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Teleporting a rotation on remote photons
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Quantum remote rotation allows us to implement local quantum operation on remote systems with shared
entanglement. Here we report an experimental demonstration of remote rotation on single photons using linear
optical elements. The local dephase is also teleported during the process. The scheme can be generalized to any
controlled rotation commuting withr,.
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The development of quantum information in the past twohas an arbitrary stateé);=|y(6, ¢))3=a|0)3+ B|1)5 to be op-
decades promises the powerful applications in informatiorerated on, where:=cosé, B=€'¢ sin 4, and{|0),|1)} are the
manipulation 1]. Using quantum operations, some missions pasis of o, Geometrically, the operation rotates the state
for example large number factoring, can be solved by &egctor in the Bloch sphere through angleabout thez axis,
quantum algorlthm effectively, yvh|ch has not yet beenw(a,¢)>3_>|¢(9’¢,:¢+(P)>3 [see Fig. 8)]. That is the
fqun tot be poss@le ;‘or at():_ltassgal comtpult(?&Arbtltrary rO'teleportation of an angle. In particular, the gate is an identity
ation gates on a single qubit and a contro gate on operation fore=0, while o, for ¢=. Given the shared en-

two qubits are sufficient and necessary for universal quantu o 5
computation[2]. These two kinds of operations have beenTanglement_kD >1_2_(1/\“2)(|0>1|O>2+_|1>1|1>2)’ the scheme
can be realized in three stepsee Fig. 1b)].

realized locally in the laboratory on physical systems such as*". ‘ _

trapped ions, neutral atoms, and so[ah If the qubits in- (i) Encoding Bob performs a controllednoT operation

volved in the process are separatedy., distributed compu- ©n his qubits, 2 and 3, where 3 is the controller. Them,a

tation[3,4]), operations must be implemented nonlocally viameasurement on 2 is made by Bob and the result is sent to

shared entanglement, local operation, and classical comm@\ice via one cbit classical communication. Alice would per-

nication, i.e., remote operatids—10. form bit-flip operationo, on her qubit 1 for resultl), while
Suppose only two parties, Alice and Bob, are involved indoing nothing forl0),. The remaining system of qubits 1 and

the proces$9]. The former has the operation gate, while the3 is in the state

latter has the state to be operated on. The trivial realization of

remote operation can be finished by the bidirectional quan-

tum state teleportation. The target state is teleported from z

Bob to Alice. Then Alice applies the operation on the state ()

and sends the resulting state back to Bob via another state

teleportation. The total resources for this trivial protocol are

two maximally entangled statdswo ebitg shared and two

bits of classical communicatiafwo cbitg in each direction.

And there is no restriction for either the target state or the

operation. If the gate is restricted in the unitary operation set

UcomU Ugani» WhereUom (Uani) is the set of single-qubit op-

eration commuting(anticommuting with o,, the resource

can be reduced to two ebits shared, two cbits from Bob to

Alice, and one chit reversely in the optimal nontrivial

scheme. Moreover, if the set is eithék,,,, or Uy, the

scheme can be simplified by using only one ebit shared and

___, Alice

one chit in each directioh9]. Specially, if the operation at —Z—E - Bob

Alice’s site is a collective one with an auxiliary qubit, the

two-qubit gate can be performed nonlocdl;10]. ) 2 @_UWM
Here we present an experimental demonstration of a re- -

mote rotation on single photons. Unitary rotation commuting encoding  joperation  decoding

with o, is implemented remotely on the polarization qubit

that Bob holds, using the entanglement between the polariza- G, 1. (a) Geometrical interpretation of single-qubit rotation

tion qubit of one photon and the path qubit of another oney_ = |4)=U.#). (b) Quantum circuit for a scheme of remote

from spontaneous parametric downconveri8RDQ. rotation on a single qubit, where qubits 1 and 2 are entangled and
Let us consider the remote rotation on a single qubit. Al-qubit 3 is the target to be operated on. The whole process is divided

ice has an operation galt&,,=€#’#? to implement and Bob into three stepgsee text for details
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FIG. 2. Experimental setup to perform a remote rotation on a

single photon. P1, P2: polarization beam splittersj, HH,,
Hq: half-wave plates; @ Q, Qg quarter wave plates;
P: polarizer; PA: polarization analyzer; IF: interference filter;
D4, D, single photon detectors.

|)13= a|0)1|0)3 + B|1)1]1)s. 1)

Thus the statei); to be operated on is encoded irfi);5
within the Hilbert subspacéd?={|0);|0)3,|1),|1)s} of the
composite system, 1 and 3.

(i) Operating Alice implements the required quantum
gateU.,, on her qubit 1, while Bob does nothing,

2

Here the local gate plays the role of global rotation within
H2. The desired statB)’)3=Ucon|#)3 has been just embed-
ded in the composite system. _

(i) Decoding A o, measurement {|+)=(1/12)
X (|0y£|1))} is performed on 1 by Alice and the result is sent
to Bob. Qubit 3 will be found in the desired stdig )5 for
the resulf+), or |¢/")3=Ucono )3 for |=)1. The latter can be
converted into|'); by an additional o, rotation for
o Uconz=Ucom That is,|¢')5 is decoded out from the com-
posite system.

Ucom® 313 = a€¥|0),|0)5 + Be¢2[1),|1)5.
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fs, the repetition about 82 MHz, and the center wavelength at

780.0 nm is frequency-doubled to produce the pumping

source for the SPDC process. A 1.0-mm-thick BBO crystal

cut for type-Il phase match is used as the downconverter. By

the noncollinear degenerated SPDC process, two phaofons,

and B, are produced in the polarization-entangled state

|\I,+>AB:(1/\2)(|H>A|V>Bi|V>A|H>B) [13] Bob uses PBS P1

to split photonB in two paths{|u),|d)} and HWP H1 at 45°

as ao, gate is used to flip the polarization in pathHence

the polarization entanglement between the two photons is

converted into polarization-path entanglement,
1

(W) 123= E(|H>1|U>2 +[V)4|d)2)[H)s. 3

The polarization ofB can be prepared in an arbitrary state

l)s=alH)3+B|V); with identical sets of waveplates,

{H,,Qu} and{Hq,Qq}, in each patfj11]. The global state is

initialized in [®%)1])3=(1/V2)(|H)1|u),+|V)1|d)o) (| H)s

+B|V)3). The three steps for remote rotation are performed as

follows.

(i”) Encoding.Pathu andd of photonB are input in a
PBS P2 to perform a controllecNOT operation, where po-
larization is the controlling qubit and path is the target one.
The optical path lengths af andd are tuned to be equal to
ensure no relative phase factor between the two terms in Eqg.
(3). The o, measurement on qubit 2 is completed by reading
out the path information of photoB. If B is found in path
u’, |5 is encoded intdi),3=a|H)1|H)3+ B|V)1|V)3. Or if B
is found in pathd’, the two photons will be in|y/)5
=a|V)1|H)3+ B|H)1|V)3, which can be transformed int@¥),5
by another HWP at 45° on phot@x Here we omit the latter
case without loss of generality. The polarization state of pho-
ton B is encoded i{|H);|H)3,|V)1|V)3} [14].

(ii") Operating The operatiorlJ.,,, can be performed by
a pair of QWP at 45° with a HWP dlp/2)-45° between
them. Such a device has been used to verify the geometric
phase of classical light and photdi$,16]. For single-qubit

The total resources needed in the whole process are omrgperation, any additional global phase is trivial,l$g,, can
ebit shared, one cbit from Bob to Alice for encoding, and onepe replaced bg¥?U,,, which can be realized by one zero-

cbit from Alice to Bob for decoding.

order waveplate at 0° tilted in a suitable an(dee Ref[17]

To realize the protocol above, the key is how to choosefor similar application. Here we chosep=12C by a tilted
the physical qubit, the local operation gate, and the entangleQwp Q1.

state. For photons, both the polarizatifily,|V)} and the
path{|u),|d)} can represent the logic stat@6),|1)} for qu-
bits. For the polarization qubit, arbitrary unitary rotation can
be performed by using a half-wave platelWP) and a
quarter-wave platéQWP) [11]. The controlledNoT gate be-

(iii ") Decoding Alice makes hero, measuremen{|D),
=(LN2)(H)1+V)1),[C)1=(1/\2)([H)1=|V)1)} using a po-
larizer. PhotonA is detected by a single-photon detector
(SPCM-AQR-14 by EG&G. PhotonB will be collapsed into
|4")3=Uconl )3 for result|+),, and|y/")s=Uconp] ¢)3 for re-

tween polarization qubit and path qubit of the same photorsult |-),. The latter can be converted in@' ) by a HWP at

can be operated on by the polarization beam splitte
(PBS,  [H)u)([H)|d) — [H)u ) (H)d"),  IMu)(V)|d))
—|H)|d")(|H)[u")) [12]. And the biphoton states entangled

0°, i.e., ao, rotation. The polarization state of phot@his
reconstructed by quantum state tomography using polariza-
tion analyzer and detector. The measurement& andB are

between polarization or path qubit can be generated via theollected for coincidence count with the window time 5 ns.

SPDC proces$13]. Here the three qubits are embedded in

In the real experiment, there are two kinds of imperfection

the three degrees of freedom of two photons distributed tevhich induce the phase decoherence. One is caused by the

Alice and Bob, polarizatioriqubit 1) of photonA, path(qu-
bit 2) and polarizationqubit 3) of photonB.

birefringency of BBO, which induces the partial time sepa-
ration between the wave packets of two polarizations. It

The experimental setup is shown in Fig. 2. A mode-lockedcan be described by Kraus operatofs[(1+p)/2]l,

Ti:sapphire pulsed lasdwith the pulse width less than 200

J[(1-p)/2]o,} on photonA or B. Herep is just the visibility
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FIG. 3. Schematic drawing for the mode mismatching in a po-
larization beam splitter, which induces a dephase.

of the entangled state from SPDC. The other one is the mis-
matching of space mode in PBS P&e Fig. 3 The two
PBSs, P1 and P2, at Bob’s site consist of a Mach-Zehnder 0.4
interferometer. The mode mismatch can be represented by a
process dephadg[(1+7)/2],\[(1-7)/2]o} on the paths

of B, where is the visibility of the interferometer. Because
of the symmetry between two qubits |@*), both of the
imperfections can be considered to be performed on the po-
larization of photorA. Further, it can also be regarded as a
control phase operation on qubit 1 and an anxiliary system
1, wh_ere the latter is the target. Since the control _phase gat bphased rotatiog, and(c) experimental rotationy, from Fig. 2.
XCP1'1_|O>1’1’<0| ® 11+ (@0 commutes with Iy, The real parts of¢ are on the left while the imaginary ones are on
® 0,1, the dephasing, or the control phase operation in thene right.

extended systems, is included h,,,, That is the nonlocal

implement of a control phase gate. Witlorgoperation on 1,

the nonlocalcNoT has been demonstrated recently, wherefotation x;, dephased rotatiogy, and effective operatiog.
qubits 1 and 1 are path and polarization of photgn[10].  in our experiment, where two parameters fof are mea-
Moreover, it can be generalized to the controlled rotationsured,p~0.85 and»~0.92. And the comparison of experi-
Xer=10)1/1(0| ® Ugom# | 1)111:(1| ® UL, for any Ugym and _mental operatiore, with 'Fhe _dephased ong, is chara}cter—
U, In our experiment, "Lis the wave-packet distinction 1Z€d by the average fidelity of the pure state inputted
and the mode mismatch, both of which are traced out. Sthroughout the Bloch sphereF[e’,e]=[dyF[e’(|4)),
both the rotation and the dephase on phataare teleported.  &4(|¢))], where F[p,p']=Tr[\\p'p\p’] [1,18,19. From y
The dephased operation is a complete positive mgp we getE[si,se]=0.96 andE[sd,se]=0.99. Geometrically,

={V1+p7/2Ucom V1 =P/ 2Uconp}. The final state after op- 0 oiation can also be characterized by the actual rotation
eration is angle ¢=¢'-¢. Here we use the angle deviation
_ =8(pi,pe), Which is defined by the cross angle between the
ad prap e’? Bloch vector by ideal rotation and the one we finally get, to
prna’ Be?e BB G characterize the experimental operation. The maximal angle
IS Omax=7°, Which meansp=120+7°.

0.2

FIG. 4. xy matrices determined bya) ideal rotation y;, (b)

pa(l¥) = eq(|4) = (

To completely characterize the remote operatignin In conclusion, a remote rotation on qubits throught 120°
our experiment, four state§H),|V),|D),[R)=(1/v2)(H)  about thez axis is performed using shared entanglement and
-i|V))} are input for the quantum process tomografth0l.  local operation without rotating the target photons. And the

The process is represented by a positive Hermi'grian matrilephase on photof can also be teleported. The whole pro-
X={Xmnt,  Which  satisfies &(p)=ZnmEmPE{En}  cess is measured by quantum process tomography and agrees
={l,0y,0y,04). The matrices are shown in Fig. 4 for ideal with the theoretical prediction. The scheme can be general-
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ized to remote implement a class of controlled rotation. Al-two ebits shared, two cbits from Alice to Bob, and one cbit
though only rotation commuting withr, is used in our ex- reversely[9].

periment, it is the same with operations anticommuting with )

o, where the only difference is that an additionalrotation The authors acknowledge S. F. Huelga for useful discus-
should be performed on qubit 3 in decoding for reguly; ~ Sion and Yun-Feng Huang and Xi-Feng Ren for technical
ando,o, for |-), (see Ref[9] for detailg. On the other hand, help. This work was supported by the Chinese National Fun-
if it is unknown whether the operation commutes or anticom-damental Research Prograi001CB309300) the NSF of
mutes witho,, more resources are needed because the suffEhina (No. 10304017, and the Innovation funds from the
cient and necessary resources for univeral remote control Shinese Academy of Sciences.
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