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We present an efficient entanglement concentration protocol (ECP) for mobile electrons with charge detection. This
protocol is quite different from other ECPs for one can obtain a maximally entangled pair from a pair of less-entangled
state and a single mobile electron with a certain probability. With the help of charge detection, it can be repeated to reach
a higher success probability. It also does not need to know the coefficient of the original less-entangled states. All these
advantages may make this protocol useful in current distributed quantum information processing.
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1. Introduction

Entanglement plays an important role in the current quan-
tum communication,!! such as the teleportation, > quan-
tum key distribution (QKD) protocols,>~7! quantum secret

sharing,#-19 quantum secure direct communication,!!!=2%]

and other quantum information processing. [20-3%!

For most of the practical quantum communication and
computation protocols, people need to share a maximally en-
tangled state with each other. However, the entanglement
resource is fragile, for the maximally entangled state may
be degraded into a mixed state or become a less-entangled
state when it interacts with the noisy environment. Peo-
ple usually resort to the entanglement purification*!! to in-
crease the fidelity of the mixed state and the entanglement

n, 327531 which will be detailed here, to recover the

concentratio
less-entangled state to a maximally entangled state. Currently,
most of the protocols for concentration are focused on opti-
cal systems.[34-3638-4048] Dyring the transmission, the pho-
tons have weak interaction with the environment.

On the other hand, there is another candidate for the fly-
ing qubit, that is, the mobile electron. The strong interaction
between different electrons makes the interaction between the
flying electron spins and other solid electron spins possible,
since the Coulomb interaction between electrons is strongly
screened. In recent years, the investigation on the flying elec-
tron qubits has become an active study area.!3*?! In 2004,
Beenakker et al. broke through the obstacle of the no-go
theorem with the help of charge detection and constructed a

controlled-NOT(CNOT) gate using beam splitters and spin ro-
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tations almost deterministically.>* With the help of a charge
detector, people can construct the charge qubit,[>! perform
entanglement purification,*'l construct entangled spins, !
and prepare a multipartite entanglement analyzer, and clus-
ter states.[%* In particular, the flying qubit can also be used
in the one-dimensional system and create entanglement be-
tween two distant matter qubits. Ziberberg et al. discussed
a meaurement-based implementation of a CNOT gate for free

(651 Recently, Matsuzaki and Jefferson pro-

electron qubits.
posed a protocol for distributed quantum information process-
ing with mobile electrons.[%®! In their protocol, they used mo-
bile electron spins as the mediators of the interaction between
the static qubits at each node and finally created a high qual-
ity entanglement between each node. Unfortunately, the dis-
tributed quantum entanglement may also be degraded into the
less-entangled state when it is coupled with the noisy environ-
ment. On the other hand, with current technology, it is difficult
to operate each flying qubit perfectly, which can also lead the
ideal maximally entangled state to be degraded.[%°!
Entanglement concentration is a powerful tool to recover
a less-entangled state into a maximally entangled one with
only local operation and classical communication. The first
entanglement concentration protocol (ECP) was proposed by
Bennett et al. in 1996.13?1 This method is called Schmidt pro-
jection method, in which one needs the collective measure-
ment and needs to know the exact coefficient of the initial
entangled state. In 2001, Zhao et al. and Yamamoto et al.
proposed two similar simplified ECPs with linear optical ele-
ments based on the Schmidt projection method, respectively.
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In 2009, we proposed an ECP based on electrons.?”! Almost
all the current ECPs need two pairs of less-entangled states,
but after performing each ECP, at most one pair of maximally
entangled state can be obtained with a certain success proba-
bility.

Actually, using two copies of less-entangled pairs to ob-
tain one maximally entangled pair is not the optimal way.
In this paper, we show that we can perform the ECP with
the same success probability by using only one pair of less-
entangled state and a single electron. Compared with the pre-
vious ECPs, less-entangled resources are not required as much
by this protocol. Moreover, similar to Ref. [37], we adopt the
charge detectors and polarization beam splitter (PBS) to recon-
struct our protocol, which makes it have a higher success prob-
ability than those protocols with linear optics. This protocol
can also be used to concentrate the multipartite entangled sys-
tem. All these advantages may make this protocol more useful
in current quantum communication and distributed quantum
information processing.

2. Results and discussion

Before we start to explain our ECP, we first introduce the
charge detector (C) which is a key element shown in Fig. 1.
The charge detector can distinguish the occupation number 1
from the occupation number 0 and 2. However, it cannot dis-
tinguish between the occupation number 0 and 2.54 In both
cases, we define that the charge detector will show 0 for sim-
ple. In Fig. 1, we suppose the source S; emits a pair of less-
entangled state in the form of

|@)atvt = &| T)at| Dot +B| Latl o1 9]

Here, |a|? 4 |B|?> = 1. | 1) and | J) are spin up and spin down,

respectively. Meanwhile, the source S, emits a single electron
to Bob in the form of

|DP)b2 = o] Thv2 + B Lva- (2)

Bob receives two electrons from the spatial modes bl and b2
and Alice only receives one electron from al. Bob first per-
forms a bit-flip operation and makes |®), become

|P)b2 — | Phbs = o] L b3 + B Thvs- 3)
Therefore, the original entangled state of the three-
electron state can be written as

|¥) = |D)aib1 @[ DP)b3
= (o] Dar[ Dor + B Lar| Lv1)
@(al L)z + Bl 1)e3)
= [ Dat| Dot | o3 + B Lat| Lot| Do
+aB (| Mat] Dot Doz + 1 Lat| Pot] Hps). @)

Then, Bob lets his two electrons pass through the PBS,
which fully transmits | 1) and reflects | |). The |¥') becomes

1) = ) = o Dat| ezl Pez + B2 Datl Vet Det

+aB(| Pat] Detl D2+ Patl Let] $)e2). (5)

From the above equation, one can find that the item
| 1Ya1] T)ez2| )c2 means that the two electrons in Bob’s location
are both in the spatial mode c2 while the item | |)a1| )i | el
means that the two electrons are both in the mode c1. How-
ever, both the items | 1)a1| M| ez and | 1)ai|d)ei | §)c2 mean
that the two electrons are in the modes c1 and c2, respectively.
Therefore, the charge detector will show 0 if the original state
collapses to | Ta1| Thea| 4e2 or | Lhat| LYet] Ther- It will show
1 if the original state collapses to

¥)" = \%(I Batl et Dez+ | Datl Detl De2)- - (6)

Alice Ry Bob

Fig. 1. Schematic drawing of the principle of our ECP based on
charge detection. Only one pair of less-entangled state and a sin-
gle electron are required here. PBS can fully transmit spin up | 1)
and reflect spin down | |). The charge detector (C) can distinguish
the charge number 1 from 0 and 2, but cannot distinguish between
numbers 0 and 2. D represents the detector.

The probability of obtaining the state given by Eq. (6) is
2|aB|?. Obviously, it is the three-electron maximally entan-
gled state. It is easy to obtain a two-electron maximally en-
tangled state from Eq. (6). Bob needs to perform a Hadamard
operation on his electron in the mode c2. It makes

ez %u e ] ea)s
ez = %u P — | D). ™

After Bob performs the Hadamard operation, equation (6)
becomes

) = 2l al D Do+ De)
+hatl Her(| ez = 4)e2)]
— LDl Bt + |t Do)l ez
+ ([ Datl Det = [ Dat Pen)] Pea] - ®)

Then, the last step for Bob is to measure the spin in the
basis Z = {| 1),| J)}. From the above equation, if the mea-
surement result is | 1)c2, the electron pair in the modes alcl
will become

1
|¢+>alcl = =

V2

If the measurement result is | | )2, the electron pair in the

(|T>al|T>cl +|$>al|¢>c])~ &)

modes alcl will become

10 Yater = %q Bt et = [ Dt Der). (10)
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Bob only needs to perform a phase-flip operation on his elec-
trons to obtain [¢+),1c. If they share the pair [¢=)a1c1, Bob
will tell Alice that the protocol is successful and asks Alice to
retain her electron. In this way, they can share a maximally
entangled state from a less-entangled state with the success
probability of 2|a|?.

From the above description, Bob chooses the case that the
charge detector’s result is 1 and discards the case of 0. It is es-
sentially the partial parity check gate which picks up the even
parity states | 1)| 1) and | J)| |) but discards the odd parity
states | T)| ) and )| 1). In this case, the function of PBS is
similar to what it is in the optical systems.3*3] In Refs. [34]
and [35], they need to check that both the output modes of
the optical PBS contain exactly and only one photon. It is so
called the post-selection principle. Therefore, even if they suc-
cessfully perform their ECPs, the maximally entangled state
would be destroyed by the single photon detector. The maxi-
mally entangled photon pair cannot be maintained for further
application. In this protocol, Bob can judge the successful
case from the charge detection results. The charge qubit car-
ries both the spin degree of freedom and the charge degree of
freedom. As charge and spin are commutable and a measure-
ment of charge leaves the spin qubit unaffected, the charge
detection does not affect the entangled state of the electrons.

Actually, the charge detector and PBS are more powerful
than it has been described above, for the discarded items are
essentially the lesser-entangled state which can be reconcen-
trated in the second step. That is to say, we cannot only pick
up the even parity states, but also pick up the odd parity states.
In Fig. 2, we add another PBS, i.e., PBS,, to reconstruct our
ECP. We denote the whole setup P gate shown in Fig. 2. If the
charge detector’s result is 0, the original state will collapse to

|lp>”’ = a2| T>al| T>02/‘ \L>c2/ +ﬁ2| ¢>al| \L>cl" T>c1/- (11)

S P
al ' bl cl
S O PBS, __ PBS,
Sy b2 c2
O—1"b3 3 ¢ \Ji—» D
Alice Ry Bob

Fig. 2. Schematic drawing of the principle of reconstructing our
ECP. If the measurement result of charge detector is 0, the remain-
ing lesser-entangled pair can also be reused to perform the entan-
glement concentration. PBS; is used to couple the state into the
same spatial mode. P plays an essential role of the parity check
gate.

It means that after passing through the PBS;, both the
electrons are in the same spatial mode, while with the help of
PBS,, they are coupled into

12)" = | Dar| Vet Dz + B2 Dat| et Dea- (12)
It means that the two electrons in Bob’s location are in dif-
ferent spatial modes, say cl and c2, respectively. Then after

performing the Hadamard operation and measuring the spin of
the electron on the mode c2, they can obtain

(@)1 =0 Thar| Ther + B Dl Vet (13)
If the measurement result is | 1), they can obtain
[@)2 = & Datl Det =B Datl Vet (14)

if the measurement result is | J). Both equations (13) and (14)
are lesser-entangled states. They can be reconcentrated in the
next step. Briefly speaking, if they obtain |®);, Bob needs to
choose another single electron in the form of

|P)iy = 07| D)oz + B2 Lo (15)
After performing a bit flip operation with Rgg shown in Fig. 2,
it becomes

)3 = [ Lbs + B Ds- (16)
Then, the three-electron system evolves as
[@)2® @3 = (2| )at| Der+B%| Lat| er)
® (0?] L3 +B7 1)b3)
o[ Darl Derl Doz +B%] Lar| Let| Do
+0? B2 (| Dar| Det| Doz Latl Letl Lu)-
(17)

Obviously, if the measurement result of the charge detec-

tion is 1, they can obtain the same three-electron state as de-
scribed in Eq. (6) with a probability of 2|atf8|*. Otherwise, if
the charge detection’s result is 0, the remaining state is a lesser-
entangled state and can be reconcentrated in a third round. In
this way, they can repeat this protocol to achieve a higher suc-
cess probability than other protocols.

ST
al i i bl cl
P~
REE o
$; O—— Hu—no
Alice b2 Bob

Fig. 3. Schematic diagram of the multipartite entanglement con-
centration protocol. N particles in the multipartite GHZ state from
the source S; are sent to N parties: Alice, Bob, Charlie, etc. The
source S also emits a single electron to Bob. The parity check gate
denoted as P is shown in Fig. 2. It comprises the PBS;, charge de-
tector C, and PBS;. Only Bob needs to perform this concentration.

It is straightforward to extend this protocol to multi-
partite pure entangled state systems. An N-electron less-

entangled system can be described as

[Py = il Dz [ v +BlIn D2 [ Dy (18)
The N electrons are emitted from S; and sent to N parties:
Alice, Bob, Charlie, etc, as shown in Fig. 3. Alice receives
the electron of number 1 in the spatial mode al. Bob receives
number 2 in the spatial mode b1, Charlie receives number 3,
and so on. The source of S, also emits a single electron to
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Bob with the same form of Eq. (2). After rotating it by 90°,
the composite system can be described as

[¥)N+1 = [P)N @[ DP)b3

(a il D[ DOn+BI1l D21 bw)

@ (o] L)v3 + Bl Tv3)

o 1| Dzl Pez -+ D

+B21 Wil D2l Doz 1 n)

+aB(| Tl P2l Doz [ D

DDzl Doz w)- (19)

Subsequently, the electrons in the spatial modes b1l and

b3 in Bob’s location pass through the P gate. If the charge
detector’s result is 1, equation (19) will collapse into
¥ = = il el o[y

D2l Pe2 - [1n), (20)
with a probability of 2|af|?.
Hadamard operation, and measures the electron in the mode
c2 in the basis Z = {| 1),| |)}. If the measurement result is
| 1), they will have

Finally, Bob performs a

'y = \%(IT>1|T>2~~|T>N+|¢>1|¢>2“'|¢>N), @1)
and if the measurement result is | J.), they will have
)y = \i@u¢>1|¢>2---|¢>N—|¢>l|¢>z---|¢>m. 22)

Both equations (21) and (22) are the N-electron maximally en-
tangled states. Otherwise, if the charge detector’s result is 0,
then equation (19) becomes

P v = &P )] D)2l Pvs - | D
B2 Wil Do Do [ W (23)

After performing the Hadamard operation and measuring the
electron in c2 mode in the Z basis, the above state becomes

5w = a2 thl e [ v EB il D2 [ Dy (24)
Compared with Eq. (18), it is also a multipartite less-entangled
state which can be reconcentrated into a maximally entangled
state. ‘4’ or ‘—’ is decided by the measurement results of | 1)
or | |), respectively.

So far, we have fully described our ECP. It is interesting to
compare this protocol with Ref. [37]. In Ref. [37], we use two
copies of less-entangled pairs to perform the concentration.
We can obtain one pair of maximally entangled states with
a success probability of 2|a3|2. In this protocol, we use only
one pair of less-entangled state and a single electron which can
reach the same success probability with Ref. [37]. Moreover,
during the whole protocol, only one-way classical communi-
cation is required. That is, Alice only needs to receive the in-
formation from Bob’s measurement and to judge whether the
protocol is successful or not. If the protocol is a failure, Alice
needs to do nothing. If the protocol is successful, Bob will

tell Alice the remaining state is |¢™) or |¢~) according to his
measurement. In previous protocols,*3%37 all of the parties
have to participate in the whole procedure, to measure their
electrons and check their results with each other. According to
the results, they can judge whether the protocol is successful.
Thus, this protocol is much simpler, especially when it is used
to concentrate a multi-partite system, for only one of the par-
ties needs to perform the protocol and then reports his results
to others. Finally, let us briefly discuss the key ingredient of
this protocol here, that is, the charge detector.®’-%°! Tt has been
realized in a two-dimensional electron gas. It was reported
that currently achievable time resolution for charge detection
is microsecond.[®8! In a semiconductor, it was reported that the
resolution required for ballistic electrons is less than 5 ps.[]
Compared with flying qubits, it may be more practical to use
isolated electrons in an array of quantum dots, as suggested by
Ref. [54]. Another key element in this ECP is the PBS. The
function of PBS for electrons is equivalent to the optical PBS.
In 2003, Ionicioiu and D’ Amico discussed such devices to po-
larize spin currents.!”’! By adding the magnetic flux threading
the interferometer, it can generate an Aharonov—Bohm phase,
and it induces a phase difference in the electronic wave func-
tions between the two different arms. Therefore, with the help
of two beam splitters and a Rashba phase generated by an elec-
tric field on one of the arms, such a device essentially is the
spin-polarizing beam splitter.

3. Conclusion

In conclusion, we have proposed a mobile electron ECP
based on charge detection. Compared with other protocols,
it has several advantages: (i) it does not require the post-
selection principle, and can be repeated to reach a higher ef-
ficiency than those based on linear optical elements, (ii) only
one pair of less-entangled state and one-way classical com-
munication are required, which make this protocol more eco-
nomic and simpler than others. All these advantages make this
ECP more useful in current quantum communication and dis-
tributed quantum information processing.

References

[1] Gisin N, Ribordy G, Tittel W and Zbinden H 2002 Rev. Mod. Phys. 74
145
[2] Bennett C H, Brassard G, Crepeau C, Jozsa R, Peres A and Wootters
W K 1993 Phys. Rev. Lett. 70 1895
[3] Karlsson A and Bourennane M 1998 Phys. Rev. A 58 4394
[4] Deng FG,LiCY,LiYS, Zhou HY and Wang Y 2005 Phys. Rev. A
72 022338
[5] Ekert A K 1991 Phys. Rev. Lett. 67 661
[6] Deng F G and Long G L 2003 Phys. Rev. A 68 042315
[7]1 Li X H, Deng F G and Zhou H Y 2008 Phys. Rev. A 78 022321
[8] Hillery M, BuZzek V and Berthiaume A 1999 Phys. Rev. A 59 1829
[9] Karlsson A, Koashi M and Imoto N 1999 Phys. Rev. A 59 162
[10] XiaoL, Long GL, Deng F G and Pan J W 2004 Phys. Rev. A 69 052307
[11] Long G L and Liu X S 2002 Phys. Rev. A 65 032302
[12] Deng F G, Long G L and Liu X S 2003 Phys. Rev. A 68 042317

110303-4


http://dx.doi.org/10.1103/RevModPhys.74.145
http://dx.doi.org/10.1103/RevModPhys.74.145
http://dx.doi.org/10.1103/PhysRevLett.70.1895
http://dx.doi.org/10.1103/PhysRevA.58.4394
http://dx.doi.org/10.1103/PhysRevA.72.022338
http://dx.doi.org/10.1103/PhysRevA.72.022338
http://dx.doi.org/10.1103/PhysRevLett.67.661
http://dx.doi.org/10.1103/PhysRevA.68.042315
http://dx.doi.org/10.1103/PhysRevA.78.022321
http://dx.doi.org/10.1103/PhysRevA.59.1829
http://dx.doi.org/10.1103/PhysRevA.59.162
http://dx.doi.org/10.1103/PhysRevA.69.052307
http://dx.doi.org/10.1103/PhysRevA.65.032302
http://dx.doi.org/10.1103/PhysRevA.68.042317

Chin. Phys. B Vol. 22, No.

11 (2013) 110303

[13]
[14]

[15]
[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]

Wang C, Deng FG, Li Y S, Liu X S and Long G L 2005 Phys. Rev. A
71 042305

Gu B, Huang Y G, Fang X and Zhang C Y 2011 Chin. Phys. B 20
100309

Li X H, Deng F G and Zhou H'Y 2006 Phys. Rev. A 74 054302

Yang J, Wang C and Zhang R 2010 Chin. Phys. B 19 110306

Zhang X L, Zhang Y X and Wei H 2009 Chin. Phys. B 18 435
LiuWJ,ChenHW,MaTH,LiZQ, Liu Z Hand Hu W B 2009 Chin.
Phys. B18 4105

Man Z X, Zhang Z J and Li Y 2005 Chin. Phys. Lett. 22 18

Gao T, Yan F L and Wang Z X 2005 Chin. Phys. B 14 893

Cleve R, Gottesman D and Lo H K 1999 Phys. Rev. Lett. 83 648
Lance A M, Symul T, Bowen W P, Sanders B C and Lam P K 2004
Phys. Rev. Lett. 92 177903

Deng FG, Li X H, Li C Y, Zhou P and Zhou H Y 2005 Phys. Rev. A 72
044301

Deng F G, Long G L and Chen P 2006 Chin. Phys. B 15 2228

Li XH,LiCY, Deng F G, Zhou P, Liang Y J and Zhou H Y 2007 Chin.
Phys. 16 2149

Deng F G, Liu X S, Ma Y J, Xiao L and Long G L 2002 Chin. Phys.
Lett. 19 893

Gu B, Li C Q, Xu F and Chen Y L 2009 Chin. Phys. B 18 4690

Gu B, Li C Q and Chen Y L 2009 Chin. Phys. B 18 2137

Gu B, Mu L L, Ding L G, Zhang C Y and Li C Q 2010 Opt. Commun.
283 3099

Gu B, Huang Y G, Fang X and Chen Y L 2011 Commun. Theor. Phys.
56 659

Feng X L, Kwek L C and Oh C H 2005 Phys. Rev. A 71 064301
Bennett C H, Bernstein H J, Popescu S and Schumacher B 1996 Phys.
Rev. A 53 2046

Bose S, Vedral V and Knight P L 1999 Phys. Rev. A 60 194
Yamamoto T, Koashi M and Imoto N 2001 Phys. Rev. A 64 012304
Zhao Z, Pan J W and Zhan M S 2001 Phys. Rev. A 64 014301

Sheng Y B, Deng F G and Zhou H Y 2008 Phys. Rev. A 77 062325
Sheng Y B, Deng F G and Zhou H'Y 2009 Phys. Lett. A 373 1823
Sheng Y B, Deng F G and Zhou H'Y 2010 Quant. Inf. Comput. 10 272
Sheng Y B, Zhou L, Zhao S M and Zheng B Y 2012 Phys. Rev. A 85
012307

Sheng Y B, Zhou L and Zhao S M 2012 Phys. Rev. A 85 042302

Zhou L, Sheng Y B, Cheng W W, Gong L Y and Zhao S M 2013 J.
Opt. Soc. Am. B30 71

Zhou L, Sheng Y B, Cheng W W, Gong L Y and Zhao S M 2013 Quan-
tum Inf. Process. 12 1307

[43]
[44]
[45]

[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]

[55]
[56]

(571
(58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]

[69]
[70]

110303-5

Sheng Y B and Zhou L 2013 J. Opt. Soc. Am. B 30 678
Zhou L, Sheng Y B and Zhao S M 2013 Chin. Phys. B 22 020307

Sheng Y B, Zhou L, Wang L and Zhao S M 2013 Quantum Inf. Process.
12 1885

Gu B 2012 J. Opt. Soc. Am. B 29 1685
Wang C 2012 Phys. Rev. A 86 012323
Deng F G 2012 Phys. Rev. A 85 022311

DuFFLiT Ren B C, Wei HR and Deng F G 2012 J. Opt. Soc. Am.
B 291399

Cao C, Wang C and Zhang R 2012 Chin. Phys. B 21 110305
Wang H F, Zhang S and Yeon K H 2010 J. Opt. Soc. Am. B 27 2159

Wang HF, Sun L L, Zhang S and Yeon K H 2012 Quantum Inf. Process.
11431

Peng Z H, Zou J, Liu X J, Xiao Y J and Kuang L M 2012 Phys. Rev. A
86 034305

Beenakker C W J, DiVincenzo D P, Emary C and Kindermann M 2004
Phys. Rev. Lett. 93 020501

Costa A T, Jr Bose S and Omar Y 2006 Phys. Rev. Lett. 96 230501

Ciccarello F, Paternostro M, Kim M S and Palma G M 2008 Phys. Rev.
Lett. 100 150501

Ciccarello F, Palma G M, Zarcone M, Omar Y and Vieira V R 2006
New J. Phys. 8 214

Habgood M, Jefferson J H and Briggs G A D 2008 Phys. Rev. B 77
195308

Trauzettel B, Jordan A N, Beenakker C W J and Biittiker M 2006 Phs.
Rev. B 73 235331

Li T, Ren B C, Wei H R, Hua M and Deng F G 2013 Quantum Inf.
Process. 12 855

Ren B C, Hua M, Li T, Du F F and Deng F G 2012 Chin. Phys. B 21
090303

Zhou L 2013 Quantum Inf. Process. 12 2087

Tonicioiu R 2007 Phys. Rev. A 75 032339

Zhang X L, Feng M and Gao K L 2006 Phys. Rev. A 73 014301
Ziberberg O, Braunecker B and Loss D 2008 Phys. Rev. A 77 012327
Matsuzaki Y and Jefferson J H 2011 arxiv:1102.3121

Buks E, Schuster R, Heiblum M, Mahalu D and Umansky V 1998 Na-
ture 391 871

Elzerman J M, Hanson R, van Willems Beveren, Vandersypen L M K
and Kouwenhoven L P 2004 Appl. Phys. Lett. 84 4617

Shaner E A and Lyon S A 2004 Phys. Rev. Lett. 93 037402

Tonicioiu R and D’ Amico 12003 Phys. Rev. B 67 041307


http://dx.doi.org/10.1103/PhysRevA.71.042305
http://dx.doi.org/10.1103/PhysRevA.71.042305
http://dx.doi.org/10.1088/1674-1056/20/10/100309
http://dx.doi.org/10.1088/1674-1056/20/10/100309
http://dx.doi.org/10.1103/PhysRevA.74.054302
http://dx.doi.org/10.1088/1674-1056/19/11/110306
http://dx.doi.org/10.1088/1674-1056/18/2/010
http://dx.doi.org/10.1088/1674-1056/18/10/007
http://dx.doi.org/10.1088/1674-1056/18/10/007
http://dx.doi.org/10.1088/0256-307X/22/1/006
http://dx.doi.org/10.1088/1009-1963/14/5/006
http://dx.doi.org/10.1103/PhysRevLett.83.648
http://dx.doi.org/10.1103/PhysRevLett.92.177903
http://dx.doi.org/10.1103/PhysRevLett.92.177903
http://dx.doi.org/10.1103/PhysRevA.72.044301
http://dx.doi.org/10.1103/PhysRevA.72.044301
http://dx.doi.org/10.1088/1009-1963/15/10/007
http://dx.doi.org/10.1088/1009-1963/16/8/001
http://dx.doi.org/10.1088/1009-1963/16/8/001
http://dx.doi.org/10.1088/0256-307X/19/7/303
http://dx.doi.org/10.1088/0256-307X/19/7/303
http://dx.doi.org/10.1088/1674-1056/18/11/013
http://dx.doi.org/10.1088/1674-1056/18/6/005
http://dx.doi.org/10.1016/j.optcom.2010.04.015
http://dx.doi.org/10.1016/j.optcom.2010.04.015
http://dx.doi.org/10.1088/0253-6102/56/4/11
http://dx.doi.org/10.1088/0253-6102/56/4/11
http://dx.doi.org/10.1103/PhysRevA.71.064301
http://dx.doi.org/10.1103/PhysRevA.53.2046
http://dx.doi.org/10.1103/PhysRevA.53.2046
http://dx.doi.org/10.1103/PhysRevA.60.194
http://dx.doi.org/10.1103/PhysRevA.64.012304
http://dx.doi.org/10.1103/PhysRevA.64.014301
http://dx.doi.org/10.1103/PhysRevA.77.062325
http://dx.doi.org/10.1016/j.physleta.2009.03.051
http://dx.doi.org/10.1103/PhysRevA.85.012307
http://dx.doi.org/10.1103/PhysRevA.85.012307
http://dx.doi.org/10.1103/PhysRevA.85.042302
http://dx.doi.org/10.1364/JOSAB.30.000071
http://dx.doi.org/10.1364/JOSAB.30.000071
http://dx.doi.org/10.1007/s11128-012-0472-x
http://dx.doi.org/10.1007/s11128-012-0472-x
http://dx.doi.org/10.1364/JOSAB.30.000678
http://dx.doi.org/10.1088/1674-1056/22/2/020307
http://dx.doi.org/10.1007/s11128-012-0502-8
http://dx.doi.org/10.1007/s11128-012-0502-8
http://dx.doi.org/10.1364/JOSAB.29.001685
http://dx.doi.org/10.1103/PhysRevA.86.012323
http://dx.doi.org/10.1103/PhysRevA.85.022311
http://dx.doi.org/10.1364/JOSAB.29.001399
http://dx.doi.org/10.1364/JOSAB.29.001399
http://dx.doi.org/10.1088/1674-1056/21/11/110305
http://dx.doi.org/10.1364/JOSAB.27.002159
http://dx.doi.org/10.1007/s11128-011-0255-9
http://dx.doi.org/10.1007/s11128-011-0255-9
http://dx.doi.org/10.1103/PhysRevA.86.034305
http://dx.doi.org/10.1103/PhysRevA.86.034305
http://dx.doi.org/10.1103/PhysRevLett.93.020501
http://dx.doi.org/10.1103/PhysRevLett.93.020501
http://dx.doi.org/10.1103/PhysRevLett.96.230501
http://dx.doi.org/10.1103/PhysRevLett.100.150501
http://dx.doi.org/10.1103/PhysRevLett.100.150501
http://dx.doi.org/10.1088/1367-2630/8/9/214
http://dx.doi.org/10.1088/1367-2630/8/9/214
http://dx.doi.org/10.1103/PhysRevB.77.195308
http://dx.doi.org/10.1103/PhysRevB.77.195308
http://dx.doi.org/10.1103/PhysRevB.73.235331
http://dx.doi.org/10.1103/PhysRevB.73.235331
http://dx.doi.org/10.1007/s11128-012-0427-2
http://dx.doi.org/10.1007/s11128-012-0427-2
http://dx.doi.org/10.1088/1674-1056/21/9/090303
http://dx.doi.org/10.1088/1674-1056/21/9/090303
http://dx.doi.org/10.1007/s11128-012-0511-7
http://dx.doi.org/10.1103/PhysRevA.75.032339
http://dx.doi.org/10.1103/PhysRevA.73.014301
http://dx.doi.org/10.1103/PhysRevA.77.012327
http://dx.doi.org/10.1038/36057
http://dx.doi.org/10.1038/36057
http://dx.doi.org/10.1063/1.1757023
http://dx.doi.org/10.1103/PhysRevLett.93.037402
http://dx.doi.org/10.1103/PhysRevB.67.041307

	1. Introduction
	2. Results and discussion
	3. Conclusion
	References

