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This paper presents a direct implementation scheme of the non-local multi-qubit controlled phase gate by using

optical fibres and adiabatic passage. The smaller operation number for implementing the multi-qubit controlled phase

gate and needlessness for addressing individually save physical resource and lower the difficulties of experiment. Mean-

while, the scheme is immune from some decoherence effects such as the atomic spontaneous emission and fibre loss. In

principle, it is scalable.
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1. Introduction

Deterministic multi-qubit phase gate is required
for multi-party quantum communication and quan-
tum computation, such as Shor’s algorithm for prime
factoring,! Grover’s search algorithm, and dis-
tributed quantum computing.>=% Although multi-
qubit phase gate can be realized by decomposing it
into basic quantum gate,[®7] many physical resources
will be wasted and the decoherence time of the sys-
tem must be long due to the fact that the proce-
dure of decomposing multiqubit gates into elementary
gates becomes complicated as the number of qubits in-
creases. So much attention is concentrated on direct
implementation of multi-qubit quantum gate.[8_12] In
most of previous schemes, all qubits involved in multi-
qubit quantum gate are confined in the same region.
However, multi-qubit quantum gate with qubits dis-

sl13=16] ig useful for dis-

tributed in different region
tributed quantum computation and for quantum com-
munication since it can operate on qubits far from each
other.

The stimulated Raman adiabatic passage, which
has some advantages that decoherence due to sponta-
neous emission from excited states can be compressed
and it is robust against some experimental parame-

ter errors,l'”) has become an amazing and sophisti-

adiabatic passage, multi-qubit controlled phase gate

cated technique in coherent population transferring
and many other quantum information process, such as
preparing entangled state,['819 transferring quantum
information, 2921 realizing qubit rotation,[??! quan-
tum teleportation,?>24 entanglement distillation, 2!
and so on. Based on the technology, Goto et al pro-
posed a scheme to locally implement a multi-qubit
controlled unitary gate.[?) Recently, several propos-
als have been suggested to engineer entanglement or
quantum computation between separate subsystems

via optical fibres.!414

In this paper, we combine the
advantages of adiabatic passage and the scalability
brought by using optical fibres to propose a scheme
for directly realizing multi-atom non-local controlled
phase gate. Similar idea has been used to prepare
high-dimensional or multi-qubit entanglement state
and implement quantum logic gate.[26=28] Our scheme
is constructed by n spatially separated cavities con-
nected by optical fibres, where each cavity traps one
atom. Our scheme has the following features: 1) direct
implementation of multi-qubit controlled phase gate
saves physical resource and reduces the difficulties of
experiment; 2) addressing individually is unnecessary,
this keeps the scheme easier to realize from the exper-
imental point of view; 3) because the whole process is

through dark state, it is free from some decoherence
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effects, such as atomic spontaneous emission and fibre
loss; 4) cavities are connected by optical fibres, so it
is scalable.

2. Realization of three-qubit con-

trolled phase gate

As shown in Fig.1, three five-level atoms are
trapped in three cavities which are connected by fi-

> |f) 1
-:‘ N fiber 1

Cavity 1

‘I;QQ 05 _‘rg:s
i 1) 11 1)

Cavity 2

bres, respectively. The lower states |0), |1), and |d)
are three stable ground states, while the upper states
le) and |f) are excited states. The qubit is encoded in

the states |0) and |1). Assuming that three-atom sys-
3

[Tt l0), +5:11),)
i=1

with |cvl-|2 + |ﬂi|2 = 1, we find that three-qubit con-
trolled phase gate will be realized by the following

tem is initially in the state |¥) =

three steps.

fiber 2

10)

Cavity 3

Fig.1. Schematic setup for directly implementing the three-qubit controlled phase gate, where three five-

level atoms are trapped in three spatially separated cavities, respectively, and the cavities are connected

by two optical fibres.

Step 1 The state |1); is firstly transferred to
—|d), by adiabatic passage. The transitions |1) — |f)
and |d) —
by two detuned laser fields with Rabi frequencies §2’(t)
and 2”(t). Both detunings of the fields from the ex-
cited state |f) are A’. The Hamiltonian of the system

|f) of atom 1 trapped in cavity 1 are driven

of atom 1 and cavity 1 in the interaction picture and
in the rotating-wave approximation is (setting i = 1)

H'(t) =2 (H)e 2| f) (1]
+ Q" (t)e A f) (d + He,, (1)

where H.c. denotes the Hermitian conjugate, and the
terms describing the coupling between atom 1 and cav-
ity 1 mode have been removed since they have no effect
during this process.

This Hamiltonian has the following dark state
with the eigenvalue corresponding to zero,

[D(t)) o< £27(2) 1) — 2/ (t) |d), (2)

In the
adiabatic condition, if we design the pulse shapes sat-

which is decoupled from the upper state |f).

isfying
()
A Gy =Y ®)
"
im 2O _ g (4)

t—o0 _Q/(t)

we can adiabatically transfer the state |1) of atom 1
to —|d), i.e

a (5)

while the states [000),, [010),, |001),,,
unchanged, where |mymaoms), (mi23 =0,1,d) is the

|011),, remain

state of three-atom system.

Step 2 The states —|d00),, —|d10),, and
— |d01),, are adiabatically appended by the phase fac-
tor e7¢.  The transition [1) — |e) of atom 1 is
driven by the detuned classical field with Rabi fre-
quency {2 (t) while the transitions |0) — |e) of atoms
2 and 3 are driven by two detuned classical fields with
Rabi frequencies (2(t) and 23(t) (see Fig.1), respec-
tively. The single cavity mode couples to the transi-
tion [d),, — le)y
2, 3).
from the excited state |e), are A. In the interaction

with coupling coefficients g (k = 1,
All detunings of the fields and cavity modes

picture and in the rotating wave approximation, the
total Hamiltonian of the system including three atoms,
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two fibres, and three cavities is

1]+ Z.Qk

k=2,3
3
+) grage 4 [e), (d|
k=1

+ Z ’Ukbk(a;rf + a,TH_l) +He., (6)
k=1,2

H(t) =(t)e™ " Je), e 4 Je), (0]

where aj and a£ are the annihilation operator and the
creation operator for photons in the mode of cavity k,
respectively, by denotes the annihilation operator for
photons in the fibre mode k, vy, represents the coupling

|

| Dooo) o<(g293 |000), [000),

+ 92125 100d), [010), — 2595 |0d0), [010), — £25125 [0dd), [101), —

— 92025]00d),, |001), + 2295 [0d0), |001), + 2125 |0dd), |011),

1
— _0,04]0dd) |002) ),
Nk 5 0dd) , [002)..)

|Do1o)
| Doox)
|Daio)
— g1{23]11d) , |000),.),
|Daox)
+ {291 |1d1), |000)..),
| Daoo)
— 1029, |1dd), [100),

— 91.92.93 ‘1dd>a |001>c

- 9192‘93 |10d>a |000>c

strength between the fibre mode k and the interrelated
cavity-mode, and the short fibre limit has been taken
so that only resonant mode b of the fibre interacts
with the interrelated cavity-mode.[*:14.20]

Define the excitation number operator

=11, (1 + D 10), 0+ > blbr
k=2,3 k=1,2
+ > (e (el + afar), (7)
k=1,2,3

which commutes with H(¢) so that the excitation
number is conserved during the evolution. The Hamil-
tonian H(t) has the following six dark states:

— 9295 |00d),, [100), + 225 10d0), [100), + 2,25 [0dd),, [110),

1
— (2502 10dd) 1200
Noh 5|0dd),, [200),,

1
— — (02 10dd) 1020
Nk 5 |0dd),, 1020),.

(g3 [010),, [000),, — 25 [01d), [100), + 25 [01d), [010), — 25 [01d), [001),),
(g2 1001), [000), + {2, ]0d1), [100), — {2, ]0d1), [010), + {2 |0d1), |00L),),
oc(—gs 2 |d10),, 000, + £, 25 |d1d), [100), — 21 25 |d1d), |010), + £2, 82 |d1d), [001),

oc(—g2 2 |d01), |000), — 2102 |dd1), |100), + 2,25 |dd1), [010), — 2,62 |dd1), [001),
O((—gggg.Ql |d00>a |OOO>C + 919203 |d0d>a |100>c — .Ql Qggg |dd0>a ‘100>C — 9102.93 |ddd>a ‘110>C

Q12025 |d0d), 010), + 2,255 |dd0), |010), + 212,025 |ddd), [101),
+ g18% 8 ‘1dd>a |010>C + 2192823 |d0d>a |001>c — N g3 |dd0>a ‘001>c

— (2,02 |ddd), [011),

1
+ g1 (%93 |1d0>a |000>C + — N1 Iddd>a |200>C

V2
1 1
+ — (1025 |ddd) [020)  + — (20023 |ddd) [002) ), 8
\/5123| )a [020),, \/5123| )a 1002) ) (8)
\

where we have discarded the states of two fibre modes dark states become
since they are always in the vacuum state, |n1n2n3>c
(n1,2,3 = 0,1,2) denotes the field state with ny pho- D 000 0
tons in the mode of cavity 1, ny in the mode of cavity | Dooo) & 000}, (9)
2, ng in the mode of cavity 3. Under the conditions |Do1o) o< [010),, , (10)
g1 =¢g2=g3s =g and g > & (k=1, 2, 3), these |Dgo1) o |001),,, (11)
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|Daro) oc — {21 |d10), — §25[11d),, , (12)
|Dd01> (o6 —Q1|d01>a+.02|1d1>a, ( 3)
|Dd00> oC —.Ql |d00>a + _Qz |1d0>a — .Q3 |10d>a’ (14)

—_

where we have also discarded the states of three cavity
modes since they are in the vacuum state.

Then, in the adiabatic condition, if we design the
pulse shapes gratifying

N

Jdm g =0 dmog =0 09
. 1 N

Jim o> =0, Jim 5-=0, (16)

t——oo t—oo
|Dd00> — X — ‘d00>a — X .QQ |1d0>a

— {25[10d),, . (17)
Here and the following, the states (9)—(11) re-
main unchanged, [011), and |d11), are not
evolved since H(t)[011),]000),00), = 0 and

H(t)|d11),]000), |00) ; = 0.
If we design again adiabatically the pulse shapes

satisfying
: 1 &
Jm o5, =0 Jdm oo =0 (9
. -92 .Qg
A

we can obtain
~ [11d), — —e7% |d10),.,
1d1), — —e7 |do1),,
—25110d), + 25 |1d0), — —e ¢ |d00),, (20)
where the phase shift —¢ is implemented by the phase
shift of 2, (t).")

After steps 1 and 2, the state of three-atom sys-
tem is changed into

1000),, — (000, ,

010), — [010),,

|001),, — [001),,

011), — [011),,,

|100),, — —e ' |d00),, ,

110), — —e™?|d10), ,

101), — —e~**[d01),,

[111), — —|d11),. (21)

Step 3 Just the reverse of the first step, we de-
sign the pulse shapes satisfying

oy = @
L)
Aoy~ O 23)

so that the state —|d) of atom 1 is transferred to
e [1), i.e.

—e7?1d00), — |100)
—e”1?]d10), — |110)
— e '?|d01), — [101),,

—|d11), — €'?|111),, (24)

a’?

a’

where the phase shift ¢ is realized by the phase
shift of £2”(t), other four states |000),, [010),, |001),
and [011), remain unchanged.

After the above three steps, we have

|000),, — |000),,
|010),, — |010),,,
|001), — |001),,,
|011), — |011),,,
100),, — |100),,,
|110), — |110),,,
|101), — |101),,,
[111), — €'?|111),, . (25)

This corresponds to a three-qubit controlled phase
gate for the three atoms respectively trapped in three
cavities.

3. Realization of n-qubit con-

trolled phase gate

Next, we extend the scheme to directly implement
a n-qubit controlled phase gate. As shown in Fig.2,
n — 1 optical fibres connect n cavities with each cavity
2, after
three steps, we can implement an n-qubit controlled

trapping a five-level atom. Similar to Sec.

phase gate, where the first and last steps are the same
as the process of implementing three-qubit controlled
phase gate but step 2 is replaced by the following step
2/
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Fig.2. Schematic setup for directly realizing the n-qubit controlled phase gate, where n five-
level atoms are trapped in n spatially separated cavities, respectively, and the cavities are linked
through optical fibres.
Step 2’ The states —|dmgms...my),  ing wave approximation, the total Hamiltonian of the
(ma2s3,..n = 0,1) are adiabatically appended by the  system including n atoms, n — 1 fibres, and n cavities

phase factor e™i¢ except for the state —|d11...),.
The transition |1) —
tuned classical field with Rabi frequency (2 (¢) while

le) of atom 1 is driven by the de-

the transitions |0) — |e) of the others n-1 atoms
are driven by detuned classical fields with Rabi fre-
quencies 2 (t) (k= 2,...,n), respectively. The single
cavity mode couples to the transition |d), — |e), with
n). All detunings
of the fields and cavity modes from the excited state

coupling coefficients g, (k =1,...,

le), are A. In the interaction picture and in the rotat-

IEN
k=2

(0] + ZbTbk Jrz

is
H"(t) =i (t)e™ 4 |e), (1] + ZQ e 4 e), (0]
+ ngake_im e} (d]
k=1
n—1
+ ) vkbk(al +af ) + He. (26)
k=1
Define the excitation number operator
L (e] + akak) (27)

which commutes with H” (t) so that the excitation number is conserved during the evolution. The Hamiltonian

has the following dark states:

[Doo...0) 9293 ...9n10...0),10...
—10d0...0),1010...0) 4 ...) +
+(=1)"g2... gn-12,(]0..
o4 2 02,](-1)

1

+ (_1)(n—1)(n+6)/27
n—1

0d ... dd)

)<n—1><3n+4>/2;
n—1

L0.0), + (-1

+...+ (-1

|Do1..10) ©gr |01...10)

cey

|Dd1“.10> o — ngn |d110>a|00>c+(_1
—|d1...1d),[010...0), +...) + (—

cey

0>C+.Qggg...

0d), 10. ..
n=1)( ”+2>\0d...

0d...

2,(l01. ..

)y 2, (d1 1
1)"g1 2, 11 ..

9n(10d0...0), |10...0),
0), —0...0d),[010...0), +...)
ddy,|1...10), + ...
In—1,0...0),
dd),|0...0,n—1) ],
1d), [10...0), — |01...1d),[010...0), +...),

dy, ]10...0),
dy, 0...0)

c)
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‘Dd00>OC—.ngggn|d00>a‘00>c+g19293gn|1d00>a|00>c—|—
+(—1)nglgggn,10n|100d>a|00>(,
_'910293gn—lgn(|dd00>a‘10O>c_|dd00>a|01O>c+)+
+ (=" g2 ... gn12,(]d0...0d), |10...0), — |dO...0d),[010...0), +...)
—91.92.9394gn_lgn(|1dd0O>a|100>c—‘1dd00>a|0100>c+)
Fo =2 2, VEE (g gy (01, 1), —|d...d), [101...1), +...)
1
4o+ (=)D — g d) n—1,0...0) +...
(-1) Tl n )
1
+ (=) DBD2___— g d) 10...0,n—1)], 28
(-1) Tl B0 0 1), (28)

where we have omitted the states of n— 1 fibres since they are always in the vacuum state. Under the conditions

g1=9g2=...=gp=gand g >  (k=12,...,n), these dark states become

|D00.“0> oC ‘00 . 0>a 5
|D01m10> oC ‘01 PN 10>a 5

ey

‘Ddl...10> x —.Ql |d]. e 10>a + (_1)719” |]. N 1d>a s
|Dd0”_0> X —.Ql |d0 N 0>a + .Qg |1d0 PN 0>a — .(23 |10d0 ce 0>a + ...+ (_:Ungn |].0 PN Od>a s (29)
where we have discarded the state of n — 1 fibres and n cavities since they are in the vacuum state.
Then, in the adiabatic condition, if we design the pulse shapes satisfying
2 .4
 im o 0, tli>r£o o= 0, k=2,...,n, (30)
we have
t——o0 t—oo
|Dd1“.10> — O — |d110> —> ( 1)n|1 '1d>a7
t——o0 t—oo
|Dd0,..0> — O — |d00>a — X .QQ |1d00>a — 93 ‘10d00>a+
+(—=1)"2,]10...0d), . (31)
\
Here and the following, the states |Omaoms...my), .
(mag3,..n = 0,1) remain unchanged except for the 2,]1d0...0), — 25]10d0...0), + ...
state |01...1),. [01...1), and |dl...1), are not (1) 2, 10....0d), — —e"%|d0...0). . (33)

evolved since H”(t)[01...1),]0...0),[0...0),
and H"(t) |d1...1>a|O...0>C|O...O>f =0.
If we design again adiabatically the pulse shapes

=0

satisfying
. [ B
tl}lgloo ﬁk - 07 tllglo ﬁl - 07 k= 27 , 1, (32)

...

where the phase shift ¢ is implemented by the phase
shift of {2 (¢t).

After all the three steps, similar to Sec. 2, only
the state |11...1) obtains a phase e'?, the other states
are unchanged. Thus we have realized the n-qubit con-
trolled phase gate for n atoms respectively trapped in
n cavities.
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4. Discussion and conclusion

Figure 3 shows the time dependence of the
quantum basis state’s coefficient for the three-qubit
controlled-phase (with phase shift equals to 7) gate,
where the initial state of three-atom is $(|OOO> +
|001) + |010) + [011) + [100) + |101) + |110) + [111)).
Rabi frequencies of Gaussian shape and of full width
at half maximum 7Tp=100ns are chosen, the cou-
plings are parametrized by 2/ .. /2nr = Q! /27 =
N max/27 = omax/27=5MHz, $25max/27=3 MHz,
and g/2m=34 MHz, which satisfies the condition g >
2, (k= 1,2,...
experimentally with recent technologies.293% As ex-

,n) and can be presently obtained

pected, the state |111) finally achieves the phase w
while other seven states [000),, [010)_, |001),, [011),,
1100),, [110),, and |101)
this scheme can be almost perfectly implemented un-
der the adiabatic conditions 2 max - TP, gx - Tp > 1,
D% max, 9k > K,1/7, where k and 1/7 are the cav-

are unchanged. Obviously,

a’ a

ity decay rate and the spectral linewidth of the ex-
cited atomic states, respectively. Remarkably, the de-
composition of the multiqubit gates into the elemen-
tary gates requires a number of gate steps,[31>32] for
example, n-qubit controlled unitary gates can be de-
composed into (2" — 3) two-qubit controlled gates.[>!]
However, the realization of multi-qubit controlled
phase gate only needs three steps in our scheme. The
smaller step number for implementing the multi-qubit
controlled phase gate saves physical resource and re-
duces the difficulties of experiment, and the advan-
tages become even more significant with an increasing

number of the qubits.

In summary, we propose a scalable scheme to di-
rectly realize the n-qubit phase gate via optical fibres

and adiabatic passage. The implementation of n-qubit
controlled phase gate in our scheme is much more ef-
ficient than decomposing into the elementary gates.
Addressing individually is not necessary, which fur-
ther lowers the complexity of experiment. In addition,
this scheme is robust against decoherence effects due
to spontaneous emission from the excited state and
the fibre loss.

LU 5 B e s B N R e

0.350

Coefficients
=)

| (b)

Time (t/Tp)

Fig.3. Coefficients’ evolution of three-qubit controlled-
phase gate. (a) The Rabi frequencies: solid line 2’(t);
dotted line £2’(t); dashed dotted line (21; dashed dotted
line (22; short dashed line 23. (b)—(f) are the time evolu-
tion of the coefficients associated with all the states.
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