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Improving detectors using entangling quantum copiers
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We present a detection scheme that, using imperfect detectors, and imperfect quantum copying machines
(which entangle the copigsallows one to extract more information from an incoming signal than with the
imperfect detectors alone.

PACS numbd(s): 03.67—a, 03.65.Bz

Copying machines in general use two approaches. One @iperfect detectors. One also has sofigentica) quantum
the extreme cases is a classical copying machine, where meeepiers that can act on the possible input states. At first, let
surements(destructive or nondestructiveare made on the us suppose that the possible input states are mutually or-
original state, the results of which are then fed as parametet§ogonal, and that one has somehow acquired perfect quan-
into some state preparation scheme that attempts to construgim copiers for this set of states. Assume the copiers destroy
a copy of the original. This approach obviously allows one tothe original, and produce two copies for simplicity. Then, an
generate an arbitrary amount of copies, possibly all identicaPbvious way to take advantage of the copiers is to send the
to each other. The opposite extreme is a fully quantum copyeriginals through a quantum copier, before trying to detect
ing machine, which by some process that is unseen by extepoth copies separatelidepicted in Fig. 1 This basically
nal observers, creates a fixed number of copies, usually déives one a second chance to distinguish the input state, if
stroying the original in the process. Naturally in a realisticthe detection at the first copy fails.
situation, noise will additionally degrade the quality of the  Consider a very simplified model of photodetection using
copies, and copiers that utilize both of the processes abovis measurement scheme. Suppose one has perfect copiers,
are obviously also possible. and noiseless photodetectors of efficiengy That is, the
Ignoring for now the matter of the inevitable noise, the probability of a count on the detector ig if a photon is
exact state of the original can only be determined with cerincident, and 0 otherwise. With the copier set up as in Fig. 1,
tainty by some measurement if all the possible states of thé any of the detectors register a count, one can with certainty
original are mutually orthogonal. In all other situations, anyconclude that a photon was incident. So, if a phaoimci-
classical copying machine must have a finite probability ofdent, the probability of finding it is
producing imperfect copies. In fact, by the well-known no-
cloning theorenj1,2] the same can be said of quantum copy- P Ghntphotor= 7+ (1= 1) 7 )
ing machines. If the possible states of the original are not
mutually orthogonal, there is no quantum copier that willas opposed to jusy with no copier, because one gets a
always make perfect copies. So one might ask what gmed “second chance” at detection. On the other hand, if no count
quantum copiers, then? Well, the obvious answer is that fois registered, then the probability that no photon was incident
the situation where the possible originals are not orthogonals
often quantum copiers can create better copies than classical
ones. Some examples are the UQCM for unknown quiBits 1-p
or other copiers for two non-orthogonal qubjits. P%)photomnocount:l_—(z_) '
While this promises the possibility of many applications P K
of quantum copying in the future, few specific examples of

uses for a quantum copier have been considered so far. th\évnherep 's the probability that a photon is incident on aver-

discussing practical applications, gquantum copiers havade: irrespective of the measurement result. The expression

mainly been put forward as something to be defended againsotf Bq. (2) is always greater than-1p/1-»p, which is the

by quantum cryptography schemes. This article presents a

analysis of a possible application of quantum copiers: using
them to improve detection efficiencies. \

2

We first note that in practice one always has restricted
detector resources. In particular, this article treats the situa- |,
tion where the best available detectors have some efficiency WWWW Detectors
less than 1. As an example system, consider the case where

one of a set of possible input states is to be distinguished by /
a measurement scheme, usi@me number of identical Quantum Copier j

*Electronic address: deuar@physics.ug.edu.au FIG. 1. Basic detection scheme using imperfect detectors, and a
TElectronic address: bilm@physics.uq.edu.au guantum copier.
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probability if no copier is used. This increase reflects the A |
added confidence that comes from both detectors failing to  py=(1— |,u|)Z+
register the photon.

we DDA i >0,
lul, 0)0)(0(0] if w=0.

We note that using quantum copiers and not classical ones . .
is vital. A classical copier would have to rely on the sameHere, 3! is the totally random mixed state. So, far=0 a
imperfect photodetectors, and would actuakylucethe de-  totally random noise state is produced upon failure to copy,
tection efficiency, since to detect a photon at one of the twdor x=—1 vacuum, foru=1 photons in both copies, and
copy detectors, one must have been first detected at tHer intermediate values @i a linear combination of the three
copier. This givesP{L) onoior= 7°(2— 7), which is always ~Cases mentioned. o _
less than or equal tg, a result achieved without any copiers _ 1his model[Eq. (5] of the copier is an extensiofto
at all. allow for inefficiencie$ of the Wootters-Zurek copier, which
Detection with the help of perfect quantum copiers, ag1as been extensively studigtl 3. In the ideal cases(=1),
briefly discussed above, is all very well, but what happendVith the dummy input state in the vacuurfdf=|0)), the
when the equipment used is noisy, and not 100% efficientifansformation is
Consider the following, more realistic, model of photodetec-
tion. The possible states that are to be distinguished are the 0)/0)—10)[0), [1DI0)=[1)]1). @)

\;zﬁ::;rm}gz ?hned ii'ggtlesfggt?jlg ;La;fosr'] E? Zrelzcr)\relrgnge d This transformation can be implemented by the simplest of
- ~~ all quantum logic circuits, the single controlled-not gate.
measurement on some stai€an be modeled by a positive These have recently begun to be implemented for some sys-
operator-valued measufPOVM) {A;} [5,6] described by a tems (although admittedly not for single-photon syst¢ms
set ofn positive operatori\i , such that{_ 1Ai=T, wherel and are the subject of intense ongoing research, because of
their application to quantum computing. This means that
similar schemes to the one considered here may become ex-
perimentally realizable in the foreseeable future. We also

is the identity matrix in the Hilbert space of (and of the
Ai). The probability of obtaining theth result, by measuring

on a statep, is then point out that the transformatiofY) can be also considered
. an “entangler” rather than a copier. Consider its effect on
Pi=Tr pA]. (3)  the photon-vacuum superposition state
Now suppose the photodetectors at one’s disposal are 1 1

noisy and have quantum efficiengy The effect of these can

(10)+11)) === (10)[0)+[1)|1)). ®
be modeled by the POVM V2 V2

This correlation between the copies is an essential property

A, =5|1)(1|+ 7£0)(0], (48 for the detection scheme presented here to be useful—
otherwise one could not combine the results of the different
A_=(1- 7)|1)(1]+ (1= £)|0)(0], (4b) detector measurements to better infer properties of the origi-

nal. We will now examine how we determine whether the
copying scheme we are proposing is more efficient.

Let us now consider the total amount of information about
the input state that is contained in the measurement results.
This is the(Shannoh mutual informationl ,, per input state
between some observArwho knows with certainty what the
original states aréperhaps because they were prepared by
that observer and another observ@& who has access to the
measurement results of the detection scheme. This can be
readily evaluated from the expressipfi-9]

where the operatof, represents a count, and the operator

A_ the lack of one. The parametgre[0,1) controls the
amount of noise. That i » is the probability that the pho-
todetector registers a spurio(iglark” ) count when no pho-
ton is incident.

We will model the quantum copier as one that has a prob
ability & of working correctly and producing perfect copies.
Otherwise, the parametgre [ — 1,1] determinegin a some-
what arbitrary way what is produced. This can be written

~ o Py,
p1=I1)|d)(1l(d] — e[ 1)|1)(L/(1|+(1—&)py=p1, Im= 2. PP 00,5 ©
(5a ’ :
. A wherei ranges over the number of possible input states, and
po=10)|d){0|(d|—£[0)]0)(0[(0|+(1—&) pn=pg. j over the number of possible detection resuRsare thea
(5b)  priori probabilities that théth input state entered the detec-

. o . ) tion schemeP;; is the probability that thgth the detection
where|d) is a dummy state, which is fed into the copier, andresult was obtained given that thiéa state was input, andl,
becomes the second copy. It is included here to preservig the marginal probability that thith detection result was
unitarity in the perfect copying case=1. The state pro- gptained overall.
duced upon failure of the copiepy is independent of the This mutual information has very concrete meaning even
original, and is given by though, in generalB can never be actually certain what any
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particular input state was. It is known that by using appro- -
priate block-coding and error-correction schemés,can [ ﬁ%" e
transmit toB an amount otertaininformation that can come ls o]
arbitrarily close to the upper limit,, imposed by the detec- o [ Acheived Z N0 ]
tion probabilities. In other words$,, is the maximum amount r 7 ]
of information thatA andB can share using a given detection 04[ ]
scheme, if they are cunning enough. It follows then that the ’ ’ ]
detection scheme that gives a greater information content
about the initial staté,,, will be the potentially more useful ook ]
one. The authors have actually shown that the Wootters- 00 02 04 06 08 10
Zurek copier is the optimal quantum broadcaster of informa- €

tion when the information is decoded one symbol at a time F|G. 2. Equivalent efficiency;® as a function of copier effi-

e

L ¥ ]

[ / ]

02 L J/ _
J

L ; ]

[10], and this will be discussed in a future paper. ciencye and number of levels of copiedswhen detector efficiency
From expressioif9) it can be seen that, depends on the is »=0.6, and both detectors and copiers are noiselgssO(u
a priori input probabilitiesthe parametep in the cases con- =—1). Results foN=0 to N=3 are shown as solid lines, and the

sidered here This leads one to surmise th@t least in gen- limit of what can be achieved is shown as a dashed line. Regions
era)) various detection schemes may do relatively better obeyond theN=0 andN— o cases are not achievable with noiseless
worse depending on how frequently the input is a photoncopiers. The results are independent of the photon input probability
This is in fact found to be the case. However, in what fol-p. in this case.
lows, we will concentrate mainly on the=1/2 case of equi-
probable photons and vacuum, since this is the situation thdy 7(1), i-€., 7(s+1y=6[1— (1~ 7(,)?]. In fact, in the limit
allows the maximum amount of information to be encoded inof never-ending amounts of copiers, the effective efficiency
the original message, and so is in some ways the most basipproaches
case.

If the new detection scheme gives mutual information
content |I(e,7,u1,&N,p) per input state, then
7% (e, 7, 1,&N,p)) is defined as the efficiency of a noise-
less detector that would give the same mutual informatiorone finds that effective efficiency is improvedver »®
content if it were used by itself in the basic scheme with no= 7) by the copier scheme whenever
copiers, i.e.,

1
lim 7f=2- . (12)

N— o

1
(- 75 0.0p) = (e, mm EN). (10 Ty a3

Since no random noise is introduced by either copier or

»® is a one-to-one, monotonically increasing functior @f q X ; hieved wh )
and so if(and only i some detection scheme increasgsit etector, improvement is achieved whenever more copiers
are added, to arbitrary ord&. A few things of interest to

also increases the mutual information; thy$ and I, are

: : : : note:
equivalent for ranking detection schemes in terms of effec-"" Th ier effici ired is al b d
tiveness.n® also has the advantage that for some cases of the (i) The copier efficiency required is always aboyean

new copier-enhanced detection scheme it is independent 8P0ve /2.~ . . .
the photon input probability. (ii) A gain in efficiency can be achieved even with quite

Now it is time to ask the question: For what parameterP20 copiers—for relatively small detector efficiencies

values does the copier-enhanced detection scheme provi@@hich occur for photodetection in practicehe copier effi-
more information about the initial states than using a singlec'er?,?y required is only slightly above half_

detector? Consider first the simplest case of interest, where (i) For very good detectors, to get improvement, the
there are no spuriougdark counts in the photodetectors COPIEr efficiencye has to be slightly larger than the detector

(é=0), and one has a copier of efficieneythat produces ~€fficiency 7. o . o
vacuum upon failure 4= —1). This will give some idea (iv) For low efficiencies, the relative gain in efficiency

about the relationship between the detector and copier effé@n Pe very high, and can reach approximatellyf@r very

ciencies required, leaving the effects of noise for later conlP00r detectors and very good copiers. _ ,
sideration To examine how much improvement can be achieved in

As mentioned previously, in this situation the effective MO"® detail, consider when the efficiency of the detectors is
efficiency is independent gf, and with one layer of copiers 7=0.6. This is a typical efficiency for a pretty good single-

(N=1) it is found to be given by the simple expression photon detector at present. This is shown by the solid lines in
Fig. 2. Note how quite large efficiency gains are achievable

e 5 even when the copier efficiency is slightly over the threshold
ny=el1=(1=7)7]. (D) yseful value ofe=0.714 [from Eq. (13)], and how adding
more copiers easily introduces more gains at first, but after
Since this is independent @ introducing a second lot of three levels of copiers, adding more becomes a lot of effort
copiers is equivalent to replacing in the above expression for not much gain.
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To conclude it can be seen that when one is restricted taith other known systems; however, this varies from mea-
using imperfect detector@s is always the cagemore effi-  surement to measurement and from system to system. The
ciency of detection can be gained by employing entanglingphysical processes involved in measurement and quantum
quantum copiers such as a controlled-not gate. In fact if theopying are often quite different: the former requires creating
efficiency of the detectors is far from 100%uch as in @ correlation between a quantum system and a macroscopic
single-photon detectiorthe copier does not have to be very Pointer, whereas the latter involves creating quantum en-
efficient itself, and significant gains in detection can still betanglement between two similar microscopic states. Efficient
made. We note that although a detailed analysis was carriddgtection depends on correlating the system with its environ-

out for the case of single-photon detection, the basic schenf@€Nt in a strong, yet controlled way, whereas quantum copy-
can be readily generalized to other types of detectors. Ing depends on isolating the system from its environment.
From Eq.(13), it can be seen that to be useful, the quan_One thus supposes that the usefulness of a scheme such as

. . - the one outlined here will depend on the system and mea-
tum copiers must be successful with an efficiercyver

o surements in question, due to the relative ease of implement-
9 ; X o
504 and somewhat greater th_an th? d_etector gfﬂuendy .__ing detection and controlled quantum evolution in those sys-
is not generally clear how feasible this is for various physica

: > “tems.
systems or measurement schemes that one might wish to

employ. With current technology it is often still easier to  W.J.M. would like to acknowledge the support of the
make measurements on a system, rather than entanglingAustralian Research Council.
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