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Contextual realization of the universal quantum cloning machine and of the universaNOT gate
by quantume-injected optical parametric amplification
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A simultaneous, contextual experimental demonstration of the two processksiofg an input qubit V)
and offlipping it into the orthogonal qubit¥) is reported. The adopted experimental apparatus, a quantum-
injected optical parametric amplifier is transformed simultaneously into a universal optimal quantum cloning
machine and into a universabT quantum-information gate. The two processes, indeediddenin their
exactform for fundamental quantum limitations, were found touwegversaland optimal i.e., the measured
fidelity of both processeE <1 was found close to the limit values evaluated by quantum theory. A contextual
theoretical and experimental investigation of these processes, which may represent the basic difference
between the classical and the quantum worlds, can reveal in a unifying manner the detailed structure of
guantum information. It may also enlighten the yet little explored interconnections of fundamental axiomatic
properties within the deep structure of quantum mechanics.
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I. INTRODUCTION the Bloch sphere, as shown in Fig. 1. Precisely, ghase-
conjugationoperatorK is responsible for antiunitarity since
Classical information is represented bigs which can be  K|¥)=|¥*), the complex conjugate ¢f') [10].

either 0 or 1. Quantum information is representeddonan- In spite of the fact that some quantum-mechanical trans-

tum bits or “qubits,” which are two-dimensional quantum formations on unknown states of qubits cannot be performed

systems. A qubit, unlike a classical bit can exist in a statgPerfectly, one still may ask what are the best possible ap-

|W) that is a superposition of two orthogonal basis state®roximations of these maps within the given structure of

(U110, e, |‘P>=a|T>+,~3|l>- The fact that qubits can quantum theory, which inear and where all maps are CP

Sl . ) ) . maps[1,11]. Namely, in the present context, what is the
exist in these superposition states gives quantum |nf0rmat|.0{i1maI universal cloning and theptimal universalnoT (U-

unusual properties. Specifically, information encgded n OT) gate. Theuniversality condition is required to ensure
quantum system has to obey rules of quantum physics whic,a; 4 unknowninputs states, i.e., all points on the Bloch

impqse strict_ bounds on possible ma_nipulations with quangphere, are transformed with the sameantum efficiency
tum information. The common denominator of these bound§QE), viz, fidelity. Investigation of these universal optimal

is that all quantum-mechanical transformations have to be
represented bgompletely positivéCP) maps[1], which in

turn impose a constraint on the fidelity of quantum-
mechanical measurements. That is, an unknown state of a
qubit cannot be precisely determin@x reconstructedfrom

a measurement performed on a finite ensemble of identically
prepared qubit§2—4]. In particular, the mean fidelity of the
best possibl¢optimal) state estimation strategy based on the
measurement oN identically prepared qubits i$=(N
+1)/(N+2). One of the obvious consequences of this
bound on the fidelity of estimation is that unknown states of
guantum systems cannot be cloned, i.e., copied perfgglly
namely, the perfect cloning map of the fornlf )= |¥)| V)

is not permitted by the rules of quantum mechanics. Cer-
tainly if this would be possible, then one would be able to
violate the bound on the fidelity of estimation. Moreover, this
possibility would trigger more dramatic changes in the
present picture of the physical world, e.g., it would be pos-
sible to utilize quantum nonlocality for superluminal signal-
ing [6—8]. Another map which cannot be performed per-

fectly on anunknownstate of a qubit is thepin flip or the FIG. 1. (Color onling Bloch sphere, the state space of a quan-
universal NOT, i.e., the operatiofW¥)=|¥"'), where the ym pit (qubit). Pure statesare represented by points on the sphere
state| W) is orthogonal to the origingi¥) [3,9]. Spin flip-  while statistical mixturesare points inside the sphere. The
ping is indeed anantiunitary, i.e., time-reversal ma@l  universalnoT gate operation corresponds to the inversion of the
=ioyK which realizes for any input qubit theversionover  sphere, i.e., statd®) and|¥") are antipodes.
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transformations, which are also calleshiversal quantum
machineg12], is extremely important since it reveals bounds
on optimal manipulations with quantum information. Conse-
quently, in recent years theoretical investigation on the uni- yv
versal optimal quantum cloning machifigOQCM), and on

the universaiNoT gate has been very thorough. In spite of all
the success in the theoretical analysis of the bounds on opti-
mal manipulations with individual qubits, it is extremely dif-
ficult to realize experimentally universal quantum machines.
In the domain of quantum optics, this is possible by associ-
ating a cloning machine with a photon amplification process,
e.g., involving inverted atoms in a laser amplifier or a non-
linear (NL) medium in aquantum-injected optical paramet-
ric amplifier (QIOPA) [13]. This can be done in virtue of the
existing isomorphism between any logic state of a qubit and _ o
the polarization state of the photon. In the case of the mode FIG: 2. (Color onling Schematic diagram of thguantum-
nondegenerate QIOPRL3] it is generally supposed that |nj§ctedoptlpql pa}rametrlc ampllfle(lQIOPA) in entangled configu-
photons, prepared identically in an arbitrary quantum stat&tion- The injection is provided by an external spontaneous para-
(qubit) | W) of polarization (a7) are injected into the ampli- metric down conversion sourcéSPDQ of polarization @)

fier on the input modek;. The amplifier then generates on entangled photon states.

the same output “cloning{C) modeM >N copies, or clones
of the input qubit/¥). Correspondingly, the OPA amplifier
generates on the output “anticloningAC) mode, M —N
stateg ¥*), thus realizing a quantumoT gate.

noncollinear configuration. In these conditions the overall
amplification taking place over the coupled electromagnetic
(e.m) modesk; (j=1,2) is contributed by two equal and
The work is organized as follows. In Sec. Il the generalgdgpendenparlarpztnc _?mpltmersf: Opﬁt‘. and OPAA t'm-l
theory of quantum-injected amplification is reviewed with ucing uncorrelated unitary transformations, respectively, on

emphasis on the dynamical conditions apt to ensure, in th0 couples of (time) t-dependent field operatora(t)
present context, thaniversalityproperty of the device, i.e., =an(t),a(t)=a,,(t) and aj(t)=ay,(t),as(t)=asm(t)
implying equal quantum efficiencies fany arbitrary input  acting on the output moddg(j=1,2) along the horizontal
ar state. Furthermore, the multiparticle superposition §@mte (H) and vertical(V) directions in thew plane. The interac-
Schralinger cat(S caj statd of the amplified field on modes tion Hamiltonian may be expressed in the general form:
C and AC will be investigated. In Sec. Ill the achievement of

the universality property will be tested experimentally by H,=ifixy[A—e®A’']+H.c., 1)
injection of a “classical,” Glaubecoherentfield. Details of
the overall experiment will be given in this section. In Sec.
IV the theory of theoptimal cloning process andoT gate

will be outlined in a unitary and consistent fashion for the i . L
N=1M=2 case and applied to the QIOPA scheme operatNL coupling termy. The dynamics of OPA and OPAA is

ing in a m-entanglectonfiguratior{13]. In Sec. V the experi- €*Pressed correspondingly by the mutually commuting uni-
mental demonstration for both optimal processes are rdary squeeze oper%tor’é:A(t)=eX|:[—g(AT—A)] and U/ (t)
ported, the values of the corresponding “fidelity” are =exgg(e '?A't-é®A")] implying the following Bogoliubov
evaluated, and are found in good agreement with the thedransformation$13]:

retical oneq4,13]. For the sake of completeness, in Sec. V

whereA=a,(t)a,(t), A’=a}(t)a,(t), andg=xt is a real
number expressing the amplification gain proportional to the

the universalityof the_QIQPA apparatus Will be tested z_igain a,(1) c s|[a éi(t) c 3 g‘i
under thequantum injectiorof a single qubit. In conclusion, R = I H =|_ ol
Sec. VI will be devoted to a theoretical discussion over the [a,(1)"] [S Cllaj| |ast)T] [S* C||a}
inner connections existing between the two basic quantum- 2
information processes, here investigated contextually by the
sameoverall dynamical process. where C=cosh(j), S=sinh@), S=€S, I=S/C, T'=¢T, ¢
=—e'® and® is an externally adjustabliatrinsic phase
Il. QUANTUM-INJECTED OPTICAL PARAMETRIC existing between thd andA" OPA devices. These transfor-
AMPLIEIER mations imply the time invariance of the interaction Hamil-
n th work th meinf i - tonian and of the field commutors, i.eH,(t)=H,(0),
n the present work the quantum-information carrigys- - - A a NP AR,
g K [a0.am1=[a.a1=8;,  [&/(1).4"(1)]=[a 4]

bits) are assumed to represent states of polarizatfn &nd N o - A
QE is expressed by the OPA parametric “gaig” Let us = 9 [&(1),a;(1)]=0 beingi,j=1,2 anda; ;=a; ;(0),
investigate theoretically the dynamics of the QIOPA apparaa; ;=a; ;(0) the input fields at the initial tim&=0, i.e.,
tus, making reference to Fig. 2 and to REf3]. The active  before the OPA interaction. The evolution in the Sclinger
element of the device is a type-Il NL crystal slab operating inpicture of the state acted upon by the OPA system is deter-
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mined by the overall operatdd =U,® U, expressed in
terms of the operators evaluatedt&tO,

Ua=exdg(o,+0)], Up=exdg(ol+ol)], (3)

by adopting the definitionse,=—A", o_=A, o,=(1
FATA FAlA)=(1 47,40y, ol=—eAT & —e* A,
and o,=(1+n}+n3). In virtue of Eq. (2) the following
commutation properties for the sets of thend o’ pseudo-
spin operators holdo, ,0_]=0,, [0,,0.]=*+20. and
[0} ,0 ]=0,, [o},04]=*20L, [0-,0%]=[0-,0}]
=0. By further adopting the definitionsor,=2"Y4o .
+io_), o,=2"Y4 o —io_), the following relevant com-
mutors: [oy,0y]=—io,, [oy,0y]=—i0, are recognized
as those belonging to the symmetry group(8W) [14]. The

output field may be expressed, in virtue of an appropriate

“operator disentangling theorem” in the following form
[13,15:

|W)={expI'(c,+ 0o )exg —InC(o,+0o2)]
xexpl'(o_+ o’ )} W)y 4

Take as input state into the QIOPA system the geropiblt
|WY = (a|P)L+BlP)E), |a|?+|BI?=1, defined in the
(2% 2)-dimensional Hilbert space of polarizatiomson the
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two interacting modek; and k, with basis vectordW )i},
=11)1110)1,/0)24/0)2,=11,0,0,0, |¥){=[0,1,0,0. Here

the general product statgx),,®|y)1,®|2),n®[t),, has
been, and shall be henceforth, expressed by the shorthand
IX,y,z,t). In virtue of the generainformation preserving
property of any NL transformation of parametric type, the
output state is again expressed bynmssive qubit|¥)
=(a|V)*+B|¥)F) [16]. This (pure state is indeed a
Schralinger-cat state implying the quantum superposition of
the orthonormal multiparticle stat¢$3]:

[W)ye=C3 X (=D)eVi+1fi+1j,ji);
i,j=0

ihj=

[W)P=C2 F (-D) i+ +Li0). (6
1,]=

Consider the density operatpe= |V )(¥| and its reductions
over thesr-vectorspaces relative to the spatial modgsand

Ky: p1=Tryp; po=Trip. These ones may be expanded as a
weighted superpositions gixX p matrices of ordemp=(n
+2), the relative weighf'?=tanl?g of each two successive
matrices being determined by the parametric gBf=0 for
g=0 and approaches asymptotically the unit value for large
g. In turn, thepXp matrices may be expressed as sum of
2X 2 matrices as shown by the following expressions:

- " Bl2(n—i+1)  a*BJ(i+1)(n—i+1)
:C76 an s N 6
. “ZO Xzo LBW(iH)(n—iH) |a|?(i+1) ©
written in terms of the Fock basigti),n/n—i+1)4,,|i +1)1,/n—i);,}. Correspondingly,
pzchei anxnﬂ{ ~|?|2(n—i-'i-1) | E*E*E‘i( n.—i+1)i -
n=0 i=0 | eaB* J(n—i+1)i |a|2|

in terms of the Fock basis{|n—i),p|i)s,,[n—i+ 1)y
—1),,}. Interestingly enough, the valueof the sum indices
appearing in Eqs(6) and (7) coincides with thenumberof

W{«a, B} demonstrated by these calculations shows explicitly
the overall quantum character of our multiparticle, injected
amplification scheme.

photon pairs generated by the QIOPA amplification. Note Universality A necessary common property of the QIOPA

that all the 2<2 matrices in Eqs(6) and (7) and thepX p
matrices resulting from their sums over thimdex are non-

system in the context of the present work islitsiversality
(U), i.e., implying thesameQE of the amplifying apparatus

diagonal, as implied by the quantum superposition propertjor any input, unknown qubit; that is, for a qubit spanning

of any Schrdinger-cat state. Note also that the OR&insic
phase® only affects the AC, i.e., the mode.

the entire Bloch sphere. In our experiment the qubits are
assumed to represent states of polarizatioh, (@s said, and

A very powerful tool to inspect at a deeper level the QE iS expressed by the QIOPA paramegiin g We shall

Schralinger-cat condition is the Wigner functioh{«, 8} of

the output field for the QIOPA apparatus shown in Fig. 2

There{a,B}=(aj, af , Bj, B}) are the complex, eight-

dimensional phase-space variables expressing the over
QIOPA output field. A thorough analysis leading to an exact,

closed form evaluation o\V{«, 8} was indeed carried out in

find that universality implies an important symmetry prop-
erty, namely, the invariance of the coupling Hamiltonkéy;

‘under simultaneousgeneral SU(2) transformations on the
aplarizationrr on the spatial models; (j=1,2) [13,18. As-

sume that under a simultaneous general rotaRarf 7 on
both modes; , the field se{a;,a/} is changed into the set

Refs. [13,17. As expected, the nondefinite positivity of {éRj,éﬁj} (j=1,2). A generalR(¥9,¢) transformation, ex-
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pressed in terms of complex parameters for whjeh? L
+]¢|?=1, relates the two field sets as follows:
D’,
éRl ot él B v 4 c::ll . A=795nm
) Lat] L o)
L - L1 L R=0.98
s |SHG | e
o o o ‘ ‘ A=397.5nm  kp N
! ! !
ARa| _ o &2 v ~v Typen
. |=R R=| _w gx |2 (8 .
L ARr2] L 82 ¢ @2
) Ti:sapphire laser
It can be easily checked that E(.) can be re-expressed Coherent MIRA
in terms of the new field set into the invariant fortix,
=ifx[Ar—Ag]+H.c., whereAg=ag;ar,, Ag=ag;ar;, FIG. 3. (Color online Injection apparatus of attenuated coherent

only by setting the OPAntrinsic phase® =0, i.e.,e=—1.  optical pulses into a QIOPA to demonstrate the universality of the
Interestingly, note that the same dynamical conditios O parametric amplification.

implies the well-known SU(2) invariance of theentangled

“singlet states” generated by spontaneous parametric downtion would imply the exact knowledge of the number of the
conversion(SPDQ, that is, by the OPA when it is nguan-  generated pairs. However, the corresponding realization is
tum injected(or, when it is only “injected” by thevacuum  physically unreasonable in the present case as the number of
field on both input modes;). photons associated with any uv pump pulse=i$0%.

Since, in general the inpid=1 qubits injected into the
amplifier are quantum superpositions ef states, the dy-
namical condition® =0 finally implies theuniversality of
the overall cloning and universalT transformations. For As already remarked, theniversality condition implies

the sake of clearness in the future discussions, we find CON%r the OPA amplifier the S(2) invariance ofd: . when the
. . . . . . n
venient to recast the invariant Hamiltonian With=0, inthe  ga4ia| orientation of the OPA crystal makes it available for

Ill. TEST OF THE “UNIVERSALITY” CONDITION

following form: SPDC creation of two-photon entanglsihglet states. In-
N . ~ A~ A deed the universality condition in amplifying physical de-
Hine=ifix(azbr —az br)+H.c., 9 vices is quite a peculiar property that can only be realized by

- . a very small number of arrangements set in very special con-
wherea andb are the overall field operators acting, respec-ditions[20]. Luckily enough, the QIOPA apparatus has been
tively, on the output modek,; andk,. For reasons that will  found to possess this property. In fact, the OPA application
become clear in the following sections these modes are reepresents the first actual realization of the universality con-
ferred to as the C and the AC modes, respectively. Furtheition for = qubits[9,13,21. In spite of the “microscopic”
more, sinceg= xt is independent of anynknownpolariza-  quantum theoretical approach adopted in the preceding sec-
tion state of the injected field, we have denoted the creatiofion theory, we should note that in the present context the
a’, b™ and annihilatiora, b operators of a single photon in universality property is indeed a “macroscopic” classical
modesk; , k, with subscriptsr or 7+ to indicate the invari- feature of the OPA device. Thus it can be tested equally well
ance of the process with respect to the polarization states @fither by injection of a quasiclassical, e.g., caherent
the input particles. Of course, the &) transformation for (Glaubey field, or by injection of a quantum state, e.g., a
the fieldsa is again expressed as follows: Fock state. Because of the relevance of the universality prop-

erty, we shall undertake the experimental demonstration in

ag a 9 S both ways. The classical test will be described in the present
=R LT R=[ . IR i (10)  section while analogous tests carried out by single-photon
aRrm1 anl - la,, Fock states will be reported later in the paper. In order to do

that, let us first venture into a detailed description of the
and |19|2+A| {|’=1. The sameR transformation is valid for ~excitation laser and of the QIOPA apparatus adopted
the fieldsb. The polarization conditionsr and 7 will be  throughout the present work, Fig. 3.
expressed, respectively, by the field state vectdrs and Apparatus The main source of all experiments reported
|+) on the C and AC output modes of the apparatus. As &y this work was a Ti:sapphire mode-locked pulsed laser
final remark, note that the analysis expressed by the presefffoherent MIRA, providing by second-harmonic generation
section implies the classical, undepleted, coherent field hyt(SHG), the pump field for the quantum-injected optical para-
pothesis for the ultraviolefuv) pump field of the parametric metric amplifier QIOPA associated with the spatial mode
process. A more complete Manley-Rowe theory includinghaving wave vectok, and wavelength\ ,=397.5 nm, i.e.,
the uv “pump” depletion could be undertaken in the presentin the uv range of the spectrum. The average uv power was
context[19]. It is expected to preserve the quantum charactef.25 W, the pulse repetition rate was 76 MHz, and the time
of the interaction and lead to interesting results, e.g., a mealuration of each uv pulse was=140 fs. The OPA active
surement of the number of pump photons lost in the interacelement [consisting of a 1.5-mm-thick NL crystal of
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B-barium borat€BBO) cut for type-ll phase matchifjgvas  sponding to a suitable optical retardation, equahk{@2 and

able to generate, by SPDGs-entangledpairs of photons. \/4 between the two orthogonal basis states, i.e., H and V.

Precisely, the OPAntrinsic phasewas set as to generate by The OPA amplified output states were detected by an appa-

SPDC, “singlet” entangled states on the output opticalratus inserted on modk, and consisting of the set (WP

modes:®=0. The photons of each pair were emitted with + 7+ analyzey, the last device being provided by the polar-

equal wavelengtha. =795 nm over two spatial modds; izing beam splitter PBS

andk, making an internal angte8°. In all experiments the The universality condition is demonstrated by the plots of

time t optical walk-off effects due to the birefringence of the Fig. 4 showing the amplification pulses detectedby on

NL crystal were compensated by inserting in the mokles the OPA output(AC) modek,. Each plot corresponds to a

andk; fixed X-cut, 4.8-mm-thick quartz plates. All adopted gefinite state of polarization#) of the field injected on

photodetector®, butD; (Fig. 3), were equal SPCM-AQR14  modek, : [cos@?2)|H)+exp(¢)sin(6/2)|V)]. Precisely, the

Si-avalanche nonlinear single-photon units with nearly equabolarization was set to be either line@hat is, 0= /2,7 ¢

QE’'s=0.55. One interference filter with bandwidth\ =0) or circular(that is, 6= 7/2;p=— =/2), or very gener-

=6 nm was placed in front of each detecor Only the  ga|ly elliptical: =57/18,¢= — 7/2. We may check in Fig. 4

detectorD, was a linear Si photodiode SGD100. Polarizingthat, in spite of the quite different injected states, the ampli-

beam splitter§PBS in Figs. 3 and 5 were adopted as mea-fication curves are almost identical. Each coherent pulse in-

surement devices providing the polarization analysis. jected on the modk, was amplified into an average photon
Universality test by classical field injectioifhe univer-  numberM’=5x10° on the output modé,.

sality test was carried out by injection of the strongly attenu-

ated laser beam, with wavelength= 795 nm contributed via IV. UNIVERSAL OPTIMAL QUANTUM CLONING

a beam splitter by the main mode-locked source and directed MACHINE AND UNIVERSAL- NOT GATE

along the OPA injection mod&,, Fig. 3. The parametric

amplification with gaing=0.11 was detected at the OPA  The first mac;hine w.hich has been investigated_ theoreti-

output modek, by the linear Si photodiode SGD10D}), cally was theoptlr_nal un_wersal_quantum clonaf qubits. In

filtered by an interference filter with bandwidtwn =3 nm.  the simple case investigated in the present work, namely, of

The temporal overlap in the NL crystal of the pump and of¢loning N=1 input into M =2 outputqubits the action of

the “injection” pulses was assured by micrometric displace_the _cloner can be described by a simple covariant transfor-

ments Z of a two-mirror “optical trombone.” The pulse Mation[22]

shapes reported as functionofin Fig. 4, as well as in Figs. L
6 and 7, are indeed thgignature for actual amplificatign () el ac= V213 W) W) 9 )ac
i.e., arising from the effective time and space overlap in the _ \/EH\I,’\PL}H\P)AC’ (11)

NL crystal of the uv pump pulse and of the optical pulses

with A =795 nm injected into the OPA. Different statesof ~ where the firstunknown state vector in the left-hand side of
the injected field, formally expressed also as insets of Figs. 4£q. (11) corresponds to the system to be cloned, the second
6, and 7, were prepared by a single wave plate; \Wébrre-  state vector describes the system on which the information is
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going to be copied“blank” qubit), represented by the C polarization statesr corresponds to the stal@W¥). This
channel, the modk;, while the third state vector represents state-vector describes the—I2 cloning of the original in-

the cloner. The statg¥) is the antipodeof [W) on the jected photon. The vectd0, 1), describes the state of the
Bloch sphere. In the present work the cloner is a qubit, 8S3icioningmodek, with a single photon with the polariza-
sociated with the AC channel. The blank qubit and the c:Ione{iOn * corresponding to the staf@*)c. This state vector
are initially in the known stat¢|). At the output of the  ohesants thélipped version of the input. To see that the
cloner we find two qubitéthe original and the copyin the  g4imjated emission is indeed responsible for creation of the
state p—l2/3‘}1f>|\1f)<\lf|<\lf| +13{¥, v H{{w, v, flipped qubit, let us compare the result above with the output
where |{W,W"}) is the completely symmetric state of tWo of the OPA when the vacuum is injected into the nonlinear

qubits. The density operatqr describes the best possible qryqia) je., the SPDC process. In this case, we obtain to the
approximation of the perfect cloning process, i.e., the state;me order of approximation:

| )| W). The fidelity of this transformation does not depend

on the state of the input and reaBls= Tr(p;ny,)/Tr(piN;) .

=5/6~0.833. The cloner itself after the cloning transforma- U|O'O*O’Q%|O'O*O’Qk1_r(|1’o>k1®|o’1>k2
tion is in the statepac=1/3 W) (¥*|+1/3x1, wherel is B

the unity operator. This last density operator is the best pos- |O’1>k1®|1'0>k2)' (13
sible approximation of the action of the spin-flipniversal-

NOT) operation permitted by the quantum mechanics. As Weye see that the flipped qubit described by the state vector
shall see in the following sections, fof=1 input states the |0,1>k2 in the right-hand sides of Eq$12) and (13) does

fidelity . of the AunlversaNOT transformation is F* appear with different amplitudes corresponding to the ratio
=Tr(pan,, )/ Tr(pany) =2/3~0.666 and is equal to the fidel- f the probabilities to be equal ®®=2:1. Ourexperiment,

ity of estimation[4]. The universal quantum machine has which deals with the injection dfl=1 photon, indeed con-
been subsequently generalized for the case of multiqubit insjsts of the measurement Bf as we shall see. According to
puts, when the machine takes as an inNtt1 identically  the analysis reported in Sec. Il, the cloning and the universal-
prepared qubits and generates either-N clones or other- - nerations are not altered by the multiplicatiorfhfby

wise transformed .qu Its. . any overall phase factor.
We may establish a close connection of the above results As anticipated in Sec. I, it is well known that a method for

for cloning with the adoptediniversal QIOPA system, by flipping qubits alternative to the present universalf gate

ponsm_jenng, for Instance, _the 5'”."“'6 case of a Ilnearly pOIarE:onsists of manufacturing the orthogonal qubits on the basis
ized smgle' photon N=.1 |njected Into the OPA on th? INPUL ¢ the result of the measurement on the input qubits. The
modek, with H polarization,w=h. In virtue of theuniver- fidelity F* of the two alternative methods is indeed the same

sality this very particular _injection conqli_tion indeed ex- 3,4]. However, in the universatoT gate the information
presses the general behavior of the amplifier. By the analys ncoded in the input qubit is not lost in the irreversible state

| W) =U[|¥)in=U]1)14]0)1,|0>24|0)2,=U|1,0,0,0. This into several qubits at the output. Since this information re-
last expression implies one photon on the ingyt mode  distribution is governed by a unitary transformation, the pro-
with w=h and zero photons on the three other input modegess is in principle reversible, which is definitely not true in
Kiy, Kan, Kz, . Let us adopt the isomorphisn¥)||)  the case of measurement-based flipping operation. We also
=|1)1n[0)1,,  [¥H1)=[0)1/1);, and [{¥,¥'})  want to stress that, to the best of our knowledge, the recent
=[1)1n|1)1, ; we shall find that the output state of the OPA universalNoT experiment reported by us in R¢f] and the
amplifier, |¥),,, expressed by Eq5) is identical, in the present one are the first systematic attempts to realize a uni-
first order of the small parametdt, to the output of the tary approximation to arantiunitary operation on a sub-
cloner transformation expressed by Efjl). Indeed, the in-  space. Note that the possibility of realizing any antiunitary

put mode|1,0,0,0 evolves into the first order state: operation enables one to realiak of themby multiplication
R with unitaries. Obviously, the fidelity of the gate is strictly
U|1,0,0,()~|1,0,0,()—1"(\/§|2,0)k1<§§>|0,1>i<2 determined by the structure, i.e., rules, of quantum mechan-
ics, as shown. This stresses the fundamental importance to
—[1.D,®[1.04,), (120 understand the action of the universaiT gate in view of a

clarification of the structure of quantum mechanics in con-
where for clarity we setx,y)ka|x>jh®|y>jv andj=1,2. nection with the CP-map topology, as we shall EEe
The approximation for the state vector describing the kyo A more general analysis can be undertaken by extending
modes at time¢>0 is sufficient in all cases in which the the isomorphism discussed above to a larger number of input
coupling value is small, as in our experimegt-0.11. The and output particles\ andM. In tf}is case too it is found that
two addenda at the right-hand side of E2) represent, the QIOPA amplification procedd,,: in each order of the
respectively, the process where the input photon in the moddecomposition into the parametér corresponds to théN
k, did not interact in the nonlinear medium, followed by the —M cloning process. Precisely, in this cage=N output
first-order amplification process in the OPA. Here the statgarticles are detected over the output C mdde Corre-
|2,O>k1 describing two photons of thdoningmodek, in the  spondingly,M — N particles are detected over the output AC
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mode k,. Indeed, theoptimum cloningoutput state deter-
mined by the theory of thquantum-injectedPA is found,

M—N
[ru= X (=1)"PY(m)|M—m,mm,M—N-m),

(14

where PN (m)=[(M~™/(N1)]1¥2 By a simple rearrange-
ment of the Fock state degeneracies, Egl) is found to
agree exactly with the general expression of the output state
of the QIOPA given by Eq(5) [13,18. In this general case
optimal cloning fidelityis found [23,24, F=(NM+M
+N)/(MN+2M). For N=1, M=2 is F=5/6~0.833. It
appears clear from the above analysis that the effect of the | p D,
input vacuum fieldwhich is necessarilyinjected in anyuni-
versal optical amplifier, is indeed responsible to reduce the
fidelity of the_ qua_nt_um machines at hand. Mo_re generally,mal cloning machindUOQCM) realized on the cloningC) chan-
the.vacuum field is in exact correspondence Wlth,. and mgqjiel (mode k;) of a self-injectedOPA and of the universaloT

be interpreted as, the amount of quantum fluctuations whicly,jyersainot) gate realized on the anticlonin@C) channelk,.
determines the upper bounds to ftaglity determined by the  vicrometric adjustments of the coordinaZeof the uv mirrorM,
very CP-map structure of quantum mechanics. ensured the time superposition in the active NL crystal of the uv

At last note that, luckily enough, the QIOPA apparatus is140-fsec pump pulses and of the single-photon pulse injected via
found to be an ideal system to demonstrate, in a peculiasackreflection by the fixed mirrdv.
unifying manner, the relevant features of the most interesting
machines investigated thus far, the UOQCM and the.. . N
universalNOT gate. The present work also establishes an in—C'ted thg NL OPA crystgl ampl|.f|er in both d|rect|or1_skp
teresting connection between the technieagineeringof ~ &1dKp. 1-€., correspondingly oriented towards the rigR
parametric amplifiers and the abstract quantum measuremed the Ieft(L) sides of the figure. A SPDC process excited
theory. Interestingly, an alternative scheme should be offereBY the —kp pump mode created single pairs of photons with

by the “Faraday mirror” that supposedly performs the action€du@l wave lengths =795 nm in entangled singlet states of
of returning the orthogonal polarization to any given input“”ear polarizationgr. One photon. of eaqh pair, emitted over
m-encoded qubif10]. —k,, was reflected by a spherical mirrdfd into the NL

However, very important, we should consider that associ€Tystal where it provided thél=1 quantum injectioninto
ating acloning process with aarticle amplificationprocess ~ the OPA excited by the uv-pump beam associated with the

is conceptuallyincorrect [18]. The point is that in QEDN ~ backreflected mode,, . Because of the low pump intensity,
photons belonging to theamee.m. mode cannot be properly the probability of the unwantetl=2 photon injection has
associated withN spin particles because they actually are been evaluated to be 18 smaller than the one foN=1.
indistinguishableobjects. This means that, within the presentThe twin SPDC generated photon emitted ovek, was
model, a cloned state say)|W)|W)|¥), is indeed repre- selected by the devicesvave plate and polarizing beam
sented by theymmetrizedock statéN), i.e., bearing in this  SPlitter: WR+PBS;), detected byDy and provided the
case theBose degeneratiorN=4. In quantum information “trigger” of the overall conditional experiment. Because of
this consists of a substantial limitation as the informationt"® EPR nonlocality implied by the SPDC emitted singlet
content of a Fock statN) is N+ 1 bits, i.e., generally a far state, the selection on modek, provided the realization on
smaller number that the valué'Zorresponding to the case Ki Of the polarization statesl'),y of the injected photon. By
of N spin< particles that can baddressedseparately with- ado_ptmg)\/? or A4 WPs Wlth different 0r|en'Fa_t|ons of the
out ambiguity. At present we do not know of aaynplifica- OEtl'/%al axis, the fOHOV"l'/gg states were injectedkt),
tion scheme realizing aeal quantum cloning process by 2 ~(|H)+[V)), and 2 {|H)+i|V)). The threefixed

adopting photons, atoms, or other information carrying parduarz platesQ inserted on the modes , k», and—k; pro-
ticles. vided the compensation for the unwanted walk-off effects

due to the birefringence of the NL crystal. An additional
walk-off compensation into the BBO crystal was provided by
the \/4 WP exchanging on the modek, the|H) and|V) o
The main laser apparatus and the basic structure of the Ntomponents of the injected photon.

parametric amplifier were already described in Sec. Ill. Fig- As we shall see, the goal of the preseiining experi-

ure 5 shows the QIOPA apparatus, arrangedself&injected ment was to measure, under injection of the stdte, the
configuration and adopted to realigenultaneouslythe UO-  OPA amplificationR on the output C mode carrying tisame
QCM and the universal optimaloT gate. The uv pump & condition corresponding of the input state. Contextually,
beam, backreflected by a spherical mirdr, with 100%  no amplification should affect the output state corresponding
reflectivity and micrometrically adjustable positiah ex-  to the polarizations- orthogonal tosr. In order to perform

FIG. 5. (Color onling Schematic diagram of theniversal opti-

V. EXPERIMENTAL UOQCM AND UNIVERSAL- NoT GATE
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FIG. 6. (Color onlineg Demonstration of the UOQCM by single . . . .
photon qubit self-injection and four-detector coincidences. The FIG. 7. (Colpr onling Demongtratlon Qf the universal optimal
plots on the Ihs and on the rhs of the figure mutually correspond’.\lo_T gate by single photon qubit self-injection and four-dete_ctor
The rhs plots correspond to “noise”. The values of the fidelity of cmr:cu?lences. The deEJI_t; OE th? tlhio?rneds Oonn(;rf) “r:;soef" tr‘ll'ieﬂ\g/lzlr-e
the proces$ evaluated by each test are expressed in the upper siggutually correspond. 1 e s piots P '

o " .
of the lhs plots while the corresponding test qubits are expressed i es of the _f|de||ty of th_e process;”, anc_i th? expression of the
ths plots. corresponding test qubits are shown as in Fig. 6.

As for all experiments reported in Figs. 4, 6, 7, the resonance
photons on the same mode detected by a single detBgtor peaks found by this last measurement identified the position

The two-cloning photons associated with the C moklg, Z of the uv retroreﬂgcting mirror for which the spatial and
were separated by means of a 50:50 conventional BS arigMPoral superposition of the uv-pump pulses and of the
their polarization states were analyzed by the combinationfécted single-photon pulses was realized. In other words
of WP, and of PB$, and PBS,,. For each injected state of f[h.e peaks |d.e.nt|f|_ed the actual realization of “"“?‘”t”m‘
polarizations| W), WP, was set in order to dete¢t) by injectedamplification of the OPA apparatus. The right-hand

detectorsD, and Dy, and to detect the state orthogonal to sid_e _(rhs) of Fig. 6_ reports the correspond*ing_ four-
|W), viz., W) by D¥ . Hence any coincidence event de- coincidence data obtained by the §Bt, ,D1,D,,D} ], i.e.,

tected byD, and Dy, corresponded to the realization of the -

implying the realization on the C mode of the stpiew),.
state| ¥ W), over the C mode, while a coincidence detected™S expected from theory, no amplification peaks are present
by D, andD§, corresponded to the stat@ ).

in this case, here referred to as “noise.” The value of the
The measurement ofR was carried out by four-

signal-to-noise ratidk determined by the data shown in the
coincidence measurements involving simultaneously the del-eft and right sides of Fig. 6 in correspondence with each
9 y injection condition| W), was adopted to determine the cor-
tectors of the sefD,,D+,D,,D,] and the one of the set . . S
% o . _responding value of the cloning fidelity F
[D2,D1,D4,Dp]. The adopted four-coincidence electronic ~ NN .
apparatus had a time resolutier 3 nsec. _Tr(plnlw)/Tr(p}nl)_(2R+_1_)/_(2R1L2) Jmpl'?d by IAEqS'
The experimental data reported in the left side of Fig. 612 and (13) with the definitionsn;=ny,+ny,, N,
correspond to the four-coincidence measurement bysafraﬁ, nllzajﬂaﬂ. Precisely, the values of the signal-
[D,,D1,D,,Dy], that is, to the emission over the C mode to-noise ratioR were determined as the ratio of the peak
of the statd W), under injection of the input state’), . values of the plots on the left-hand sidis) of Fig. 6 and of

this task, the PBSwas removed on the mode, and the
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the values of the corresponding plots on the rhs measured anhiversalNOT gate are realizecontextually by the same

the same value oZ. The results aredF;=0.812-0.007; physical apparatus, by the same unitary transformation and
Fu+yv=0.812+0.006; F.:;=0.800+0.007, to be compared correspondingly by the same quantum logic network. To the
with the theoretical “optimal” value=,,=5/6~0.833 corre- best of our knowledge it is not well understood yet why these
sponding to the limit value of the amplification ratlR  forbiddenprocesses can be so closely related. We may try to

=2:1[21,25. enlighten here at least one formal aspect of this correlation
The universaNoT gate operation has been demonstrated26].
by restoring the PBSon the AC modek, coupled to the Remind first that the two processes are detected in our

detectorsD, andD3}, via the WR, as shown in Fig. 5. The experiment over the twar-entangledoutput C and AC chan-

7 analyzer consisting of (PBS WP,) is set as to reproduce Nels, physically represented by the two corresponding wave
the samefiltering action of the analyzer (PBS WP;) for ~ vectorsk; (j=1,2). In addition, the overall output vector
the trigger signal. On the C channél, the devices PBG  State|¥) given by Eq.(5) is apure statesince theunitary

and PBS, were removed and the field was simply coupledevolution operatotU=U,®U,, [Eq. (3)] acts on apure

by thenormalbeam splitter Bgto the detector®, andD,, . input state. As a consequence, the reduced density matrices
A coincidence event involving these ones was sflgnature  p; andp, have the same eigenvalufgsl] and the entangle-
for a cloning event. The values of the signal-to-noise ratio ment of thebipartite state| ') can be conveniently measured
R* evaluated on the basis of the data of the four-coincidencey the entropy of entanglement:

experiments involving the set§D,,Dy,D,,D,] and

[D3,D+,D,,D,] and reported in Fig. 7, were adopted to E(¥)=S(p1)=S(p2), (15
determine the corresponding values of the univexsal-fi- hereS(p) _ < the Von N .

; * _ o O\ Pk (R* ST whereS(p;)= —Tr p;log,p; is the Von Neumann entropy o
gzlgy(fz) 'I;rl(gzn:n)éTr[](pjr%Z) +|§] /(R ﬁ+ 15) E)I:%pHEdﬁ by either the JC or AC sJubsstterj(j =1,2)[26]. We may com-

D ' 272w . 2Ly T2 M . 2L ment on this result by considering first the approxinwts-
=bz b, . The results areF;=0.630:0.008; Ff,y ing process performed by owmiversal optimal machine
=0.625+0.016; F{,=0.618+0.013 to be compared with (UOQCM) acting on the C channek;. What has been ac-
the theoretical “optimal” value=* = 2/3~0.666 again corre- tually realized in the experiment was a procedure of “linear-
sponding to the limit valueR=2:1. Thefour-coincidence ization” of the cloning map which isonlinearand, as such,
method was adopted in all experiments described in this segannot be realized exactly by natrg5,6]. By this proce-
tion because it allowed a better spatial mode filtering of thedure a mixed-statecondition of the output state, was
system, leading to a larger experimental valudroA three-  achieved corresponding to tloptimal limit value of the en-
coincidence cloning experiment involving the setstropy S(p;)>0. According to Eq.(15) the samedegree of
[D,,Dy,Dp] and[D,,D+,Dy] was also carried out suc- mixedenessffectsalso the output state realized on the AC
cessfully but attaining a small amplification rati®  channel, as implied by the same limit values of the signal-
=1.18:1. An analogous result was obtained by a threeto-noise ratios,R=R*, affecting the experimental plots
coincidence universaloT gate experiment. Note also that shown in Figs. 6 and 7. Since on the AC channel an approxi-
the height of the coincidence signal in Figs. 6 and 7 does nanate CP map is realized which is generally distinct from any
decrease towards zero for large valuesZofas expected. process realized on the C channel, e.g., herelinang pro-
This effect is attributable entirely to the limited time resolu- cess, Eq.(15) appears to establish a significasgmmetry
tion of the four-coincidence apparatus. The effect would dis<conditionin the context of axiomatic quantum thedry,27].
appear if the resolution could be pushed into the subin this same context it has been noted that the transformation
picosecond range, precisely of the order of the time duratiomvestigated in the present work connecting the cloning and
of the interacting pump and injection pulses=140 fsec.  universalNOT processes also realizes contextually thi-
Such a resolution is hardly obtainable with the present techmal entanglingorocess and theniversal probabilistic quan-
nology. tum processof28].

Universality test by quantum injectioAs a concluding Note in this connection that the adoption of ttlassical
remark, note that all experimental results reported in the lefOPA apparatus within an investigation pushed at the extreme
sides of Figs. 6 and 7 show an amplification efficiency, viz.,quantum measurement limits, enlightened the conceptual sig-
a value of the signal-to-noise ratiRy which is almost iden- nificance of the quantum noise, originating in this case from
tical for the adopted differentr conditions corresponding to the QED vacuum field. We remind here that the failure of an
the input statdW),y . This very significant result represents old proposal for superluminal signaling by amplifiedEin-
the first demonstration of the “universality” of the QIOPA stein, Podolsky, Rosen scheme was attributed to the impos-
system carried out bguantum injectiorof a singlequbit. It~ sibility of realizing a single-photoideal amplifier, i.e., one
is alternative to theclassical fielduniversality test reported for which the signal-to-noise ratio would &>2 [6,20].
earlier in Sec. Ill and in Refg9,21]. For the sake of further clarification, let us analyze the
simple case of anode-degenerat®OPA amplifier in which
only two e.m. modes; andk, with the same wavelength
A =2\, interact in the NL crystal. In Ref29] this case has

A remarkable, somewhat intriguing aspect of the presenbeen realized by a type-Il BBO crystal cut faollinear
work is that both processes of quantum cloning and of themission over &inglewave vectork and the modeg; and

VI. INTERPRETATION
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k. express two orthogonal states of polarization, e.g., of lin=jzyA+H.c., Azé”éi cannot be made formally invariant
earsr. This condition is still represented by the device shownynder displacements of the injected qubit over the entire
in Fig. 2 in which the modek; andk, are made to collapse Bloch sphere, Fig. 1. Indeed, at least four nonlinearly inter-
into a singlek. In general, thejuantum injectionis still pro-  acting e.m. modes are needed to attain such invariance of the
vided there by a qubit encoded in a single photph),y  optical amplifier/squeezing Hamiltonian. All these results are
=(a|1,00+B|0,1)), where againa|?>+|B|?=1 and|x,y) fully consistent with the general theory of the “optimal
=|x)j@|y), . For the present purpose the problem may bequantum machinesf4,22]. o
simplified, with no loss of generality by assuming=1, B In summary, the present work shows once again, in a
—0. Applying the theory given in Sec. Il, we get the outputun'fymg manner, that the concepts of no signaling, i.e., cau-

state to the first order of approximation sality, linearity, and complete positivity have deep intercon-
nections within the inner structure of quantum mechanics

|\1/>%|1,o>_\/§r|2,1>, (16) [1,6,9]. We believe that the actual results, the suggestions,
and the open problems contributed by the present work could

to be compared with Eq(12). Likewise, the no-injection be useful by setting measurement bounds and fundamental
condition leads to the output stafé),~[0,00—I'|1,1), to  performance limitations in the domain of quantum informa-
be compared with Eq13). The “no-interaction” firsttermis  tion. Furthermore, they should somewhat contribute to a
easily discarded by a coincidence measurenj@@f. The clarification of some structural aspects of axiomatic quantum
second term consists of jpure state realizing botrexact theory.
cloning andqubit flippingon the output modes. This means
that any test aimed at the detection of the two proceisses
not affectedby quantum noise. However, the device works ACKNOWLEDGMENTS
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