinearity to deliver
the required nonlinear effect. Other components needed in this
paper are the most common linear optical elements, especially,
all the required photon detectors are the ordinary detector for
distinguishing the presence or absent of photons without re-
solving the photon’s number. We show that all the schemes
can be implemented in a nearly deterministic manner.

2. Universal quantum logical gates for hybrid
qubits

2.1. Single-qubit logical gates

It is well known that single-qubit gates and controlled-
NOT gates together are universal for quantum computation.
As discussed in Ref. [35], the Pauli operations can be easily

HWP, PBS, HWP, PBS,

achieved using polarization rotators and phase shifters, which
reflects that the hybrid encoding scheme combines the advan-
tages and overcomes particularly weak points of both LOQC
and CSQC. For example, the single-qubit phase gate is very
complex in the coherent-state encoding scheme, 8! but it can
be simply performed by phase operation only on the single-
photon mode and no operations on the coherent-state mode in
the hybrid encoding system. Another important single-qubit
gate is the Hadamard gate, which was implemented via the
teleportation protocol in Ref. [35]. Here, we show a method
for directly implementing the Hadamard gate.

Take an arbitrarily single qubit in hybrid basis for exam-
ple to explain the principle of the Hadamard gate,

@) = a|0) +b|1L) = al+)|e) +b|-)[ - a0), €]

where a and b satisfy |a|? 4 |b|* = 1 and a, b # 0.137-38] This
arbitrarily single qubit is actually an entangled state of a sin-
gle photon and coherent state, which can be prepared by cross-
Kerr nonlinearity as indicated in Refs. [35] and [39]. Figure 1
gives the schematic diagram of the hybrid-qubit Hadamard
transformation, in which all the half-wave plates (HWP) are
oriented at 22.5° and used to perform the transformations
{|H) <> |+), |[V) <> |-)}. The single photon is firstly rotated
by HWP; and split to two spatial modes 1 and 2 by a polariza-
tion beam splitter (PBS). The state becomes

(@)

here the subscript 1 (2) indicates the spatial mode. Then the

@) = alH)1[a) +b|V)a| - @),

single photon is rotated by HWPs again, and the coherent state
of the input qubit undergoes a displacement operation D(i~),
which can be performed by mixing the signal beam with an
auxiliary strong coherent field on a highly unbalanced beam
splitter.[*9] That is

[

After that, the two single photon paths are split by PBSs again,

HWP, 3,.D(i) . .
20 al)1a+iy) +b|=)a| —a+iy). (3)

and the coherent state will interact with the specified polarized

PBS, HWP, ODC

N 1 /@)
O—1INT I
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+ o D(iv) @ é D (—iy

Fig. 1. Schematic diagram of the hybrid-qubit Hadamard transformation. D(=+i~y) represents the displacement operation, and 6 stands for the weak cross-Kerr
medium. PBS: polarization beam splitter. HWP: half-wave plate oriented at 22.5°. 1 (1’) and 2 (2’) indicate different spatial modes of the single photon. ODC:
optical directional coupler, which is used to combine spatial modes 1 and 2 to one mode. The diagram at the right represents the circuit shown at the left.
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single-photon state through the cross- Kerr nonlinear medium,
= hxaTabTb with anni-
hilation (creation) operators @ (a*) and b (b’

whose interaction Hamiltonian is H
") and the non-
linear coupling strength x.[14-10] After the single photon and
the coherent state pass though the cross-Kerr medium simulta-
neously, the single photon remains unchanged and the coher-
ent state picks up a phase shift 0, i.e., &) — |ae!?), where
6 = xt. Therefore, the system state will evolve as

PBS ;)

) — S(Hh+Vn)la+io)
+ (= V) — et i)
T (et ) Vet i)et)
+ (e in)e ™)
— V)|~ et i), *)

Then PBS,5) combine the spatial modes 1(2) and 1'(2'). After
rotating the single photon through HWPys) and performing an
inverse displacement operation D(—i~y) on the coherent state,
the input state will evolve as follows:

0) = (o) +1l(a+ i) —iv)
+%<\+>z|<—a+w>e*9—w>—|—>2\—a>>. )

Finally, we need to combine the single-photon spatial mode 1
and mode 2 to one spatial mode without changing the polar-
ization of the single photon, which can be easily implemented
by common optical prisms or conventional optical directional
coupler (ODC) in modern optical communication.*! Now,
the system state becomes

0) = (1) + ) (e in)ei® i)
+\%<|+>|<—a+w>e*”—w>—|—>|—a>>. ®)

In order to implement the Hadamard transformation, the dis-
placement parameter y should satisfy

(a+iy)el? —iy=—a, o
(—a+iy)e 0 —iy=a.

Through a simple calculation, we can obtain v = acot(60/2),

and the Hadamard transformation is implemented, i.e.

19) = (1)) + )| - o)+ s (1))~ )~ a))
V2 V2 '

It is obvious that the Hadamard transformation can be imple-

mented successfully by choosing appropriate v according to

the available phase shift 8. Note that the combining of the
spatial modes 1 and 2 in the final step is actually a quantum

erasure process of the path information, so the possible error
introduced by the quantum erasure will affect the implemen-
tation of the scheme. In order to reduce the error, it is required
that the wave packets in the two modes arrive at the ODC si-
multaneously, which can be achieved by accurately matching
the length of the two optical paths.

2.2. Controlled-NOT gate

Before introducing the controlled-NOT gate, we firstly re-
view the single photon subtraction. For the coherent state is
the eigenstate of the annihilation operator 4, i.e., d| + o) =
+o| + ), subtracting a single photon from a large coherent
state cannot change the state besides a phase shift. In practice,
the photon subtraction can be implemented by a highly un-
balanced beam splitter (BS,) with large reflectivity and small
transmissivity.[*>~*8 Here, the photon detector is used to de-
tect the photon on the transmission beam.

Using single photon subtractions and the present
Hadamard gate, we can construct a two-qubit controlled-NOT
gate as shown in Fig. 2. An arbitrarily two-qubit in hybrid
basis can be written as

W) = co0l0L0L) 4+ co1|021L) + c10|120L) +c11]1e1L)
cool+) o) |[+)] &) +cor|+)|a) [ =) | — )
+ cro[ =) — o) +) @) +en| =) - )| =)| - «), (8)

In the
present scheme, only a coherent superposition state A4 (|ot) +

where ¢;; (i,j = 0,1) are normalization coefficients.

| — o)) is required as auxiliary resource, which can be obtained
experimentally.[*? The action of the balanced beam split-
ter (BSp) is that |a;)|a) < |(0n + a2)/V2)| (a1 — 00)/V/2),
and BS, is used for photon subtraction. The operation H%
can perform the transformation |+ o) — A4 (|a) + | — «)),
which has been demonstrated in experiments.[**3] Note that

~1
N = (\ /2+ Ze—2|“2> , which can approximatively equal

to 1/+/2 for large a. For convenience sake, let .44 = 1/4/2 in
the following. Therefore, the initial state of the system is

Wieta = 5 len+)ela)d)da)a),
+ cot[+)e|@)e| )| — )| X)a
+ cr0]=)el — @)e| )] a)|@)a
+ el =)el = @)e| =) — )| A)a
+ cool+)e|@)c|+ )| @)t — )a
+ cot[+)e| 0)e| = )| — o) — at)a
+ cro[=)e| = @)c[ )| @) — t)a
+enl=)el = )| N =) —a)a), ()

where the subscripts c, t, and a indicate the control qubit, target
qubit, and auxiliary, respectively. Now we explain the proce-
dure of the controlled-NOT gate. Firstly, let the coherent state
of the control qubit and the auxiliary coherent beam interfere
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Fig. 2. Schematic diagram of the two-qubit controlled-NOT gate. BS;, represents a balanced beam splitter and BS, is a highly unbalanced beam splitter used
to achieve single-photon subtractions. D stands for the ordinary photon detector for distinguishing the presence or absence of photons without resolving the

photon’s number. H* represents the transformation | + o) — A4 (|a) = | — a)

feedforward result of the auxiliary’s =& measurement.

on BSy;. The action of BSy; can be expressed as the transfor-
mations

|@)e|)a = [V200)c[0)a,

|a)e| = &t)a = [0)c] V20)a,

| — @)el)a — [0)c| = V2a0)a,

| = @)e| = @)a = | = V20)c[0)a. (10)

So the joint state will become

Wera 22 \%<coo|+>c|ﬁa>c\+>t|a>t|o>a

+ cor+)e| V2a) e[ )| — @)e[0)a
+c10[=)el0)el+)el @) = V2a)a
+en|=)el0)el =) — @) = V2@)a

+ cool+)el0)e|+) el &) V20t),

+ cor+)e[0)e] = )i| — o) V20t),

+ c10/=)el = V20)e|+)i] @)e[0)a

+ el =)e| = V2a)e| )i — @)i[0)a). (11)

Next, the coherent lights in control and auxiliary qubits un-
dergo the first photon subtraction. Obviously, the components
in Eq. (9) that contain the term |v/2a)¢|0), or | — v/2a)¢|0)a
will cause the detector D to click, while the components that
contain the term |0)c|v/2a), or |0)c| — v2a), will cause the
detector Dy to click. Therefore, if the detector Dy clicks,
which means there are photons in the control mode and the
coherent state in control mode has undergone a photon sub-
traction, according to 4| + ﬂa) = ﬁ:ﬂ(x| =+ a), the joint in-
put state will collapse to

Wera — c00|+)e| V20)c|+)i @)i|0)a
+ co1 [+)e| V2@)e| )| — @)i|0)a
— c10]=)el = V2@)c|+)i] )| 0)a
—cni|=)el = V2a)e| =) = @)|0)a.  (12)

). O¢(r) stands for the Pauli rotation on control (target) qubit dependent on the

For expressing simply, we neglect the nonsignificant global
coefficients in the above formula. Then the two modes pass
through BSy;, and the state will become

|ll/>c,t,a — COO|+>C|a>C|+>t|a>t|a>a

+ cor[+)e|@e| =i — )] a)a

— c10|=)el = @el+)la)] — @)

—cntl=)el = &)e| =) — | —x)a

= COO|OLOL>c,t|a>a + co1 ‘0L1L>c,t|a>a

—10]120r)ct| — @)a —cr1|1lL)c il — @)a.  (13)
Then perform a Hadamard transformation on the target qubit
using the device proposed in the above subsection. The auxil-
iary qubit also undergoes the H* operation, followed by the
second subtraction. Similar to the process from Eq. (8) to
Eq. (12), let the coherent state of the control qubit and the
auxiliary coherent beam pass through BSp3, BS,;3(4), and BSps
successively. During the process, if the detector D3 clicks, the
state is given by

[W)era = (coolOL) +co1]0L) —c10/1L) — c11[1L))[00)et)
+ (—c00|0L) 4+ c01|0L) — c10]1L)
+ e |[1L) 1) — o). (14)

Next, the auxiliary and the target qubits undergo H* operation
and Hadamard transformation, respectively, and the state reads

[W)era — (coolOrlz) +¢01|0.0L) — c10/120r)
—cn|lplp))|a) + (cool0L0L) + co1|0r1L)
—crollzly) —en|1.0))| — ). s)

Finally, perform a projection detection on auxiliary qubits
under the basis {|ct),| — o) }. If the detection result is |a),
we should respectively perform the Pauli Z operation o, and
Pauli X operation oy on the control qubit and target qubit,
i.e., 0; = O; and oy = 0y. Otherwise, if the detection result
is | — a), o, = 0, and oy = I, that is, no operation is required
for the target qubit. Then the controlled-NOT gate is achieved.
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Note that the controlled-NOT gate can only be successfully re-
alized for the cases that two detectors click (one is from D and
D,, the other is from D3 and D4). All the successful detection
outcomes and the corresponding single-qubit Pauli rotations
are listed in Table 1.

Table 1. The detection outcomes and the corresponding feedfoward
operations. O (o;) indicates the operation performed on the control
(target) qubit. [ is the identity matrix and oy (oy) is the Pauli X (Z)
operator.

The clicked Detection results feedfoward
photon detectors of auxiliary state operations
Dy, D3 |ox) 0. = 0;, Oy = Oy
Dy, D3 | —a) o. =0, 0 =1
Dy, Dy |ar) o.=1,0,=0,
Dy, Dy | —a) o.=1,0=1I
D,, D3 |or) o.=0;,0 =1
Dy, D3 |—a) O¢ = 0z, O = Oy
Dy, Dy |ar) o.=1,0=1I
D,, Dy | —a) o.=1,0,=0;

We assume that all the beam splitters work in the ideal
case. Theoretically, the scheme or photon subtractions will be
unsuccessful, only when the outputs of balanced beam split-
ters BSy; and BSy3 are in the vacuum states. The probability
that both the two outputs of each balanced beam splitter are in
the vacuum states is P; = |(0| £2a)|> = e 2l Another
critical step in the controlled-NOT gate is the coherent-state
Hadamard transformation H%, which has been researched in
detail.***] Each H® requires two photon subtractions as
shown in Refs. [44] and [45], and the failure probability of
a photon subtraction is P, = |(0] £ &)|*> = e~1o®. The un-
certainty of the final projection detection on an auxiliary co-
herent state also may lead to the scheme’s failure. The pro-
jection detection can be easily performed by interfering the
state with a local equal-amplitude coherent beam on a bal-
anced beam splitter, then detecting the presence or not on
the two outputs of the beam splitter. So the detection will
fail when both the two outputs of the balanced beam split-
ter are in the vacuum states, and the probability is also P; =
(0] + v2a) | = e~2l%*. Therefore, the theoretical success
probability of the controlled-NOT gate can be expressed as
Pe=(1-P)2(1=P)2(1—P;) = (1— e 2le)3(1 — e~lof)2,

2.3. Nondestructive Bell-state analyzer

Bell-state analyzer, i.e., Bell-state measurement, is the ba-
sic component of many quantum information processing. The
four Bell states in hybrid basis can be written as

%) = \%(I+>|a>l+>|a> o) —a)=)-a),
o) = \%(IHIO‘H*H —o) £ =) - a)|+)|e)).  (16)

The present Bell-state analyzer is shown in Fig. 3. The
two coherent states in the Bell states interfere with each other
on the balance beam splitters. The unbalanced beam splitter is
used to achieve the single photon subtraction. During the Bell-
state analysis process, the state |¢T) will evolve as follows:

_ b
V2

BSp1,BSu1(2

97) ()l H)le) + =) =) =) - &)

b a(| 1) [V20)|+)[0) - |-)| - V2a)|-)[0))

R, 3a(14)10)] ) V20
— [5)[0)|+) - V2a))
B 262 (|4 o) |- ] — @) — =) — @)+ x)).(17)

From the above evolution, it can be seen that detectors Dy
and D4 will click for the state |¢ ), and after passing through
the analyzer, | 1) will become another Bell state |y~ ). In the
same way, other states can be distinguish using the analyzer.
For details, D and Dj3 click for |[¢); D, and D4 click for
|y); Dy and D3 click for |y ™). In addition, the Bell-state
analyzer leaves the states |¢~) and |y™) invariant and inter-
changes the states [¢) and |y~ ), which can get back to the
initial states via local operations. It seems that the Bell-state
analysis can be deterministically achieved, however, we need
to note that the coherent states in the hybrid qubits undergo
two photon subtractions during the whole process. As dis-
cussed in the above subsection, the failure probability of the
photon subtraction after BSy;,3) is [(0] &= V2a)? = e 2o,
so the success probability of the Bell-state analyzer is Pg =
(1— 6’2‘0"2)2, which approaches the unit for || > 1. There-
fore, the present Bell-state analyzer can distinguish the four
Bell states nondestructively, which is meaningful for saving
entanglement resources in quantum information processing.

®

€9
0
0
0
0

€9
®

Fig. 3. Schematic diagram of a complete nondestructive Bell states analyzer. All the elements are the same as those in Fig. 2.
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3. Discussion and summary

So far, we have shown the schemes for the single-qubit
Hadamard gate, the two-qubit controlled-NOT gate, and the
Bell-state analyzer. In principle, these schemes are nearly de-
terministic. However, considering the actual experimental er-
rors and photon loss, the schemes should be probabilistic. The
decoherence effects in a lossy environment can be induced by

solving the master equation 334950

NEUCRES UN
=Y K(a,-paiT - Ea’T

where x is the energy decay rate, and diT (@;) is the creation
From Eq. (10),

the probability of loss occurring in the single photon state
Kt

1
ap—5pala),  (18)

(annihilation) operator for the i-th mode.
is P=1— e~ ™, which is also the failure probability of the
present Hadamard gate. During the controlled-NOT gate and
the Bell-state analysis processes, the single-photon subtraction
will fail with certain probability, as discussed in the above sec-
tion. The success probabilities of the controlled-NOT gate and
the Bell-state analysis are

e—2|a\2)2(1

and Pg=(l—e , respectively. In addition, when per-
forming the transformation | + o) — A4 (|a) £ | — &)) on the
auxiliary 44 (|a) 4+ | — o)) to implement the controlled-NOT
gate, we have let .44 = 1/+/2 for describing simply, which

—elaf)2

Pe=(1-

oll?
2| )2

means the fidelity of the controlled-NOT gate is perfect. Here
we discuss the fidelity of the controlled-NOT gate when

N = (\/2126:*2\06\2)_

For the case that D and Dj click, and the detection result of
the auxiliary is |¢), after the corresponding local operations,
the final state will be

= [(JV2+JV+JV )eoo + (AP — AN )eor] |0LOL)
+ (A2 = AN Yoo+ (A + A Ao )eor] [0 1)
+ [(mm +w2)c10+(mw A en] [11,)
+ (AN = A P)ero+ (Nah+ AP )ent] |1.0L).
(19)
Without loss of generality, assuming that cog = co; = c19 =

c11 = 1/2, we can obtain the fidelity of the controlled-NOT
gate is

1 N 1 r
2(1+e 20y " [ aap ]

which is close to 1 for || > 1. We plot the change of Fc,
P, and the fidelity of the controlled-NOT gate with the ampli-
tude of the coherent state || in Fig. 4, which shows that the
probabilities and the fidelity are higher for bigger |o|.

1.00

0.98

0.96

0.94 -~ P
— 7

0.92 | - - - fidelity

0.90 : :
1.0 1.5 2.0 2.

|al

3.0 3.5

o [

Fig. 4. (color online) The probabilities of controlled-NOT gate FPc, Bell
state analyzer Pg, and the fidelity of the controlled-NOT gate versus the
amplitude of the coherent state |ct|.

The schemes in the present paper need several photon de-
tectors. Although these detectors here are only required to
distinguish the vacuum and nonvacuum states rather than dis-
tinguish the number of the photons, the quantum efficiency
of the conventional photon detector will affect the perfor-
mance of the schemes. Assume that all the detectors in these
schemes have the same quantum efficiency 1 that directly
determines the success probabilities of these schemes. The
present controlled-NOT gate and Bell-state analyzer require
three and two detectors click, respectively, so the detector’s
efficiency will respectively decrease their probabilities by 13
and 1. We show the effect of 1 on the success probabilities
in Fig. 5, which indicates higher probabilities can be achieved
for higher detection efficiency.

1.0

0.8} —— CNOT gate 4
- — - Bell state analyzer ,

0.6 e

Probability
AN

0.4} -

0.21 -

0.2 0.4 0.6 0.8 1.0
n

Fig. 5. (color online) The success probabilities of controlled-NOT gate
and Bell state analyzer versus the detector’s quantum efficiency 7.

On the other hand, the photon loss of the coherent state
may cause the phase-flip error, which means that coherent su-
perposition state 44 (|a) &= | — a)) is sensitive for odd pho-
tons loss. From the above analysis, it can be seen that our
schemes are nearly deterministic for large || in the ideal con-
ditions. However, considering the imperfections in practical
experiments such as the precision of the beam splitters, the

quality of the light source, and so on, the implementation of
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the present schemes must be probabilistic. In Ref. [45], Tips-
mark et al. realized the Hadamard gate for a coherent state
with low success probability and high fidelity by using pho-
ton subtractions, which demonstrates the present schemes are
feasible in current achievable conditions at least.

In summary, we have proposed a feasible implementation
of universal quantum logical gates for hybrid qubits, which
can be implemented in a nearly deterministic manner. Com-
pared with the schemes in Ref. [35], the major advantage of
our schemes is that universal quantum gates for hybrid qubits
can be directly implemented without the help of the telepor-
tation process, which means the present schemes can greatly
decrease the complexity of the universal quantum logical gates
and reduce the requirement of the off-line entanglement re-
sources. Moreover, the present Bell-state analyzer can be used
to simplify the teleportation of Ref. [35]. Since the schemes
can be achieved with the current technology, it may be useful
for the large-scale hybrid-qubit quantum computation.

References

[1] Nielsen M A and Chuang I L 2000 Quantum Computation and Quan-
tum Information (Cambridge: Cambridge University Press)
[2] Bennett C H, DiVincenzo D P, Smolin J A and Wooters W K 1996
Phys. Rev. A 54 3824
[3] Imamoglu A, Awschalom D D, Burkard G, DiVincenzo D P, Loss D,
Sherwin M and Small A 1999 Phys. Rev. Lett. 83 4204
[4] Zheng S B and Guo G C 2000 Phys. Rev. Lett. 85 2392
[5] Kielpinski D, Monroe C and Wineland D J 2002 Nature 417 709
[6] Steane A, Roos C F, Stevens D, Mundt A, Leibfried D, Schmidt-Kaler
F and Blatt R 2000 Phys. Rev. A 62 042305
[7]1 Loss D and DiVincenzo D P 1998 Phys. Rev. A 57 120
[8] Bayer M, Hawrylak P, Hinzer K, Fafard S, Korkusinski M, Wasilewski
Z R, Stern O and Forchel A 2001 Science 291 451
[9] Shang RN, Li H O, Cao G, Yu G D, Xiao M, Tu T and Guo G P 2014
Chin. Phys. Lett. 31 050302
[10] You J Q and Nori F 2003 Phys. Rev. B 68 064509
[11] Lin Z R, Guo G P, Tu T, Zhu F Y and Guo G C 2008 Phys. Rev. Lett.
101 230501
[12] Knill E, Laflamme R and Milburn G J 2001 Nature 409 46
[13] PanJ W, Gasparoni S, Ursin R, Weihs G and Zeilinger A 2003 Nature
423417
[14] Nemoto K and Munro W J 2004 Phys. Rev. Lett. 93 250502
[15] Kok P, Munro W J, Nemoto K, Ralph T C, Dowling J P and Milburn G
J2007 Rev. Mod. Phys. 79 135

[16]

[17]
(18]

[19]

[20]

[21]
[22]
(23]
[24]

[25]
[26]
[27]

(28]

[29]
[30]
[31]

[32]
[33]
[34]
(35]
[36]
[37]
[38]
(39]
[40]
[41]
[42]

[43]
[44]
[45]
[46]
(471

[48]

[49]
[50]

040303-7

Zhao L F, Lai B H, Mei F, Yu Y F, Feng X L and Zhang Z M 2010
Chin. Phys. B 19 094207

Zhou L, Sheng Y B and Zhao S M 2013 Chin. Phys. B 22 020307

Xiu XM, Dong L, Gao Y J and Yi X X 2012 Quantum Inf. Comput. 12
0159

Wang X W, Zhang D Y, Tang S Q, Xie L J, Wang Z Y and Kuang L M
2012 Phys. Rev. A 85 052326

Guo Q, Cheng L Y, Wang H F, Zhang S and Yeon K H 2012 Chin.
Phys. B 21 100301

Wang Y, Ye L and Fang B L 2011 Chin. Phys. B 20 100313
Yan X, Yu Y F and Zhang Z M 2014 Chin. Phys. B 23 060306
He B, Lin Q and Simon C 2011 Phys. Rev. A 83 053826

Zhao R T, Guo Q, Cheng L Y, Sun L L, Wang H F and Zhang S 2013
Chin. Phys. B 22 030313

Wu Q Q, Liao J Q and Kuang L M 2011 Chin. Phys. B 20 034203
Jeong H, Kim M S and Lee J 2001 Phys. Rev. A 64 052308

Ralph T C, Gilchrist A, Milburn G J, Munro W J and Glancy S 2003
Phys. Rev. A 68 042319

Lund A P, Ralph T C and Haselgrove H L 2008 Phys. Rev. Lett. 100
030503

Zheng S B 2014 Chin. Phys. B 19 044203
JiY Hand Liu Y M 2014 Chin. Phys. B 23 110303

Sheng Y B, Liu J, Zhao S Y, Wang L and Zhou L 2014 Chin. Phys. B
23 080305

Jeong H and Kim M S 2002 Phys. Rev. A 65 042305

Cochrane P T, Milburn G J and Munro W J 1999 Phys. Rev. A 59 2631
Ralph T C and Pryde G J 2010 Prog. Opt. 54 209

Lee S W and Jeong H 2013 Phys. Rev. A 87 022326

Gottesman D and Chuang I L 1999 Nature 402 390

Dai HY, Chen P X, Liang L M and Li C Z 2006 Phys. Lett. A 355 285
Dai H'Y, Zhang M and Kuang L M 2008 Commun. Theor. Phys. 50 73
Lee S W and Jeong H 2013 arXiv: 1304.1214

Paris M G A 1996 Phys. Lett. A 217 78

Fujisawa T and Koshiba M 2006 Opt. Lett. 31 56

Ourjoumtsev A, Jeong H, Tualle-Brouri R and Grangier P 2007 Nature
448 784

Opatrny T, Kurizki G and Welsch D G 2000 Phys. Rev. A 61 032302
Marek P and Fiurasek J 2010 Phys. Rev. A 82 014304

Tipsmark A, Dong R, Laghaout A, Marek P, JeZzek M and Andersen U
L 2011 Phys. Rev. A 84 050301

Takahashi H, Neergaard-Nielsen J S, Takeuchi M, Takeoka M,
Hayasaka K, Furusawa A and Sasaki M 2010 Nat. Photon. 4 178

Neergaard-Nielsen J S, Nielsen B M, Hettich C, Mglmer K and Polzik
E S 2006 Phys. Rev. Lett. 97 083604

Takahashi H, Wakui K, Suzuki S, Takeoka M, Hayasaka K, Furusawa
A and Sasaki M 2008 Phys. Rev. Lett. 101 233605

Phoenix S J D 1990 Phys. Rev. A 41 5132

Wall D F and Milburn G J 1994 Quantum Optics (Berlin: Springer-
Verlag)


http://dx.doi.org/10.1103/PhysRevA.54.3824
http://dx.doi.org/10.1103/PhysRevA.54.3824
http://dx.doi.org/10.1103/PhysRevLett.83.4204
http://dx.doi.org/10.1103/PhysRevLett.85.2392
http://dx.doi.org/10.1038/nature00784
http://dx.doi.org/10.1103/PhysRevA.62.042305
http://dx.doi.org/10.1103/PhysRevA.57.120
http://dx.doi.org/10.1126/science.291.5503.451
http://dx.doi.org/10.1088/0256-307X/31/5/050302
http://dx.doi.org/10.1088/0256-307X/31/5/050302
http://dx.doi.org/10.1103/PhysRevB.68.064509
http://dx.doi.org/10.1103/PhysRevLett.101.230501
http://dx.doi.org/10.1103/PhysRevLett.101.230501
http://dx.doi.org/10.1038/35051009
http://dx.doi.org/10.1038/nature01623
http://dx.doi.org/10.1038/nature01623
http://dx.doi.org/10.1103/PhysRevLett.93.250502
http://dx.doi.org/10.1103/RevModPhys.79.135
http://118.145.16.217/magsci/article/article?id=17371999
http://118.145.16.217/magsci/article/article?id=17371999
http://dx.doi.org/10.1088/1674-1056/22/2/020307
http://dl.acm.org/citation.cfm?id=2231047
http://dl.acm.org/citation.cfm?id=2231047
http://dx.doi.org/10.1103/PhysRevA.85.052326
http://dx.doi.org/10.1088/1674-1056/21/10/100301
http://dx.doi.org/10.1088/1674-1056/21/10/100301
http://dx.doi.org/10.1088/1674-1056/20/10/100313
http://dx.doi.org/10.1088/1674-1056/23/6/060306
http://dx.doi.org/10.1103/PhysRevA.83.053826
http://dx.doi.org/10.1088/1674-1056/22/3/030313
http://dx.doi.org/10.1088/1674-1056/22/3/030313
http://dx.doi.org/10.1088/1674-1056/20/3/034203
http://dx.doi.org/10.1103/PhysRevA.64.052308
http://dx.doi.org/10.1103/PhysRevA.68.042319
http://dx.doi.org/10.1103/PhysRevA.68.042319
http://dx.doi.org/10.1103/PhysRevLett.100.030503
http://dx.doi.org/10.1103/PhysRevLett.100.030503
http://dx.doi.org/10.1088/1674-1056/19/4/044203
http://dx.doi.org/10.1088/1674-1056/23/11/110303
http://dx.doi.org/10.1088/1674-1056/23/8/080305
http://dx.doi.org/10.1088/1674-1056/23/8/080305
http://dx.doi.org/10.1103/PhysRevA.65.042305
http://dx.doi.org/10.1103/PhysRevA.59.2631
http://dx.doi.org/10.1016/S0079-6638(10)05409-0
http://dx.doi.org/10.1103/PhysRevA.87.022326
http://dx.doi.org/10.1038/46503
http://dx.doi.org/10.1016/j.physleta.2006.02.050
http://dx.doi.org/10.1088/0253-6102/50/1/15
http://dx.doi.org/10.1016/0375-9601(96)00339-8
http://dx.doi.org/10.1364/OL.31.000056
http://dx.doi.org/10.1038/nature06054
http://dx.doi.org/10.1038/nature06054
http://dx.doi.org/10.1103/PhysRevA.61.032302
http://dx.doi.org/10.1103/PhysRevA.82.014304
http://dx.doi.org/10.1103/PhysRevA.84.050301
http://dx.doi.org/10.1038/nphoton.2010.1
http://dx.doi.org/10.1103/PhysRevLett.97.083604
http://dx.doi.org/10.1103/PhysRevLett.101.233605
http://dx.doi.org/10.1103/PhysRevA.41.5132

	1. Introduction
	2. Universal quantum logical gates for hybrid qubits
	2.1. Single-qubit logical gates
	2.2. Controlled-NOT gate
	2.3. Nondestructive Bell-state analyzer

	3. Discussion and summary
	References

