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Quantum-scissors device for optical state truncation: A proposal for practical realization
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We propose a realizable experimental scheme to prepare superposition of the vacuum and one-photon states
by truncating an input coherent state. The scheme is based on the quantum scissors device proposed by Pegg,
Phillips, and BarnetfPhys. Rev. Lett81, 1604(1998] and uses photon-counting detectors, a single photon
source, and linear optical elements. Realistic features of the photon counting and single-photon generation are
taken into account and possible error sources are discussed together with their effect on the fidelity and
efficiency of the truncation process. Wigner function and phase distribution of the generated states are given
and discussed for the evaluation of the proposed scheme.
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[. INTRODUCTION of BS1. Recently, the basic idea of the QSD has been slightly
modified to generate the superposition of vacuum, one-
There has been a growing interest in the generation anghoton, and two-photon stateg3]. An interferometric

engineering of quantum states of light. Over the last decadescheme equivalent to a QSD with tunable beam splitters has
various schemes for preparation of Fock stifidsand their ~ been proposed by Paris to prepare arbitrary superposition
arbitrary finite superpositionf2—10] have been developed. states[11]. It has also been shown that the basic QSD
The motivation behind these efforts is the possible applicascheme can be applied as a teleportation device for superpo-
tions of nonclassical states of light in quantum communicasition state12]. No proposal has been made concerning the
tion and information processing. Such states have beepractical scheme of the QSD, which considers realistic mod-
shown to be generated by nonlinear media or by conditionaf!S for the detectors and sources.
measurements at the output ports of beam splitters. For ex- !N thiS paper, our main interest is to propose and study an
ample, the method proposed by Daletzal. [5] relies on an experimental QSD scheme for producing superppsmpn of
alternate application of coherent displacement and photof‘Ee V?‘C“:Jm and_ OTe-pQ_Oton stat@EJOi]Jr C1|.1]2' wh|9h IS h
adding(and/or subtractingvia conditional measurements on the simplest optical-qubit state with phase information. The

. ; : aper is organized as follows. In Sec. Il, a schematic con-
beam splitters for the generation of several different types of. , - o

: : _tiguration of the Pegg-Phillips-Barnett QSD scheme is given
nonclassical states. That scheme consists of photon-counti

devi high-t it b litt dth diti d theoretical background is discussed. We will consider an
evices, high-ransmittance beam Spitters, and the conditioge 5| scheme to study the effects of beam splitter parameters
of no-photon detection at the detectors. Another interestin

- ; ) 9n the fidelity of the output state and the efficiency of trun-
scheme proposed by D'Arianet al. [6] is based on 1ing  aiion process. In Secs. Il and IV, the proposed experimental

cavity and Kerr medium. However, the S|mple_st scheme ISetup is introduced, the possible sources of efiraperfec-

the one proposed by Pegg and co-work@g]. This scheme o i detectors and single-photon solraed their effects
(see Fig. ], referred to as thequan_tu_m SCISSOrs _d_ewce on the preparation of the desired state are studied. To evalu-
(QSD), enables generation of the finite superpositions ofyie he feasibility of the scheme, the fidelity of the output

number states by truncating a coherent state. Recently, R(_esg te and the rate of preparing it are discussed. Section V
et al. proposed and experimentally demonstrated a QSD-like

state-preparation technique based on conditional coherence

T ssors device explo N

e quantum scissors device exploits three fundamental a3

concepts of quantum mechanids) Entanglement, mixing b A BSI ) BS2

of vacuum and a single photon at the first beam splitter 1 ”

(BS1) creates an entangled state and opens a quantum chan- |0> - - /

nel; (b) measurement, a physical system can be brought to a 52 i [/)\2 / 2 .|1>

desired state by a conditional measurement; @ydonlo- ) D>

cality, vacuum and single-photon components of the coherent 3 3 |oc>

state atb; are generated at tHe, mode without any light 1} [1) 3

going fromb; of the second beam splittéBS2) to b; mode FIG. 1. Schematic configuration of the quantum scissors device

(QSD). BS1, BS2, beam splitter§),, D3, photon counting detec-
tors; |@), |0), |1), coherent, vacuum, and single-photon states,
*Electronic address: ozdemir@koryuw01.soken.ac.jp respectively] @ .o, truncated output state.
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includes a comparison of fidelities for different states. In SecBS1 depends on the outcome of the measurements at the
VI, the Wigner function and its marginals for the generateddetectors. A normalized superposition of zero- and one-
states are analyzed. Finally, a discussion of the results ighoton states

given in Sec. VII.
|q)trun(‘>b1:~/v(c2,c3)<11q\1,>(b1,c2,c3)
Il. QUANTUM SCISSORS DEVICE: SCHEMATICS AND
PRINCIPLES 1
_ _ = ———————[(1112)* [0}y,
The basic scheme of the QSD proposed by Petgg). is VIratal?+ e ?[r ot

shown in Fig. 1. It consists of two beam splitters and two +r3tyal )y ] ©6)
photon counters. The input modes of the setup are denoted as 201%1%/b s

a;, a,, andbs. The actions of beam splitters can be de-

scribed as unitary transformations of the operators in th%;/]herejt\/ 'i’ tf;ethrenorsng)allzanog (:‘[on{c_,tant, fcan beho?t?ﬁ')n?[d at
Heisenberg picture, which can be written[48)] e output of the QSD upon detection of one photoDa
and no photon ab .

ﬁlém{:tlm_r*f)t, §15£§T=V1BTH’I bl _ Although th|§ lscheme can also be _used to obtain any de-
sired superposition of vacuum and single-photon states by
proper choice ofr,, r,, and «, we will consider only the
truncation process in this study. The fidelity of the output
truncated state to any desired state can be calculated from

RbIRI=t,ci—r3cl, R.DIRI=r,cl+t3c), (D)

where R; and R, are the unitary operators satisfying
R1|OO>(a1 a) = |00>(bl b, and R2|00>(b2 bg) = |OO>(02 e G
andr; are the beam-splitter complex transmission and reflec-

tion coefficients satisfyingt;|?+|r;|?=1, and ¢) denotes - o
complex conjugation. With prrunc= | Pirundb,b,{ Prrund - Then the fidelity of prepar-

In the QSD scheme, BS1 is fed by a single photon ining the truncated coherent state up to single-photon state can
modea, and modea, is left in vacuum. Using the relations P€ found as
given in Eq.(1), the output of the beam splitter is found to be
an entangled state that can be written as e [ratol >+ a2 (rir oty t5 +rir5tity) +|al*tyr,|?

_& _ (Irsto?+ |al?[taro[*)(1+]al?)
|#) (6, .0) = R1l10)(a, ) = t1]1)p, [0, — T T0)p [ L)p,. ®)

)

F= b1< ‘PdesireJIFA’truncI (Pdesireo}bl (7)

which shows that the fidelity of the truncation process de-

The output modeb is then fed into BS2 where it is mixed pends on the beam-splitter parameters and the intensity of
with modeb; prepared in a coherent state the input coherent light. Without loss of generality, we can

. taker,=i|rq|, ro=ilry|, t;=|t1|, andt,=|t,| for which
2 [0 2N

|@)p,=e 712 —(B])"0)p,, 3)

: n=o n! 3 [r1tal[0)p1 + @|r ota]|L)py
ViIratol+[al?roty|?

9

|(I)trum‘>bl
which will be truncated to prepare the desired superposition

of vacuum and one-photon states . . o
is obtained. In that case, the dependence of truncation fidelity

1 on 2beam-splitter parameters for an input coherent light of

| @desiredh, = —=——===(|0)p. + @|1)p.). (4 |a|*=1 will be as shown in Fig. @). It can be seen from
boV1tal? ' ' this figure that perfect fidelityR = 1) is achieved for a range

of beam-splitter parameters satisfyifig|?— |t,|?=0. How-

ever, the efficiency of truncation, which can be defined as the

probability of the desired detection, is different for different

choices of beam-splitter parameters and can be calculated as

As a result of the action of BS2 witty andr,, the state at
three modes becomes

a(=r5)K(tp)" "

© n
laf2
|q’>(b1v°21°3):e | |/2n§ Z

vkl (n—k)! P detectior™ | (C2,63)<1!qq,>(b1,C2,03)|2
X (ty]1k,n—=K)—=(n—=k+1)rir, =(|r1t2|2+|a|2|t1r2|2)e’|“|251\/"2. (10)

X [0k,n—k+1)—+/(k+1)rit} . : - L
| )= it P getectioniS depicted in Fig. &) from which it can be con-
X [0k+1,n—K)). (5)  cluded that the highe$® jeiectionfor F=1 is achieved when

two identical 50:50 beam splitters are used. A fidelityFof
Both output modes of BS2 are measured with photon—=1 s achieved with ma®eecio) = 0.184 when|a|?=1

counting detectors. The output state generated at hpdé  and|t,|?=|t,|>=0.5.
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FIG. 2. Effect of beam-splitter parametdtsansmittancest,|?
and|t,|?) and intensity of the input coherent light ¢a the fidelity
and (b) efficiency of truncation procegprobability of proper de-
tection. Curves in(a) are plotted for constant fidelity. Itb), beam
splitters are considered to be the saftheisF=1) and curves from
top to bottom correspond tar|2=0.1, 0.5, 1.0, 1.5, and 2.0, re-
spectively. The highest probability of detection-90.25. FIG. 3. Proposed experimental scheme for the QSD. PL, pulsed

laser; FD, frequency doubler; PDC, parametric down-conversion

Further analysis of Eq(5) shows that detection of one crystal; Att, strong attenuatoA, aperturef, narrow band filterf,
photon atD5 and no photon ab, will yield the following lens; CCL, coincidence counter and logic; BS, BS1, and BS2 are

truncated state: beam splitters; an®,, D,, andD; are photon-counting detectors.
|q)t,runc>b1:'/\/" (cz,c3)<o’u‘1'>(b1,c2,c3) and the pump. The pump field at the output of the crystal is
eliminated by a beam-stopping mirror. The signal and idler
hotons are selected by the apertures and directed to narrow-
(r3r50)p, —tatral 1)), P y the ap

band filters where the background radiation is eliminated and
the selection is further restricted to only the degenerate pho-
tons. The selected idler mod®, is directed to the first

where A" is the renormalization constant. Substituting Photon-counting detectd,, which is considered as a gating
imaginary reflection and real transmission coefficients a§l€tector, where a “click” upon the detection of a photon in
above will give a superposition state for which the relativeldler mode ensures the presence of another photon in the
phase betweeﬁ»bl and|1>bl Components ist shifted from S|gna|A modeal.. The |.atter IS Input to thQSOSO BSl at
that of Eq.(9). This phase shift can be corrected by a unitaryM°d€a1 and mixed with vacuum at mods, resulting in an
transformation of Pauli operater, after the detection. Then €ntangled state at the output of BS1. The undoubled laser
the use of beam splitters with parameters satisfyjing? light beam (reflected po[tlon at BSis attenuated and di-
+[t,|?=1 will give an output state withF =1. For this de- rected to the input modbs of the (50:50 BS2. Then it is
tection case, too, the highest probability of generating arnixed with the entangled state at the output mode of BS1,
output state with perfect fidelity is obtained for beam split-which is fed into the other input mode of BS2. Temporal
ters with|t,|?=|t,|>=0.5. In fact, under these conditions, if overlapping of these two inputs at BS2 can be satisfied by
o, rotation is allowed, a successful truncation is possibleadjusting the variable delay placed in the path of the weak
when the number of photons detectedDst and D5 differs ~ coherent state. The resultant states at the output modes of
by unity [4]. BS2 are passed through apertures and narrow-band filters
before reaching the photon-counting detectors. Detection of
a photon aD, of modet, and no photons dD; of modeé;
will ensure the preparation of the desired truncated state at
We propose the scheme of the realistic QSD, given in Figthe output modé, of BS1. The filters and apertures in the
3, that can be implemented in practice. One part of thisscheme are used to make the weak coherent light indistin-
scheme uses the ideas developed and illustrated by Rariguishable from the entangled state entering into the other
and co-workerg14]. The output light of a pulsed laser with input mode of BS2. In the scheme, the output state is condi-
angular frequency, is divided into two by a beam splitter. tioned on coincidence detection@j andD,, and anticoin-
Transmitted part of the light is frequency doubled in a non-cidence aD.
linear crystal and the resultant pulses of frequenay, 2re Now, let us analyze the outlined system considering only
used to pump a nonlinear crystal to induce spontaneous parghe effects of beam splitters and detectors. Using(Ex the
metric down-conversioiSPDQ. The crystal is for type-l oot of a beam splitter can be calculated Ry, R' for a
degeneratg phase matchln.g, which prpduce_s down—convert%q{,en input density operatd, . If the output signal of the
photon pairs in two modeidler and signal with the same  gppc iSp(a, c,) then the input state-density operator of the

polarization and at roughly half the frequency of the pump- . I . o
ing pulses on opposite sides of a cone whose opening ang%Sl will be pinl_p(al*cl)®|o>aaa2<o|' With this input, out-

depends on the angle between the optical axis of the crystalut of BS1 will bef’(bl,bz,clﬁ Rli)inlfﬂ. Considering that

VIrar o2+ a?tyt,]?

(11

IIl. EXPERIMENTAL SCHEME FOR A REALISTIC QSD
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the state at thé&; mode of BS2 is coherentr)y,_, (a|, the - _

input  density  operator  of  BS2 **" becomes [P} (ay.cp= V1= 72,(240 (7€) [K)a,[K)e,, (14)

Pin2=P(b, b, .c;)®| @b (al, then letting this operator

evolve through the BS witlR,, we obtain the following Where y=tanh(x) and »?, typically ~10"* [16], corre-

output density operator: sponds to t_he rate of one-photon-pair generation per pulse of

the pump fieldx represents the product of coupling constant

and the complex amplitude of the pump field; andtands

for the interaction time of the pump field and the crystal. The

:ﬁzi)mﬁ; phase of the pump field is denoted By. In the proposed
experimental scheme, we suppose that the explicit informa-

tion of the phased,, is not known, which results in the fol-

lowing mixed state for the output of SPDC after averaging

Pout™ P(by,cq.c5.C5.)

Ro(P(b, by.c @l @b, b, @l)RS

= Azﬁl(f)(al,cl)®|0>a2 a2<0|®|a’>b3 b3<a|)|§q§£_ over all possible phases:
(12) Play o= (1= 7210000+ ?| 11)(11] + ¥*22)(22
The normalized truncated output state-density operator at +7°(33)(33 + -- Jiay ep) - (15

modeb; of BS1 is obtained b
! Y In the following, Eq.(15) will be used for numerical simu-

- lations.
Tr(c1 ,Cy.,Cy) ( HEIHEZH gspout)
(13

Tr(bl,cl,02,03)(H(1;1H;2H83f’0ut) ' B. Imperfect photon-counting detectors

Ptrunc—

Photodetection is the very basis of quantum-optical mea-
where Hil, Hiz, and Hg3 are elements of the positive- surements. Currently most commonly used photodetectors
operator-valued measure§POVM's) for the detectors are avalanche photodiodes that suffer from four main prob-
D,, D,, andDs, respectively, with 0 and 1 corresponding lems: (8 nonunit efficiency ¢+ 1) causing the failure of
to the number of clicks recorded at the detectors. photon detection,(b) non-zero dark count#0 causing
“false alarms” by signal generation even where there is no
photon,(c) failure to discriminate betweemandn-+1 pho-
tons ifn=1, and(d) “dead time” 74 of the photon-counting

In the following, we assume that the apertures, narrowdetector and the processing electronics during which detec-
band filters, and delays introduced in the scheme ensure ttiers cannot respond to the incoming photons.
proper phase and mode matching at the beam splitters. Thus, After the arrival of the first photon to a detector, a time
we will study only the imperfections in the single-photon duration ofry should pass for the detector to count the next
generation and photon-counting devices, and their effects opoming photons. If the arrival times of photons at the detec-
the feasibility of the QSD scheme. tor are less tharry, then only one electronic pulse, which
corresponds to the detection of the first photon, will be gen-
erated. The average counting rate should be less thgntd/
eliminate the effect of dead time on the counted photon rate.

In the proposed scheme SPDC is used as the source fai the QSD scheme, “dead time” shows itself in two ways.
the preparation of the single-photon state at the input of thej) For D, and D, detectors, if a photon is incident on the
BS1. In practice, we must take into account some basic feajetector withinry, seconds after the preceding photon, then
tures of SPDC as a source. First, although the conservatiohe event will just be neglected and we will not count the
of energy forces the sum of the frequencies of the idler an@utput state as the desired one. The effect of such a case will
signal photons to be equal to the frequency of the pump fieldge the reduction in the number of states generated per sec-
the photons may have finite bandwidth due to the finite siz)nd. (i) There may be cases whey andD, detect pho-
of the CI’ySta|. Second is the Spatial location of the idler aannS and even though there is an incident photor[)@n it
signal photons in the cone of radiation at the crystal outputgoes not click because it is still “dead.” Such a case will be
These two problems can be solved approximately by spatiglounted as the desired detection and a state different from the
and frequency filtering as explained above. The third one igjesired one will be prepared at the output, which will de-
the intrinsic property of SPDC, that is, the output of SPDCcrease the fidelity of the prepared states. Both of these two
contains vacuum with high probability while the probability cases can be considered as the loss of photon due to ineffi-
of a photon-pair generation is very low. Even though thecjent detection. A decision on the outcome of the measure-
probability is much lower, there may be cases where morenent is done for each light pulse separately, independent of
than one photon pair is generated. In SPDC, photons arge result of the preceding or the following pulses. Moreover,
generated in pairs with equal numbers in the sigha) @nd  we are not interested in the correlation between two consecu-
idler (c;) modes as can be seen in the expression for théve pulses. Therefore, the effect of dead time can be ab-
state at the output of the SPDC crydtab, sorbed into the detector efficienay Typical values for dead

IV. ERROR SOURCES IN QSD SCHEME

A. Nonideal single photon source

063818-4
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FIG. 4. Effect of intensity of coherent light|?, (left) and FIG. 5. Effect of intensity of the input coherent lighty|2, on

the detector efficiencyy (right) on the fidelity F of truncation the.fidlelit.y of truncation(left) f’;md the number.of coincidence f’md
process for photon-number-discriminating counters ayfd=5 ar_1t|00|nC|dence(C_-f\C) detections ber SECOr;((EIght) when CPC’s

X 10~ */pulse.a, b, andc correspond td1,0), (2,1), and (3,2, re- with Ry,i=100 s * are used and~=5X10 “/pulse. In the left
spectively, which stand for the number of photons detected at thBlot. 7= 1.0, 0.7, _0'5' 0.3, 0.1, and 0.0 from top to bottom, re-
detectors D,,D5). Left plot was obtained foRy;=1000 s+ and  SPectively. In the right ploty=0.3, 0.5, 0.7, and 1.0 fa, b, c,
7=0.5. Right plot is for|a|?=0.4 with solid and dotted curves andd. respectively.

corresponding tdRy,= 100 s ! and Ryn=10* s™1, respectively. o ) .
tors are PNDC. In this figure, we see that increasing coherent

- . g 2 - . .
ime have been reported 10 be n the range 39:np 197 ensiteSacausee s derense e ey ofn
<100 ns for million counts per secord7]. In order to : A

m . P raz 2,1) photons are detected at detectdds (D3), fidelity of

minimize the effect of dead time, one has either to use ver{' tion is al t th h for oth
weak light so that the number of photons in the system pe uncation 1S aimost the same, however, for other cases (
>2, m > 1), F decreases sharply with increasing light

second is low enough, or to work with small repetition fre- I
quency for the input coherent light and the pump of themtensmes and dark count rates. We have also observed that

SPDC crystal. for increasing light intensities, the effect gf become very

. - - 2 < .
For a realistic description of photon-counting detectorsdeleterious(not shown in Fig. 4 However, for|a|*<1, it
(Dy, D,, andD3) shown in Fig. 3, POVM can be written as does not constitute a major problem and the fidelity of trun-
[181]’ 2 8 ’ cation is essentially insensitive to changesyin

N = e vpN-n 2. Conventional photon counte(CP C)

7= )" "CRim)(m| (16)

IIy= —_—
N n=0 m=n (N—n

This type of detectors can only distinguish between the
presence and absence of photons in the mode by a “click” or
for a detector with quantum efficiency (dead-time effects “no click.” No information on the exact number of photons
are includedi and mean dark count of, whereS;_.II,, ~ ¢@n be obtained in a single click. Then the POVM can be
=1. In this equationn is the actual number of photons Wrtten as
present in the modéy —n is the number of dark countbl is

0

the number of “clicks,” andC" is the binomial coefficient. v
_ andcy . o= 2 e (1= n)"m)(m|,
Mean dark count rate is given by= 7. Ryar, WhereRyais m=0
the dark count rate and, is the resolution time of the
detector and the electronic circuitry and is longer than the My=1=1-1I,. 17

pulse width7, of the pulsed light used in the experiment. In

the following, we will work with three kinds of detectors These detectors are commercially available in the market
(photon-number-discriminating detector, conventional phowith Ry, <100 s * and »~0.7 [17,19. Figure 5 depicts
ton counter, and single-photon countr order to show the  |«|2 versus fidelity and the rate of the proper detection for
effects of imperfectionda)—(c) and detector types on the various values of detector efficiency. It is seen that a fidelity
properties of truncated states using POVM for each type ofF>0.9 is achievable for efficiencies as low as 0.7 @
detector. We will assume a pump with a repetition frequency=1. Further decrease of from 0.7 to 0.1, at this value af,

of 100 MHz and the detector resolution timgs=10 ns. degrades from ~0.92 to~0.84, and finally reaches 0.5 at
o n=0. However, if we restrict ourselves to work at an inten-
1. Photon-number-discriminating counte(PNDC) sity |a|?<0.4, fidelity will be higher than 0.94 fop=0.1,

Although not available in the market, the analysis of theand it will take a value>0.71 for »=0.0. In the right plot of
system with PNDC will give us a reference for comparisonFig. 5, vertical dotted lines show the value fef|? below
with other detector types. The POVM for this kind of detec-which F becomes=0.90 for the corresponding detector ef-
tors is given by Eq(16). For this type of detectors, if the ficiency. These values are 0.7, 0.9, 1.0, and 1.5 #or
ideal casgunit efficiency, no dark count, and perfect single- =0.3, 0.5, 0.7, and 1.0, respectively. We have studied the
photon sourceis considered, the same result shown in Eg.effect of Ry for different values ofy and|«|?, and found
(4) is obtained. In Fig. 4, we show the dependence of fidelityout that for 0 S'<Ry,, <1000 s, fidelity lies in the
of truncation with the experimental scheme if all three detecrange[0.99—-1.0], [0.90-0.97], and[0.81—0.93] for |«/|?
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< 1.0 <14 TABLE I. Different strategies of detector choice for a realizable
-%08 o 12 QSD. CPC, conventional photon counter; SPC, single-photon
g ' 210 counter;D,, gating detector) , andD 5, detectors counting one and
=06 5 no photons, respectively.
o ——
Soz — 8 . Strategy D, D, Ds
T STy a cPC SPC SPC or CPC
Intensity of Coherent Light Intensity of Coherent Light b CPC CPC SPC or CPC
FIG. 6. Effect of intensity of the input coherent lighty|2, on ¢ sPc SPC SPCorChe
e ’ d SPC CPC SPC or CPC

the fidelity of truncation(left) and the number of coincidence and
anticoincidencgC-AC) detections per secon@ight) when SPC’s
with Ryae=10" s ! are used and/?=5x10 “/pulse. In the left
plot, »=1.0, 0.7, 0.5, 0.3, 0.1, and 0.0 from top to bottom, re-
spectively. In the right ploty=0.3, 0.5, 0.7, and 1.0 fa, b, c,
andd, respectively.

The desired state can be obtained any time when the dif-
ference in the number of photons detecte®atandD is 1.
Consequently, the case when a single “click” is detected at
D5 and two “clicks” are detected aD, must also be con-
sidered. In this case, we have seen that for the reported pa-
gameters in the literature for SPC’s, 680 output states with
F=0.84, and 90 output states wikh=0.92 at| «|>=1.0 and
|a|?=0.4, respectively, can be obtained per second. For
lower intensities the number will drop to less than four states
per second, and for higher intensities it will increase to up to
4000 st but with much lower fidelities of around 0.6.

=0.1, |a|?=0.5, and|a|?>=1, respectively, at 0k »=<1.0.

It is clearly understood that if the desired superposition stat
is to be prepared by truncating a low-intensity coherent light
thenRy,« and n» of a commercially available CPC have little
effect on the fidelity of truncation.

3. Single-photon counteSPC)

Within the _context of this study, SP_C i_s (_:onsidered as the 4. Discussion of different detection strategies
photon-counting detector that can discriminate between no _
photon, a single photon, and higher number of photons in the In the analysis of CPC and SPC above, we have observed
detection mode. SPC lacks the ability to distinguish two phothat CPC has the advantage of low dark count over SPC,

tons from higher number of photons. Therefore, POVM carhowever, SPC has the ability to discriminate between zero,
one, and more photons from each other. The best results

be given as
would have been obtained, if we had photon counters com-
% bining these two advantages. Unfortunately, the current level
y= 2 e "(1— 7)™ m)(m|, of technology does not provide this to experimenters. How-
m=0 ever, in our QSD scheme, we can use a combination of CPC

and SPC to benefit from their unique advantages. Simula-
> tions, WithRyay=100 s andRy=10* s for CPC and
=2 > e " "y"m(1— )™ "|m){m|, (18  SPC, respectively, ang=0.7 for both, have shown that the
n=0m=n choice of either CPC or SPC f@; does not cause a change
at the fidelity of the output state. This can be easily under-
Hn=2=1-1Ip—11;. stood by examining th&l, of the detectors. Dark count for
D5 shows itself ag ™ ”, which takes the value et 1 for both
In the literature,Ryy~10* s~ and »~0.7 have been CPC and SPC, resulting in the same value for fidelity. There-
reported for SPC'$20]. Figure 6 depicts the effect of detec- fore, we have only four different strategies for detector
tor efficiency and the intensity of coherent light on the fidel-choice as shown in Table I.
ity of truncation and the number of proper detections per In Fig. 7, it is seen that, for €|a|?><4, higher fidelity
second when all three detectors are SPC’s. We observe that
increasing coherent-light intensity decreases fidelity; detectoi_ 1.05
inefficiency is more deleterious than the case where all de<€ 4l "
tectors are CPC’s. High dark count rate is a serious probleng
and constitutes the main source of poor functioning of £08
SPC’s. We have calculated fidelity of truncation for various 207
dark count rates at differenj and|a|?, which can be sum- ggg
marized as follows: Whem=0.7, fidelity decreases from
0.93 to 0.84 ifRy, increases from 100 ¢ to 10* s ! for
|a|?=1.0 and from 0.98 to 0.94 fdm|2=0.4. We also ob-
served that effect of is more deleterious when is low and FIG. 7. Effect of intensity of the input coherent light on the
|a|?is high, i.e., ala|?=0.4, F decreases from 0.95 t0 0.89 fidelity of truncation(left) and the number of coincidence and an-
with an increase iRy, from 100 s* to 10° s™*, however ticoincidence (C-AC) detections per seconttight) for different
at|a|?>=1.0, it decreases from 0.87 to 0.75. strategies of detector choice.
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values are obtained for strategi@sindb, which use CPC’s o T

as the “gating detector'D,; and much lower ones are ob- %

tained forc andd, which use SPC’s a3 ;. We explain this as e 0.8

follows: ProbabilityP ., of detecting a “click” atD, caused £ 0.6 k

by real photons coming from SPDC &(y?) per pulse, and §

the probability of a “click” caused by a dark count B, o 0.4

=0(v). Then the condition that a “click” is caused by a real 5

photon rather than a dark count can be written Rag, © 02

> P garc, Which impliesy< 2. In the simulations, we used a E 0

coincidence window of 10 ns ang? of order=10"*. Then 0 1 2 3 4
CPC hasy=10"8, which satisfies the above condition. SPC Intensity of Coherent Light |(x|2

hasv=10 *~»?, which means that if an SPC is used by , . . ,
with coincidence window of 10 ns, there will be wrong trig- FIG. 8. Comparlso_n of fidelity of _var!ous states to the desired
gerings and these will reflect themselves as decrease in fideit?te VN(|0) + a|1)) with the normalization constari. a, State
ity. obtained from experlmczental scheme with=1; b, =0.5 (d_otted

The parameter? has a profound effect on the fidelity of ourve; ¢, N(|0)(0]+ ||| 1)(1[); andd coherent statgs) with «
truncation for the four strategies. Increasing the probability "~

of generating a single photon pair from SPDC will increase vih will be sent directly to the output without going

the fidelity of truncation for those strategies where SPC | hrough the truncation process of the QSD. Fidelities of these

used asD; and decrease that of CPC. This is because th .
increasing values of? beyondv=10"* for SPC will dimin- States to the desired stal(|0) +a|1)) are found as

ish the dark count effects. Moreover, SPC can distinguish the

4
number of incident photons, which will lower the probability Flzﬁ,
of a “false alarm” due to the generation of two or more [1+]a]?]?
photon pairs. On the other hand, in case of CPC, there will
be “false alarms” that will reduce fidelity. o187
For |«|?<0.6, fidelity F is >0.90 for all strategies with a Fo=———(1+2|ap|cosA +|aB|?), (20

2
proper detection rate d®(10° s 1). Then for truncating a 1+]af

low-intensity coherent state to prepare the desired superpo-

sition of vacuum and single-photon states, one can use CP :

because with a low intensity it is guaranteed that the numbel"gh.t o to be truncated anq the cohgrent I'ght .'ef The
ptimum value forB to obtain the maximum fidelity to the

of photons in the system is less than two photons during . I
single preparation phase, and this will decrease the probabi lesired state for any that is input to the QSD can be found

ity of having “false alarms” fromD, andD5. By contrast, if

hereA is the difference of arguments of the input coherent

a strong light is used then we will have “clicks” &, and
D3 when single or higher number of photons are incident on |8|2=¢E|a|?= 1+2]a*~ V1+4|a|2,
them, and since we cannot get information on the number of 2| al?
photons, we will still consider them as a sign of the desired
truncation process, which will most of the time not be true. arg B)=arg a). (21)
V. COMPARISON OF EIDELITIES FOR DIFFERENT In Figs. 8 and 9, we have depicted the fidelities for these
STATES cases together with those of the states obtained from the

proposed experimental scheme foe[v|2<4. With a per-
An ideal perfect QSD scheme allows the truncation of a

coherent state up to its single photon state vAth 1 con- e 1

serving the relative phase and amplitude information. In an %

experimental realizationf-=1 cannot be achieved due to 3

error sources discussed in Sec. IV and fidelity depends = 09

strongly on the intensity of the input coherent light. One can a

always ask whether the fidelity values close to those obtained 2 s

for the states generated with the experimental scheme can be 2

obtained for some other states and how the state prepared by 3

QSD differs from those states. We will study two cadgks: L o7

complete loss of phase information during the truncation . . 2

process, which will yield the stat¥(|0)(0|+|a|?1)(1]), Intensity of Coherent Light |o

whereN is the normalization constant 1/¢3«|?) and(ii) a FIG. 9. Comparison of the fidelity of the states obtained from

coherent state obtained by attenuating the inpu the proposed experimental scheme of CPC’s veiths=1.0; b,
7=0.7; andc, 5= 0.5 with the fidelity of| 8) of d, the optimized3

18)=]|Ea), (199 given by Eq.(21); e, | 8) with £€=1/2; andf, |8) with £=1.
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fect QSD scheme and correct information of one “click” at = gg, @ ooz g gy ez
D, and no “click” at D5, fidelity is 1 for any|«|?. For the § '

state given in casg), F; decreases gradually from 1.0t0 0.5 ~%4"" "
for 0<|@|?<1.0 and then starts increasing from 0.5 @ X 0.20
=1.0 to 0.68 at|a|?=4.0. For the proposed scheme with
CPC's as the photon-counting detectors, fidelity of truncation

is always higher than the fidelity values of casgin this —0.24uss:
range of|«|? provided that7=0.5. For the state given in 21012
case(ii), the fidelity for the optimized value g8 given by

Eg. (21) is shown in Fig. 9 as curvd. The states prepared FIG. 10. Wigner function for superpositions of vacuum and
with the experimental QSD scheme have higher fidelity tharingle-photon states obtained by truncating coherent kigtevith

the optimized|8) for |a|2=0.4 at»=0.7. This can be ob- |a|?=0.8 and phaser/2 using (a) the perfect QSD andb) pro-
served even for much lowey at higher values ofa|?, i.e., ~ Posed experimental scheme with CPC's {07 0.7, Rgan= 100 s 7,

for |a|2>1.5, »=0.5 is enough for the experimental @"dy"=5X10"/pulse.

scheme to have better fidelity. For some valueg sfich as

¢=1/2 andé=1, the|B) states may have better fidelity for of the nonclassical property of a state. Figure 10 shows the
low |01|2. However, with increasinga|2' there is a Sharp Wigner functions of the desired Superposition state, and the
monotonic decrease in their fidelities, which finally becomegenerated output state using the proposed experimental
very close to zero<0.09) for|a|?>>4. As a result, we can scheme with CPC’s as the photon-counting detectors. It is
say that the proposed experimental scheme is more advantdnderstood that even fop=0.5, the aim of generating a
geous than the other strategies, because the states generdi@fclassical state is achieved, however, we can argue that the
by the experimental scheme have higher fidelity for a broadnformation content(amplitude and relative phasef the
range of|a|? and %. In a limited range of low|a|?, other  input state is partially lost during the truncation process due
strategies may be optimized to give better fidelity, but onlyto the losses in the system. With decreasinghe negativity

with the cost of much lower fidelity outside this range. As wein W(X,P) becomes smaller and it is completely lost with
will discuss in the next section, an analysis of the quasidisfurther decrease beyong<0.4.

tributions of those states will give us further information to  If one considers the use of the optimizgg) state given
discriminate those states from each other and to evaluate thy Eq.(21) rather than the QSD scheme to generate a state

efficiency and the merit of using the QSD scheme. with the highest fidelity to the desired state of the form
JN(]0)+ a|1)) with |a|?=0.8 as in Fig. 10, an attenuation
V1. QUAS|D|STR|BUT|ONS FOR THE TRUNCATED of §~043, which will give an intensity 0|f,8|2~0.34, must
OUTPUT STATE be used. In that case, fidelity to the desired state will be 0.92,

which is higher than the fidelity value &~ 0.91 obtained at
In the previous section, to evaluate the QSD scheme, wg,=0.5 and slightly lower thaf ~0.93 obtained ay= 0.7 if
have usedidelity to quantify how close the generated outputthe proposed experimental scheme with CPC’s is used.
state and the desired state are. However, fidelity is just &ooking at only the values of fidelity of those states, one can
single number and does not give complete information orconclude that it is difficult to discriminate these states from
how well the phase and amplitude of the input to the QSDeach other and may underestimate the advantage of using the
are preserved at the output. To answer this question we usgSD scheme. However, if the Wigner functions of those
the Wigner function as a tool since it is a one-to-one represtates are compared, the difference will become clearer. The
sentation of the quantum state and contains all the informawigner function for|8) with |8|2~0.34 will be similar to
tion on state. In the following, the Wigner function is calcu- GaussianV/(X,P) for a coherent state with the peak located
lated as(see, e.g.[21]) at ~0.347 and having a circular symmetry where one cannot
1 observe the negativity and the deformation seen in the de-
_ - A sired state given in Fig. 18). On the other hand, although
WX, P)= T % P NIT(X,P)|m), 22 the fidelity values are very close to those|@), the states
generated by the QSD scheme have deformation and nega-
where tivity similar to that of the desired state as seen in FigbL0
There is a delicate balance between the intensity of the
- B S imen . [ coherent light and the efficiency of detectors to observe the
(n[T(X,P)[m)=(—1)"2 (X—iP) peers negativity in W(X,P). To show this clearly, we have ana-
lyzed marginal distributions and cross sections of Wigner
xexp(—2r3)L"(4r?) (23)  functions for differenf«|? and » and depicted some results
in Figs. 11. We have understood that for coherent input of
with r2=X2+P2, L' "(y) being the associated Laguerre low intensity|«|2< 1.0, detector losses and source imperfec-
polynomial. tions do not have a significant effect on the shape of the
One of the most interesting characteristics of the QSDWigner function. Forp=0.4, the shape of the Wigner func-
scheme is the generation of nonclassical states from a claen and marginal probabilities of the states obtained from
sical state. Negative values in the Wigner function are a sigthe proposed scheme and the desired state are almost the
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—0.2 states obtained from input coherent stategadfl «|?=1.0 and(b)
e |a|?=0.4. Solid curves labeled &) and (i) denote the phase
E 0 distributions of the input coherent states and the truncated output
s states with the perfect QSD, respectively. Results of the proposed
0.2 scheme are shown as dash-dotted, dotted, and dashed curves for
-0 7=1.0, 0.5, and 0.2, respectively.
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FIG. 11. Effect of detector efficiency on Wigner function of the  Analysis of Wigner phase distribution for different inten-
output states generated by truncating coherent states of differesities of the input coherent light and different detector effi-
intensities: |a|2=0.4 (left) and |a|*=4.0 (right figure3. Solid  ciencies has revealed the following.
curve is for the perfect QSD, and dash-dotted, dotted, and dashed (i) Maximum value of the phase distribution is obtained at
curves are forp=0.5, 0.7, and 1, respectively. the phase of the input coherent light, which implies that the

preferred phase for the output state obtained from the experi-
mental scheme is the phase of the input light. It must be
same. For the range E{Ja|?><1.5, negativity inW(X,P noted that in the proposed model we have not included
=0) can be observed fop=0.2, howeverW(X=0,P) be-  phase-dependent losses.
comes smoothed and the dip seen in the ideal case fades with (i) Low detector efficiency and losses in the system
decreasingy. For|a|?>1.5, the effect of detector efficiency Smooth and broaden the phase distribution. In the limit
is more profound. Moreover, it affectsV(X,P=0) and =0, phase distribution is flat arfél( ;) ~0.1592, which are
W(X=0,P) differently. For decreasing, although the value @also observed for the vacuum state.
of negativity inW(X,P=0) approaches 0, the negativity can (i) For 0.25<|a|?<0.45, phase distribution has negativ-
still be observed for>0.3. On the other hand, the dip seen ity for the ideal scheme. To preserve the negativity of phase
in W(X=0,P) is strongly smoothed monotonically with in- distribution in the experimental scheme, detector efficiency
creasing efficiency. Strong dips similar to the ideal case camust be high, i.e., fofa|*=0.4, 1.0, and 2.0, detector effi-
be observed for 02 7<0.5. This deformation in the Wigner ciency » must be greater than 0.9, 0.6, and 0.7, respectively.
function of the output state for high-intensity input coherentHowever, the minimum value dP(¢) is much higher than
lights can be explained with the intrinsic property of thethat of the ideal case even for=1.
CPC's, that is, they lose the information on the number of (iv) Negativity of the Wigner phase distribution can be
incident photons. For strong lights, the number of photons irPreserved withy=0.65 when the weights of the vacuum and
the system will be higher than two photons, which will trig- Single-photon states are comparabiearly equal because
ger “false alarms” about the generation of the desired statéhe minimum of the phase distribution is more strongly nega-
causing strong deformations in the Wigner function. tive for these cases, i.e., in the ideal cdsd’=1 and the

Another important point of the QSD scheme is the presunnormalized staté) + «|1), P(6;) becomes~—0.0403,
ervation of the relative phase between vacuum and singlevhich is the lowest minimum for anje|? for this superpo-
photon components in the ideal case, so it is necessary ®tion state. Figure 12 shows the effect of detector efficiency
study the phase and its distribution for the output state. Then the Wigner phase distribution for input states of different
effect of imperfections on the phase distribution of the gendintensities.
erated state is analyzed using Wigner phase distribution,
which is the phase distribution associated with the Wigner VIl. CONCLUSIONS
function and calculated usiq@1]

In this study, we have analyzed the QSD scheme proposed
by Pegget al. in detail using realistic descriptions for the
detectors and single-photon source. We have also proposed
and discussed a simple and realizable experimental scheme
for the QSD considering possible error sources that can be
encountered in practice. The possible ways of solving these
whereW(B) can be obtained from Eq$22)—(23) using 8 difficulties and their effect on the generated output state are
=X+iP. discussed. We have shown explicitly that the proposed

P(0)= f:wwnmdlm, (24
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scheme is realizable with high fidelity using commercially sophisticated methods such as homodyne-tomography tech-
available detectors and SPDC as the single-photon sourceiques[22].

With a further analysis using quasidistributions, it has been
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