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Input states for quantum gates
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We examine three possible implementations of nondeterministic linear optical contiolfegates with a
view to an in-principle demonstration in the near future. To this end we consider demonstrating the gates using
currently available sources, such as spontaneous parametric down conversion and coherent states, and current
detectors only able to distinguish between zero and many photons. The demonstration is possible in the
coincidence basis and the errors introduced by the nonoptimal input states and detectors are analyzed.
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[. INTRODUCTION incorporate single-photon sources and selective detectors as
they become available.

Optics is a natural candidate for implementing a variety of Typically the gates involve four photons with the qubit
quantum-information protocols. Photons make beguiling qustates encoded in the polarization state of the control and
bits: at optical frequencies the qubits are largely decoupled®rget modes andt, and thecNOT operation is implemented
from the environment and so experience little decoherencéVith the aid of some ancillary modes b, etc. We will con-
and single-qubit gates are easily realized via passive optic&ider starting with the control and target modes each in a

elements. Some protocols, notably quantum computatiorﬂe”eral superpositiofwe could also consider initially en-
also require two-qubit gates. Until recently this was regarded@ngled states though these may be more difficult experimen-

as optically infeasible, since the required nonlinear interac'-[a"y)'

tion is much greater than that available with extant materials. |¢in>ct=(Ahéﬁ+Avél)(Bth+ B,tv1)|0), )

However, it is now widely recognized that the necessary

nonlinearity can be realized nondeterministically via mea-with |A,|%+|A,|?>=|By|?>+|B,|?=1, and where/ . andt] .

surement, and that deterministic gates can be achieved We bosonic creation operators for modﬁ§) and th,l}’ ré_

combining such nondeterministic gates and teleportdign  spectively. In the interest of brevity we will use the notation
There are a number of proposals for implementing a nonabove where we write the state in terms of creation operators

deterministic controllediot (CNOT) gate with linear optics acting on the vacuum state.

and photodetectord —6]. The proposals require determinis-  The modes are first manipulated with a linear optics net-

tic, or heralded, single-photon sources andklectivedetec-  work U cyot cOmprising beam splitters, phase shifters, wave

tors that can distinguish with very high efficiency betweenplates, and polarizing beam splitters. Finally, the gate is con-

zero, one, and multiple photons. Current commercial opticatlitioned on detecting the ancillary modes in some appropri-

sources and detectors fall well short of these capabilitiesate state, leaving the state of the control and target modes as

Although there are a number of active research programi @ CNOT gate had been applied.

aimed at producing both efficient selective detecdts] The key simplification for our purposes is to detect in the

and deterministic photon sourcg8—11], nonselective ava- “(_:oincidence basis"™—where we detect the output of the an-
lanche photodiodes, spontaneous —parametric dowrgillary modes and also of the target and control modes and
conversion(SPDQ and coherent states remain the best achostselect out those events that do not simultaneously regis-

cessible laboratory options. While we could side step thi.er a {?hOtF’” tlﬂ ?” four modes. The advlanttage((aj Otf tT'S con-
single-photon source problem by using an SPDC source co Iguration 1S that now We can useonselectiveietectors,

ditioned on the detection of a photon in one arm if we had>c€ If we get a "click” on all four detectors we have ac-

selective detectors. demonstrating a four-oh T qate counted for all the photons in the system. This is a much less
: ' g P g stringent requirement on the detectors, and, in particular, can
without quantum memory would be frustratingly slow.

In thi ine th | hich all be fulfilled by existing avalanche photodiodes. We model the
n this pa}[per ;/vebexamllne r(tae dpropc(;sa ts V\t/ ICI a O\f[‘;] onselective detectors with a positive-operator-valued mea-
CNOT operalion 1o be Implemented nondestructively on the,, o poy), with the POVM elements associated with de-

control and target modes, to ascertain under what Conditiont%cting no photons or photoriene or morg simply being
it is possible to demonstrate and characterize the gates 0?1'0=|0><O| andIl,,=S%_|n)(n|, respectively.

gratlon using SPDC sources, coherent states,namdelec- The output state of a type-1 SPDC can be described as
tive detectors(detectors only able to resolve zero and mul-

tiple photong. The aim is to identify a scheme that allows a “ (athhn?
scalablecNoT implementation to be initially examined with V=M, > T|O>, 2
current sources and detectors, and into which we can easily (gje%) (n/2)!

whereM, = (1—\?) Y2 and the sum is over evarwheren
*Electronic address: alexei@physics.ug.edu.au is the number of photons in each term.
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Now suppose that our input state to the optical circuit is . n2omyn2-m o .

some initial pure statéy;,), and that after passing through Q.= > (a'bhH)m(cthym2—m, (6)

the linear optical elements we are left in the sthtgug m=0 m!(——m I

=Ucnotl ¢in)- The probability that we get a count simulta- 2

neously in modes, t, a, andb with nonselective detectors is ) , o
The control and target horizontal and vertical polarization

_ ©) o 7T or TT(8) o 77 (D) modes are then each mixed on a beam splitter so that we
P=(Woud '@ [T ® L' & Hry’| roug- ® achieve the input stat@) for those modes. P
Since we are postselecting on getting a “click” at four
tectors, then the terms with<4 will always get postse-
lected out. Similarly, the terms with>4 will get postse-
lected out if we used selective detectors, otherwise they rep-
resent error terms. In the latter case, so long,as<1 these

For the ideal case where we had single-photon inputs to thg
gate, we will label this probability aB,. We can now intro- €
duce the “single-photon visibility” as a figure of merit for
how close the gate operates to the ideal

_1fs—e 1 4 terms will be small. For the case whene=4, three input
“5lsre ) 4 terms contribute
2
where s is the product of the probability of obtaining the (4N _ stopatst, M it At2pt2
. 2 iy = + +
single-photon terms from the source, wiRh the probability i) =| healb'clt 21° t 212 0™/10). (@

of the gate functioning. The “erroré=max@—P), whereP

is the actual probability of obtaining a count on the detectorsWhile the first of these terms is equivalent to having four
The maximization is over all qubit input states to the gateinitial Fock states, the remaining two terms have the possi-
Hence, if the error totally dominates the visibility is close to bility of surviving the postselection criteria and skewing the
0, if the noise is small the visibility is close to 1. As a guide, statistics observed. Fortunately these last two terms lead to
a visibility of 0.8 corresponds to an error a quarter of the sizeputput terms, whichall get postselected out in the coinci-

of the single-photon “signal’s. dence baside.g., two photons in the control modeThis
means that with selective detectors we could in principle
II. SIMPLIEIED KNILL-LAFLAMME-MILBURN postselect out all terms that do not correspond to single-
cNOT GATE photon inputs from the output statistics. With nonselective

detectors the error terms will scale at leashdsn amplitude

In the originally proposed nondeterministisioT gate[1], (due to then>4 termg, so the figure of merit will scale with
the nonlinear sign shift elements were interferometric: thesa (taking e=\) as V~1/(1+\?) and \ is typically very
elements can be replaced by sequential beam splitters &mall.
make a simplifiedcNOT gate[2], one example of which is Now consider the situation where a SPDC supplies the
(refer to Fig. 4 of Ref[2]) two photons for the control and target modes, and weak co-
herent states are used for the ancillary modes. The input state
is then| ¢;,)=|\,a, ), wherea' andb’ will be the creation
operators for the coherent states. After rearranging the state
as a primary sum over photon number we get

~ ~ T\ A a\ A ~ ~ aa
Uskim=Brt,| 7| Be,tyl 7/ Bot,(02)Bac (02)Be v | 7

X Bthvz( 61) éthtu

n

| bin) = 2 2

T\ .
Z) Bvlcv(al)' (5) b ()\C‘rtT)plz (aaf)q (Ing)n p—q

q=o (p/2)! g (n—p—q)!

10). (8
whereB,, represents a beam splitter with the following ac-

tions:  Byy(0)aBgy(6) =acosotbsinG,  Bay(6)bB,(6) Again, terms withn<4 will get postselected out and

=asin#—bcosé, and cods is the reflectivity. The angle terms withn>4 will be weak error terms. The extra freedom
choices for the gate are given =cosJ/5—32 and  from two independent coherent states means that now there
0,=cos 1/(3—/2)/7; c and t are the control and target will be nine terms witm=4 and only one of these is equiva-
modes and, b, v4, andv, are independent ancillary modes. lent to using single-photon inputs.
The gate is conditioned on detecting a single-photon in the Postselection removes the terms that arise from a coherent
modesa and b and detecting no photons in the modes state in one of the modes supplyidl four photons. By
andv,. setting B=i«a the two terms where a single coherent state
Consider the case where both the control, target, and arsupplies two photons and the SPDC supplies two will cancel
cillary photons are supplied by two independent SPDCeach other due to the symmetry in the circuit. Finally, the
sources. The input state [i5)¢ €)ap, Which can be written term where the SPDC supplies all the photons is postselected
as a sum over total photon number out as before. This means that we will still get errors arising
from the input terms:

i) = MM, 2 Qi[O

(even)

it ST30_ ATRE3
?(a b"—a'b )|O> (9)
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Note that these do not depend on the input state that is en- ® noo )\(n—q)/2((":‘rf’r)(n—q)/2

coded on the control and target modes and by settirg\ | pin) =M EMX E 2 Lq — , (14
we can scale away these terms relative to the single-photon (g;efﬁ,) (gje?]) (M).

terms. Unfortunately this means that we cannot beat the pho- 2

ton collection rate that could be achieved using two indepen- _ o o
dent SPDC sources. where we will encode the qubits in the polarization state of

It should be noted that all the observations made for thdh€ control and target modes, as in ).
simplified Knill-Laflamme-Milburn(KLM) cNOT gate also Again all terms withn<<4 will get postselected out. There

hold for the full KLM cNOT gate in the coincidence basis. &€ Six terms witm=4, of which two terms represent the
However, from the perspective of an initial demonstration ofSingle-photon input terms, the rest are error terms due to the
the gate the simplified version is more desirable. In the fol-Sources. With nonselective detectors, terms with4 will

lowing two sections we will compare these results agains@!SO contribute to the error.
two other implementations of opticaNoT gates. The four-photon terms in the output state that do not get
postselected out are

1 ... apn atn
I1l. ENTANGLED ANCILLA cnNnoT GATE |0ut> _ _)\aTbT(AUBhGCItI‘*‘AUBUGCI'[;Q
In a recent paper, Pittman, Jacobs, and Franédmro-

po;ed using entangle_d ancilla to further simplify |mplemgn— +Ah[AuBr21?\—AuBf7\+ Bvé]em
tating thecNOT operation. Consider that we have at our dis-
posal an entangled stae)=(a/b]+a'b!)/\/2|0), then we +ALA,BIN—A, B2\ +Bpelcith|0), (15
can implement theNnoT operation between modesandt by _ _
first applying the unitaryrefer to Fig. 6 of Ref[6]) and by making\ < e we can recover the single-photon terms

and the action of thecNOT gate with selective detectors.
This, of course, means that the count rate with this gate
would be considerably less than that with the simplified
R R KLM gate. With nonselective detectors, if we maketoo
whereW, represents a half-wave plate on maeP,, is a  small the error due to the six-photon input terms will domi-
polarizing beam splitter in modesandb with the effect that nate, so there is an optimumfor a givene, see Fig. 1a).
ap—a,, b,—b,, a,—b,, andb,—a,; andd ande are There does not appear to be a way of using two coherent
extra output modes. Finally, the resulting state is then condistates to replace one of the SPDC sources. If we replace
tioned on detecting a single photon in modeandb. The  either the control or the target mode, then it is hard to see
raw success probability of this gate is 1/16, which rises tchow the|02) and|20) terms could cancel as with the sim-
1/4 if fast feed forward and correction is used. plified KLM cNOT gate, since these terms will have factors
Consider that the entangled pair in modesand b are  that depend on the encoded qubit. Similarly, replacing the
provided by two type-l parametric down-converting crystalssource of entangled photons would then mean we would
sandwiched together. We will fix the relative phase to get éhave to entangle the single-photon components, which is dif-

LAJent: IsbdIsae\iva\?vt\ivb Ie’bt\i\/t\ivbﬁ)ac- (10

particular Bell pair for the two-photon term ficult.
|62>:M§(|OO>+E|11>+ -~ (|00)+ €| 1)+ - - ) IV. KNILL cNoT GATE
=M. +€(]001D+]1100)+ - - -], (12) A recent numerical search for optical gates by Knill

yielded acNOT gate[14], which operates with a probability
of 2/27 and is described by the following unitafsefer to

where the modes awmg,, by, a,, andb,,, respectively. Such yFig. 1 of Ref.[14]);

sources have been previously built and provide a relativel

bright source of polarization-entangled phot¢tg,13. We . . R . R
can write this source succinctly as Uynin = Btvth(Z) Ban(03)Bc 1 (62)Bt p(61)Bc a( 61)
— Aq2 3 R T\ A
) =M2 3, Lo, (12) « Btvth(z E(m), 16
(even)
oom enIZ(éEBE)m(é:EBT)nlzfm whereF ,(#6) is a phase shift o on modea and the reflec-
L= - - (13)  tivities are given by@;=cos *\1/3, 6,=—6,, and 6,
m=0 m! (__ m)! =cos 11/2+ 1/\/6. The gate requires two ancillary modes
2 a andb initially in Fock states, to be finally detected also in

single Fock states.

With another independent SPDC soufee, supplying Consider the case where both the control, target, and an-
the photons for the control and target modes, the input stateillary photons are supplied by two independent SPDC
becomes sources. The input state is given by Ef) with the usual
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Notice, however, that all these terms will be proportional to
A2, so again by making <e we can scale these terms away
with selective detectors at the expense of the count rate. With
nonselective detectors there will again be an optimynsee

Fig. 1(b), which is very similar to the previous gate.

V. CONCLUSION

We have examined three possible implementations for lin-
ear opticscNOT gates with a view to experimentally demon-
strating their operation in the near future. If we consider
demonstrating the gates with SPDC and coherent state
sources and nonselective detectors, there is a clear advantage
to the simplified KLM cNOT gate, where the inherent sym-
metries in the gate allow the use of two independent SPDC
sources to supply the control, target, and ancillary photons,
with errors from the use of non-Fock states making little
contribution. The other two implementations suffer from er-
rors introduced by the non-Fock state inputs, which cannot
be postselected out. While the situation may be mitigated
somewhat by using a weak SPDC source, this would occur at
the expense of the count rate of valid events that may be
collected from the gate. The conclusion we arrive at is that
an experimental program focusing on the simplified KLM
CNOT gate would then allow immediate characterization of
the gate with current sources and detectors, with the opera-
tion of the gate in a nondestructive fashion becoming pos-
sible when single-photon sources and selective detectors be-
come available.

FIG. 1. The single-photon visibility with nonselective detectors
as a function of the strengths of the SPDC sour@dhe entangled
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