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Teleportation-based number-state manipulation with number-sum measurement
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We examine various manipulations of photon number states which can be implemented by teleportation
technique with number-sum measurement. The preparations of the Einstein-Podolsky-Rosen resources as well
as the number-sum measurement resulting in projection to certain Bell state may be done conditionally with
linear optical elements, i.e., beam splitters, phase shifters, and zero-one-photon detectors. Squeezed vacuum
states are used as primary entanglement resource, while single-photon sources are not required.

DOI: 10.1103/PhysRevA.68.042324 PACS nuntBer03.67.Mn, 03.67.Hk, 42.50.Dv

[. INTRODUCTION number-states based on teleportation using projective mea-
surement of Bell state with certain number-sum. For this
Extensive research and development have been done rpurpose, EPR resources with number difference 0 and those
cently on quantum information technologies, and teleportawith number-sunN are found to be useful. These essential
tion is known to provide important tools for quantum com- ingredients for teleportation, EPR resources and projective
munication and information processing. Its protocol wasmeasurements, will be realized experimentally with linear
originally proposed by using a two-dimensional system, quOptics, specifically beam splitters, phase shifters, and zero-
bit, such as the polarization of light]. Other protocols were 0One-photon detectors. Squeezed vacuum states are used as
also considered to teleport the quadrature phase componertémary entanglement resource, while single-photon sources
[2,3] and the multidimensional states such as photon numbeie not required. This may be an interesting point in the
states[1,3-5. Among these media for quantum teleporta- Present scheme.
tion, the photon number Fock space may be considered more In Sec. Il we consider the desired EPR resources. Then, in
promising in the viewpoint that it provides higher- Sec. Ill we describe how the projective measurements to the

dimensional states such as qutrits to carry more quanturiumber-sum Bell states are realized with linear optics. In

information than qubits. Sec. IV some basic manipulations are obtained via number-
In order to perform faithfully the number-state teleporta-state teleportations with these EPR resources and the

tion in some finite-dimensional subspace of Fock spacefumber-sum measurement, and then by combining these

maximally entangled Einstein-Podolsky-Ros¢BPR re-  tools various manipulations are constructed. Section V is de-

source is required. Then, we have proposed recently a pra¥oted to summary.

tical method to generate such EPR std&s That is, more

entangled states are optained from a pair of squeezed Il. EPR RESOURCE

vacuum states via swapping by performing the number-phase

Bell measurement. In particular, the resultant states are maxi- We begin with examining the EPR resource which may be

mally entangled by adjusting the two squeezing parametershared by Bob and Alice for number-state teleportation. We

to the same value. This may be viewed as entanglement copresent in the following two kinds of EPR resources with

centration[7]. The number-state teleportation can be per-certain number difference and sum, respectively, and con-

formed by using these number-phase Bell states. It is noticesider their characteristic properties.

in this teleportation that some manipulations are made such

as shift and truncation of photon number states and also scal-

ing of amplitudes by the ratio of two squeezing parameters. . ) o

In this way, teleportation protocols may be considered at the An EPR state with number difference 0 is given generally

A. Number difference resource

same time as those to manipulate input states by projectiv&ith amplitude distributiord=(d,,d, ...) by
measurements with EPR resour¢iggespective of teleporta- ®

tion fidelity). In fact, quantum scissors protocol is investi- EPR .= 0.d){(3) = dulkd Kk 1
gated for number-state truncation by projective measurement [EPR12=10.0)3 kgo ik @

[8—-10Q. Therefore, we may expect that various manipula-

tions of number-states are implemented via teleportatio;\mong such states, squeezed vacuum states generated by
without knowing the input states. This method can also bgarametric down conversion may be primarily interesting.

encoded in the EPR resources. - experiments utilizing photons. A two-mode squeezed
In this paper, we examine various manipulations ofy,3cyum state is described as
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where\ is the squeezing parameter. This nonuniform num-Here, the generalized Bell states are introduced as
ber distribution withx <1 in Eq.(2) is attributed to the fact

that the Fock space is infinite dimensional while the energy AWUN+1 Y [(oF )™

should be finite for the physical states. Hence, the squeezed|N,m,r);,= ; > rIN—K)1|K)»
vacuum states are not maximally entangled. We may also use K(NATN) k=0 VN+1

a photon-subtracted state which is generated from a squeezed ©)

vacuum stat¢11}. with the ratio of the squeezing parameters

_y2\3 *
(=) > (k+DAMK) k). (3) r=\'/a (10

M= =\ ———
| 2 1+2\2 k=0

) _ and the normalization factor
EPR states with number differendeN+#0 may further be

used, with which the photon number shift is induced via 2NED) 2N 12
teleportation. They are, however, not considered in the fol- KOV N) = A —A . (11)
lowing, since the number shift &N=N—N is also realiz~ed N

by taking number-sunN EPR states and number-sul

measurement, as seen in Sec. IV.

Then, the generalized Bell stgté, m,r ), is obtained by the
number-phase measurement| b —m)s,:
B. Number-sum resource
We next consider EPR states with number-shdmAn IN) 1N )24~ N, m,r) 1. (12
N-photon entangled state is given generally by

In particular, they are maximally entangled by adjusting the

N . ;.
squeezing parameters Bs=\’, i.e.,
|EPR)12:|N,d>(1J2r)=IZO diN—=K)q[k)». (4)
A=)
IN,m,r);, — [N,m)3,=|N,m,1);,. (13

Specifically, we consider the Bell states of number-sum and

phase differenc§6,12,13, . . .
The probability to obtain the specific Bell stdfe,m,r);, by

N k ingN, —m)s, is given from Eq.(8) as
[(wf, )™ measuring 241S @ q
IN,m) 1= kE—:O —\/ﬁ IN—K)1/K)2, 5

P(N,\ )= 14
where m=0,1,... ,NmodN+1 (|N,—1);5=|N,N);,, ( ) 4

etc), and the N+ 1) root is given by

N+1 1_r2

. No1 This probability is evaluated for the typical casesr afs
oy 1=exdi2a/(N+1)], (wony) "=1.  (6)

These Bell states with number-siirare also the eigenstates (1A (r2>1,r2<1)
of the suitably defined Hermitian operator of phase differ- P(N,A N )= N+1 (15
ence, and the eigenvalues are given by (1-2\)AN  (r=~1)
o~y 2T — . . .
b’ =N ™ (7)  wherex=max{\,\']. It is then estimated for genericwith

optimal value ofA~[1—(N+1)"1]*?~0.7-0.9 for &N
Here an arbitrary nonzero reference phase may be included5 as
in ¥ by a phase shift of the mode 2 as—¢€'?a, in Eq.
(5), though it does not change the following investigations. p(N)
As proposed in Ref[6], we can generate the number- P(NN N~ ———,
phase Bell states by performing the number-phase measure- e(N-+1)
ment on a pair of squeezed vacuum states. Two squeezeciﬁj

(16)

_ 1N o1 i ;
vacuum states, 1-3 system and 2-4 system, are rearranged Wa€re [1—(N+1)""]"~1/e for N>1 s considered.
The success probabilityp(N) for the measurement of

ing(1-3, 2- 1-2, 3- g . . .
swapping( tind 4 as IN,—m)s, is included henceforth, as will be given in Eq.

“KOGLAN) (42), since it may be done conditionally.
N1 hYpa= (1N VA 1—N12)12 Y, There are of course other maximally entanghgphoton
N=0  yN+1 states than the number-phase Bell states, €2),|0),
N +i|1)4]1),+]0)4]2),)/3 with N=2. Some general meth-
X 2 [N, =m)aN,m,r)s,. (8  0ds to obtainN-photon entangled states have been invest-
m=0 gated by utilizing linear optical devicg44,15.
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N |0) 5. By suitably setting the optical elements and choosing
—A— their parameters, the desired Bell state may be transformed
10) [0y |D) |1 as
food e R10)as=Gal D)1 115010} 1y OV 2y

Bell state detector e (18)

with nonzero coefficientgg, while any orthogonal state
IN, ,d, ) does not contain the first component, where
“...”in the second line represents the output states with

| 0)

ila’
ancilla's / other photon number distributions. Then, by registering one
|0>‘ 0) photon in the output ports’lto N’ and no photon in the
|N,d)§ others, we can measure the Bell stited){.’ conditionally

with success probability
FIG. 1. A schematic diagram for the linear optical detector of o
Bell state|N,d){:? with number-suniN. The input two-mode state, p(N,d)=]gg|*. (19

which may contairN,d){!, enters the detector together with the , ,
vacuum states of several ancilla modes. Only the Bell state |tShould be mentioned that the number-sum is not enough

IN,d){:) passing through this detector gives the output of the one!l0 Specify the Bell state in Eq17) with the amplitude dis-

photon states in thil ports (1 to N’) and the vacuum states in the tribution_d. Then, 'Fhe joint measurem_ent of number-sum and
other ports with probability amplitudgg . phase difference is usually adopted in number-state telepor-
tation[3—6], which results in the projection to the Bell state

I1l. NUMBER-SUM MEASUREMENT N (eii(ﬁ)k
We adopt the measurement resulting in projection to cer- N, p)or= 2, —=——[N—=1)oll)s. (20
. ) ~ I=0 YN+1
tain Bell state with number-sui,

This state become§,m),; with the discrete eigenvalue of

N phase differencep= d)‘;?') . We may eliminate the phase fac-
|Bell)or=|N,d)§i)= > d|N—1)o|l1)1, (170  tor (e"'*)* with a phase shifter on the mode 1 making the
1=0 transformatiora; —e'%a;. Hence, in the following we adopt
specifically the projective measurement of ghoton Bell

whereN may or may not be equal t§ of the EPR resource state with phase differena¢=0,

N,d){?). Actually, as shown in Fig. 1, the number-sum N N N
IN,d)i5 Yy 9 IN)o[O)1+|N—=1)g[ 1)1+ - - +]0)o|N);

measurement for the Bell stafld,d){;) may be performed IN,0)o=
with some probability by setting suitably linear optical ele- VN-+1
ments, i.e., beam splitters, phase shifters, and zero-one- (22)

photon detectors. This method is based on the idea of photon
chopping[16,17. Since the total number of photons is con- with

served through this linear optical set, the number-$ris - —
measured as the total count of photon detections. The aim of d=(1,1,...,)/VyN+1.
the present analysis is to provide various manipulations of _
photon number-states with linear optics, and hence we as- The projective measurement ¢N,0)y; may be done
sume for clarity that the zero-one-photon detectors can idepractically with linear optics. The measurement|6f0);

ally discriminate the photon numbems=0, 1, and more. The with N=0 and|1,0)0;, |1,1)0; with N=1 is made at the
estimate of efficiency in actual experiments with imperfectsame time through a 50-50 beam splitter with photon count-
detectors will be presented elsewhere specifically for the maings on the two output ports, as is well known. For the case

nipulations of qubits and qutrits. The single-photon detection,s |2,0)0; With N=2 we have recently proposed a condi-
is essential and quite challenging for realizing quantum com-. | :

munication and processing with photon number-states. It igonal method, which would be ex~te£1ded o the casebl of

indeed encouraging that some significant developments arid3: The number-phase Bell bas@$,m)o; to be measured

new proposals have been made for single-photon detection &re explicitly given forN=0 with w;=1, N=1 with w,

achieve the quantum efficiency close to urity,19. =-1, andN=2 with wz=w, w®=1 (the indices 0 and 1
The projection to the number-sum Bell stadd)$;’ in  denoting the modes omitteds

Eqg. (17) will be done as follows by attaching some number _

of ancilla modes which are initially in the vacuum states N=0: |0,0)=|0)|0), (23

(22)
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FIG. 2. A schematic diagram for the measurement of the Bell |0>
states|N=0,m=0) and|N=1,m=0,1), where “BS” and “PD" |N = 2,m=0)
represent the beam splitter and photon detector, respectively. These

Bell states with number-sufi=0,1 can be determined completely  FiG. 3. A schematic diagram for the measurement of the Bell
with the 50-50 beam splitter from the result of the two phOtonstate|N=2,ﬁw=0>, where “BS,” “PD,” and “M” represent the

detectors, when they both detect the vacuum or one-photon state§nam splitter combined with phase shifi@ necessary photon
detector, and mirror, respectively. By adjusting suitably the param-

N=1: [1,0)=(|1)|0)+]|0)|1))/\/2, eters of beam splitters, as given in the text, the Bell state
IN=2,m=0) to be measured is identified conditionally when the
|1,1)=(|1)|0)— |0>|1>)/\/§, (24) specific output statf)q/|1);/|1), is obtained by the three photon
detectors.

N=2: |2,0)=(]2)[0)+|1)|1)+]0)[2))/3, N=1: |1,0)0,=|1)¢/|0)
=1: yDor=14)oY)17,

11,1)01=—10)0/[1)1 . (30)

12,2)=(]2)]0) + w|1)|1) + 0*|0)[2))/ /3. (25)  Then, if no photons are registered by the photon detectors,
the statg0,0); is measured. On the other hand, if we detect
We describe in the following the projective measurement opne photon in the mode’0(1’) and none in the mode’1l
these Bell states. (0"), we measure the stafé,0)o; (]1,1)o1). The other re-
A linear optical operation on the two modésandj is  sults of the photon detectors indicate the states with number-
made by a combination of beam splitter and phase shiftegum more than 1. In this special case witk=0,1, theBell

which is represented by a(P) transformation as measurement can be done completely with success probabil-

2,1)=(]2)[0) + 0*|1)[1) + 0]0)|2))/\/3,

al a, oy
STCINE (29 p(RI=0,1)=1. (31)
j’ ~
The measurement of Bell staf,0),; with N=2 can be
where done conditionally, as shown in Fig. 3, introducing one an-
cilla mode “a.” A series of unitary transformations such as
( c —sn) 27 given in Eq.(26) are made among these three modes through
(i) sé¢ cyé i this optical sef20]:

U=U 92U 15U 01)> 32
with c?+s?=1 (c,s=0) and |y|=|¢=1. Generally, it (0= (1) = (0D (32

should be noted that any unitary transformation ofNY( where these unitary matrices arex3 ones by extending

amongN-photon modes can be realized in this Wag]. The obviously Eq.(26). The number-phase Bell states =2
number-phase Bell measurement can be done for the cases i, the ancilla mode attached are given by

N=0,1 by using a 50-50 beam splitter with

fod _ (M) tat
(¢,8,&,m)on=(1N2,142,1,1), (28) |2’m>01|0>a—i2j Ci"a/a]|0)0/0)1]0)4
as shown in Fig. 2. The Bell states are transformed through )t 1
the beam splitter as :IE] Cii} 8;8/,0)0/|0)1/[0)ar . (33)

N=0: |0,0)0:=]0)¢/|0)1/, (29  These states are transformed withas

042324-4
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cm_.cm’=yTcMy, (34) | Wou2=16(N, O] | i) o EPR)1
and particularly

=2 c'in)e. (44)
2,0)0110)a=00[0)or| L)1/ [1)ar + - -+, (39

We here do not suppose the unitary transformation by Bob
12,1)01/0)a=91[0)0/|1)1/|L)ar + - - -, (360 for simplicity. It is interesting that experimental results have

been reported recently for the teleportation of vacuum-one-

12,2)0110)a=02l0)or | 1)1/ L)ar + - -, (37) photon qubit based on this Bell measurement vtk 1
- (’I’;’l)’ « " [10,2]}
wheregr=Cj,7, and “- - -" represents the other orthogonal

states. It is here possible to adjust the parameters of the linear

: - A. Number difference resource
operationU so as to give

The output state using an EPR resout6e){,’ with

0070, ¢:=0, g,=0. (38 number difference 0 is given as
The relevant parameters are taken for example as 1 N A
in
1 1 |‘!/out>2: \/ﬁ I(EO dkCN7k| k>2 (45)
41 k=
(C,S,T],f)(()a):(ﬁ,ﬁ,l,l , (39)
with (k—n)
2 1  1+i out_ 4 Ain N N
_ ¢, =d,cy_ /VN+1(0=n=<N). 46
(Cyslnig)(]_a)_( \/%nﬁilyﬁ y (40) n N¥N—n ( ) ( )

Hence, this teleportation realizes the reversal of number dis-
tribution as(0,1,...,N)—(N, ...,1,0), and thénforma-
(41)  tion of d in the EPR resource is encoded in the output state.
In particular, using the squeezed vacuum state we
obtain a manipulation

3 5 3+i
(Cisrﬂag)wl):( \/%!_ \/%!:LE .

Then, only the statg2,0)y,/0), has the component of
[0)o/|1)1/]1)ar, while the state$2,1)41|0), and|2,2)4/0)4
do not have. This means that if we observe the state

10)or[1)1/|1)ar with N=2 by the photon detectors, we mea- yhere the overall factor independentrofs omitted for sim-
sure the desired stat,0)o;. The probability to detect plicity. The probabilityP = ,( ol o) to Obtain this output

|0)0/|1)1/|1)ar as the conditional measurement|@{0)o1is  state is calculated depending on the relevant parameters by
determined with the above parameters as

in

L (0=n<N), (47)

c"—\"c

Ay 2_ N in (1_)‘2) & onpAin (2
p(N=2)=|go|>=3/8. (42) P(N,\,CM=— > Ay |2 (48)
N+1 n=0 N=n

Similarly, we can measure the Bell statgg=1)y,. It is _
even desired that this method with linear optical operationdlere the success probabilip(N) for the conditional mea-
for the conditional Bell measurement may be extended to theyrement of|N,0),,, as given in Eq.42), is omitted for

cases ofN=3. simplicity.
By using the photon-subtracted stfe— 1), we also ob-
IV. TELEPORTATION AND MANIPULATION tain a manipulation
We now investigate the number-state teleportation with Ciﬁ%(njL 1))\nci£7 (0=n<N), (49)
number-sum measurement. In general, the input $tatele "
0) is prepared as corresponding to the derivativ@\"**/d\ =(n+1)\". The
" success probability is calculated as
[dinyo= >, cln)o. (43 123 N
e P(N\,—1 ci“):—(l M > (n+1)A2cf_ |2
B (N+1)(1+12) #=0 N-n

Alice and Bob share some entanglement resolie®R) 1,
as presented in Sec. Il. Then, Alice performs the number-sum
measurement on the modes 0 and 1, as described in Sec. Ill.

Then, after Alice succeeds in the measurementNyD),
with some probability, Bob obtains the output state in the The output state using an EPR resoufbed){}’ with
mode 2 as number-sumN is given as

(50

B. Number-sum resource

042324-5
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TABLE |I. Some basic manipulations are listed together with the EPR resources. The projective measurement is made for the Bell state
|N,O) with number-sunN and phase difference 0. The overall factors in the resultant output states are omitted for siniliBteversal
+ scaling rearranges the number-state amplitudes in reverse order together with scaling by the squeezing paréoheRaversal

+ derivative rearranges the number-state amplitudes in reverse order together with differentiation with resp@tMamber shift makes
addition or subtraction gfAN| photons.(d) Scaling makes magnification of the number-state amplitudes by the powefthefratio of the

squeezing parameters

(a) Reversal+ scaling  (b) Reversal+ derivative (c) Number shift (d) Scaling
|EPR) I\) IA,—1) IN,0,r=1) IN=N,0,r)
Outputcy” Mo, (n+IACE, ey (AN=R-N) 7l (r=X'/0)
Photon number range

Input N,...,0 N,....0 max0AN], ... N 0,...N
Output 0,..., N 0,..., N maq{0,—AN], ... N 0,...N

N

Iwout>2=L 2 diciianlk)2 (51
with
ca'=d n+AN/\/NT(nO <ns<N), (52
where
AN=N-N, (53
ng=max0,—AN]. (54)

Hence, this teleportation realizes the number shifAdf as
In+AN)—|n). (55)

Due to the conditions €k<N and O<I<N with =N
—k, the sum is taken over the photon numiefk—n) in
the output state asp<n=<N, i.e.,

0,...N (N=N)
n(out)= N (RN, (56)

Here it should be noted that for the case W&N the
number-state is truncated beldwN| as well as abové\.

be decomposed to the number shift &SN with r=1 (A
=\’) and the scaling by with N=N.

C. Various manipulations

We have obtained some basic manipulations of number-
states via teleportation, where the projective measurement of

the Bell state/N,0) with number-sumN and phase differ-
ence 0 is adopted. They are listed together with the EPR
resources in Table I(a) Reversal+ scaling rearranges the
number-state amplitudes in reverse order together with scal-
ing by the squeezing parameter (b) reversal+ derivative
rearranges the number-state amplitudes in reverse order to-
gether with differentiation with respect ig (c) number shift
makes addition or subtraction AN| photons;(d) Scaling
makes magnification of the number-state amplitudes by the
powers ofr (the ratio of the squeezing paramejeis these
manipulations, the number-states are truncated by the photon
numbers of the Bell state and the EPR resources. The success
probabilities of these manipulations may be evaluated in Eqs.
(48), (50), and(58) typically for the state with uniform num-

ber distribution up toN, i.e., [c"[?=1/(N+1) for n

By using specifically the generalized number-phase Bell

state|N,0,r);,, we obtain a manipulation

cn—rnel,  (Ne=<n=<N) (57)
with the probability
1-r? N ir?+AN|2

— (58

P(N,N,r,c"=——F—r
( ) 1-r20N+ D=, N+1

That is, the scaling by,

al—raf, (59

is realized in addition to the number shift &N. The scaling
factorr=\'/\ may be larger or smaller than 1 by adjusting

the two squeezing parameters. This manipulati®r) may

=0,1,...,N andcl’=0 for n=N+1:
:LN) 2@+
Pm)(N+1F(l A ), (60)
__pN) H_A%3§)m+1ﬂxm (61)
O N+1)2 (1+)\?) 7
_p(N) No
ﬂ“}N+n41_N+1’ (62
_p(N)

Here the success probabilip(N) for the conditional mea-
surement ofN,0), is also included, as given in E¢42).

By combining these teleportation-based to@ls-(d), we
can perform various manipulations of number-states, as pre-

042324-6
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sented in the following. The net success probabilities are=(N,,N,—N;) (AN=—N;=<0), we obtain another kind of

roughly estimated withP ;) —P g, in Egs. (60)—(63). They

scissors which cut both sides of the number-statel{l; and

may appear to be somewhat small since the success probahil>N,) as

ity P(N,\,\") as given in Eq(16) is further multiplied for

the manipulationgc) and (d) to prepare the EPR resource

[N,O,r).

The genuine reversal of number-state can be realized

since the scaling associated with the manipulat@rcan be
canceled by the manipulatiofd) with suitably adjusted
squeezing parameters:

(manipulation(d)[r =\"/\=1/\"])s(manipulation(a)[ \"])

=, e, ... e, (64)

in in in
R R S VR
H(ci,'@l, o ,ci,{,‘z,o, )
—(0,...,0e8 ,...e0.0,...), (70
ie.,
) N2
> cnlny— > cqln), (71)
n=0 n=Ny

The net success probability for the reversal is estimated frorfnere the normalization factor in the output state is omitted.

Egs.(60) and(63) together with Eq(16) as

p(N)®

P(reversal~

Numerically, we haveP(reversal}=6x10 2 for a qubit
(|0)+0.51))/y1+0.5 with A=0.49, \'=0.7, \"=0.7,
and p(N=1)=1 and P(reversal=2x10"° for a qutrit
(|0)+0.91)+0.52))/y1+0.5+0.5" with A=0.7, \’
=0.49,\"=0.7, andp(N=2)=3/8.

On the other hand, by making the manipulat@mrever-
sal + scaling twice, we obtain the manipulatioh scaling as

(manipulatiora)[ ' ])* (manipulatioria)[ A ])

= (manipulatiorid)[r =\"/\]), (66)
ie.,

ci,?—>)\”c;~:7n

SN G l=aNeR.(67)

This really corresponds to the fact that two number-phase
measurements are made for the number-state teleportation

with the number-phase Bell states, as described in [[B¢f.
We can also make some manipulations by using(the

number shift with truncation. By choosir@:N (AN=0)

in the (¢), i.e.,r=1 in the(d), we obtain the quantum scis-

sors[8-10],

(ch, ... clem, .. )—(cl, ... cno0,...). (69
The success probability is estimated with EG$) and (62)
as

p(N)?

P(scissordN) ~ ——.
( ) e(N+1)%

(69

Furthermore, by using théc) number shift twice with
(N,N)=(N,—N;,N,) (AN=N;=0) and then K,N)

The net success probability is estimated with E4$) and
(62) as

P(No—N;)?p(Ny)?

P(scissordN;,N,)~ .
( P2 @2(Ny— Ny + 1)3(Ny+1)8

(72

By choosing particularhN;=N,=N=0 in Eq.(71), we
obtain a quantum extractor as

o0

2 cpln)—|N)

n=0

(|chl#0), (73)

transmitting only the specific number-stgs). If cyj=0
incidentally, to extractN) the combined measurements with
N;=N,=N, as mentioned above, succeed with zero prob-
ability; the state|N) cannot be extracted if the input state
does not contain it. Single-photon quantum-nondemolition
detectors with linear optics and projective measurements
have been considered recenf®2]. This quantum extractor

in fact acts ad\N-photon quantum-nondemolition detector for
N=0,1,2, and so on. Theuccess probability is estimated in
Eq. (72) with N;=N,=N andp(0)=1 as

p(N)?
e?(N+1)°
The N-photon source may be obtained more efficiently in

another way from the vacuum sta@) with the EPR re-
source|N,0,1) and the measurement (,0) as

P(extractorN)~ (74)

(©[N;N=0]=]0)—|N). (75)

The success probability is estimated from Ed$) and(62)
with p(N=0)=1 as

P(N)

P(|0>—>|N>)~m-

(76)

Numerically, we haveP(|0)—|1))=7x10"2 with p(N
=1)=1 and A\=0.5 for the single-photon source, and
P(]0)—|2))=8x10"2 with p(N=2)=3/8 and\=0.7 for
the two-photon source.
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tanglement witth =1 in Eq.(2) but is finite dimensional, as

|¢//in> —p—ﬁ used for the teleportation in generic Hilbert spafEs
(@ L N
................... ( d) A=1,N)= n)in
A=1N)=—=— go [m)n)
0)|0)+ - - - +|N)|N
_[0)[0)+- - +IN)IN) 79
VN+1
The success probability is estimated from Edsl) and(58)
Vo) with r=\"/\"=1/x andcM=(1—\2)L2\";
|Reversal| )
P(N)

_ _ 2 "2 r2yy 2N
FIG. 4. A chain of the elements to realize the reversal of photon PIN=1.N))= (N+1)2 (A=A A=A A=AN
number-states, as described in E64). The circles and triangles (80)
represent the squeezed vacuum states and Bell measurements, re-
spectively. The manipulation® and(d) are indicated with dotted Numerically, we have P(]A=1,N= 1))=1x 1072 for
boxes. It is also seen that tii) is composed of the twéa)'s, as  (|0)|0)+|1)|1))/2 and P(|A=1,N=2))=2x10"* for
described in Eq(66) (|0)|0)+|1)|1)+]2)|2))/\/3, respectively, with x=0.7,

, . . N'=0.49,\"=0.7, andp(N=2)=23/8. More generally, by
We can even perform the differentiation of polynomials applying scissor§71) we obtain

by combining reversal(64), the (b) reversal+ derivative,

and the(c) number shift withAN=1(N=N-1): 1 N. No) = [N1)[Ng)+ - - +[N2)[Ny) 81
[IN=1,N1,Ny) . (8)
_ ‘ V(N,—Np)+1
c'n”—>c"~3_n(0<n$N) ) _
_ Furthermore, we can make the manipulations as
—(N+\"c_ 5, (0=n=N) IN)—|NYNY—|N—AN)|N). (82)
—>(n+1))\“ci,§‘+1(0snsN=N—l), (77 It should be mentioned here that an interesting scheme
has been proposed recently for multimode operations on
ie., number-states which are implemented conditionally with lin-

ear optical operations and zero-one-photon detecfi@Bls It
N df Nt will be relevant to the present investigation for teleportation-
f(A)=> ¢M"~-—=> ¢" (n+1)\". (78 based manipulations. While we have used specific EPR re-
n=0 dr %o sources so far, we may prepare on demand the EPR resources
as templates for certain manipulations. For example, if we
These teleportation-based manipulations as examined gsrepare théN-photon EPR resourdél,d) )

() with dy, =Ofor
far are in fact built up by connecting the EPR resources angmy one component =N, in d, we obtain the quantum

Bell measurements. For example, a chain of the elements .o ¢ IN,) state. In this way, we can make various manipu-

realize the reversal of photon number-states, is shown in Fig,inng of number-states via teleportation with number-sum
4, as described in Eq64). The circles and triangles repre- measurement.

sent the squeezed vacuum states and Bell measurements, re-
spectively. The manipulation®) and (d) are indicated with
dotted boxes. It is also seen that g is composed of the V. SUMMARY
two (a)'s, as described in Eq66). The photon-subtracted | summary, we have investigated the number-state ma-
EPR resource in Eq(3) for the manipulation(b) is also  pjpulation based on teleportation with number-sum measure-
obtained in these diagrams by attaching a beam splitter andiient. In the present scheme, squeezed vacuum states with
single-photon detector to each mode of a squeezed vacuuRymber difference 0 are used as primary entanglement re-
state[11]. In this way, these manipulations form a semigroupsource, while single-photon sources are not required. The
as chains of the EPR resources and Bell measurements. Tbﬁ)jective measurement of the Bell state with certain
inverse, however, does not exist for any of them, since th@umber-sum and phase difference 0 is adopted specifically as
number-state is truncated by the number-ddmof the Bell ~ the number-sum measurement, which may be done with lin-
measurement. ear optical elements, i.e., beam splitters, phase shifters, and
The number-state manipulations may also be applied taero-one-photon detectors. The number-phase Bell states as
the multimode states. It is interesting that the truncated buN-photon EPR resource are really generated from a pair of
ideally squeezed vacuum state is obtained by performing thequeezed vacuum states by the number-sum measurement.
(d) scaling ofr =1/\ on the one mode df\) so as to cancel Some basic manipulations are obtained via teleportation with
the squeezing parameter<l. It achieves maximal en- these EPR resources and the number-sum Bell measurement.
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Then, by combining these basic tools we can perform vari- ACKNOWLEDGMENT

ous manipulations of number-states. The desired generation

of these EPR resources as well as the number-sum measure-The authors would like to thank M. Senami for valuable
ment will be realized experimentally with linear optics. discussions.
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