Chin. Phys. B Vol. 26, No. 2 (2017) 020304

Probabilistic direct counterfactual quantum communication
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It is striking that the quantum Zeno effect can be used to launch a direct counterfactual communication between two
spatially separated parties, Alice and Bob. So far, existing protocols of this type only provide a deterministic counterfactual
communication service. However, this counterfactuality should be payed at a price. Firstly, the transmission time is much
longer than a classical transmission costs. Secondly, the chained-cycle structure makes them more sensitive to channel
noises. Here, we extend the idea of counterfactual communication, and present a probabilistic-counterfactual quantum
communication protocol, which is proved to have advantages over the deterministic ones. Moreover, the presented protocol
could evolve to a deterministic one solely by adjusting the parameters of the beam splitters.
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1. Introduction

Quantum communication is now widely accepted to be
one of the most promising candidates in future quantum tech-
nology. Using quantum mechanics, several amazing tasks,
such as dense coding,!"?! teleportation>* and counterfactual

quantum key distribution, -]

are naturally achieved. Since the
invention of quantum key distribution (QKD) protocol, i.e., the
BBS84 protocol,!”! quantum communication has enjoyed great
success with both theoretical and commercial aspects. One of
the most significant contributions, which is impossible to be
achieved by classical means, is counterfactual quantum com-
munication. It enables two remote parties, Alice and Bob, to
exchange messages without transmitting any information car-
riers.

The idea of counterfactual quantum communication was

[8-101 with the im-

initialized by interaction-free measurement,
pressive phenomenon that an object can be detected with-
out being intuitively measured. The first example, presented
by Noh,! was realized in a QKD protocol. Later, we an-
nounced a variant adapted to the deterministic key distribution
scenario.'1 In sharp contrast to conventional QKD schemes,
these protocols are counterintuitive that the quantum states,
served as the information carriers, never travel through the
channel. A translated no-cloning theorem prevents the eaves-
droppers from getting any information of the private key. A
strict security proof of Noh’s protocol (Noh09 protocol) was
presented by Yin er al.['>) We further proved that, although
this protocol is secure under a general intercept-resend at-
tack in an ideal mode, the practical security could be com-
promised due to the dark count rate and low efficiency of
the detectors.!!3] Surprisingly, we also found that Eve could
get full information of the key from a real implementation by

DOI: 10.1088/1674-1056/26/2/020304

launching a counterintuitive trojan horse attack.!'* Since the
rate of information photons in the Noh09 protocol, only up to
12.5% in an ideal setting, is not satisfactory, Sun and Wen
improved it to reach 50% using an iterative module.!®) Ex-
perimental verifications of the Noh(09 protocol have also been
reported.1>-16]

Most interestingly, the topic of counterfactual quantum
communication (CQC), has been repainted by Salih et al.,
who claimed a new protocol (SLAZ2013 protocol) with a
better rate, using the quantum Zeno effect.l!”-!8] They also
announced a tripartite counterfactual quantum key distribu-
tion protocol,['”! to improve the counterfactuality and secu-
rity of a previous scheme by Akshata Shenoy et al.?”) Other
interesting applications, such as semi-counterfactual quan-
tum cryptography, >!]
transfer,!?%! are also found in recent papers.!

counterfactual quantum-information
19,20]

Although conventional CQC protocols based on the quan-
tum Zeno effect, such as the SLAZ2013 protocol, are sup-
posed to be more efficient than early versions, there are un-
expected side-effects directly induced by the chained-cycle
structure. Firstly, the transmission time could be multiplied
by the number of the cycles, since a photon pulse should travel
through all the cycles before it is detected by the legitimate de-
tectors. In other words, the time taken by transferring a single
bit might be much longer than a classical transmission may
cost, even though Alice and Bob stand close to each other.
Secondly, these schemes seem to be more sensitive to channel
noises (concerning only those blocking the channel), since the
transmission time is systematically multipled. In Ref. [17], it
was estimated that an acceptable noise rate only reaches 0.2%.

Motivated by removing the above side effects, we ex-
tend the idea of ‘counterfactual’, and consider a new paradigm,
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namely probabilistic counterfactual quantum communication
(PCQC). Here, we use the word ’probabilistic’ to define the
purity of the counterfactuality. Specifically, a deterministic
counterfactual communication scheme is one in which none
of the information-carriers travels through the channel. How-
ever, in a probabilistic one, there is a non-zero probability for
a carrier passing the channel. The idea mostly contributes
to bridging the gaps between the classical and deterministic
counterfactual communication schemes. In classical commu-
nications, all information carriers must pass the channel. In
contrast, they are never allowed to do so in a deterministic
counterfactual communication scheme. However, in a PCQC
protocol, they might travel through the channel with uncer-
tainty. It naturally follows that existing counterfactual quan-
tum communication schemes fall into the paradigm of deter-
ministic ones. For instance, Noh’s protocol[S] is a determinis-
tic one on that no information-carrier goes through the chan-
nel, though it produces a probabilistic (or random) key. In
this paper, we present a PCQC protocol, in which the chained
structure is removed, thus the transmission time is greatly re-
duced and the sensitivity to channel noises is simultaneously
degraded.

The rest of the paper is organized as follows. In Section 2,
the definition of probabilistic counterfactual communications
is given. Then, we present a probabilistic counterfactual quan-
tum communication protocol in Section 3. Next, the coun-
terfactuality rate and the robustness against channel noises are
analyzed to show the advantages over the SLAZ2013 protocol.
In Section 5, we have a brief discussion on how to combine
the presented protocol with quantum key distribution. Finally,
a conclusion is drawn.

2. Definition

Before the protocol is introduced, it is necessary to define
the probabilistic counterfactual communications. Figure 1 is
a primitive prototype of a communication system, where the
quantum channel is presumed to be noiseless for simplicity.
Define three binary registers x, y, and z for Alice, Bob, and
the channel, respectively. A successful communication pro-
cedure is described as follows: the sender, Alice, prepares a
signal bit (0 or 1) and stores it in register x; Bob resets his
register y for depositing the received signal; Alice and Bob
carry out a communication protocol p, which sets y =z = x;
the procedure ends with the result /. Consequently, the pro-
cedure can be written as the function [ = F(x,y,z,p), where
I =1 for x=y =2z and [ = 0 for otherwise. A successful
communication procedure is featured with / = 1. We need an-
other binary function k = N(z), where k = 0(1) implies the
information carrier (not) passing the channel. Naturally, clas-
sical, deterministic counterfactual and probabilistic counter-
factual communications can be defined by Table 1, in which

Prob{k = 0} denotes the probability of the case k = 0.

_—_——— Bob
quantum channnel

Alice

Fig. 1. A primitive prototype of communication systems.

We should note that the information carriers in counter-
factual and probabilistic counterfactual communications are
supposed to be quantum photons, which are well known for
their wave-particle duality.”>! We argue that the counterfac-
tuality should only be referred to the particle-property of
the quantum photons. Otherwise, it is difficult to determine
whether a protocol is counterfactual or not. There have been
controversies around the topic of ’counterfactual’ in recent

24271 For example, the SLAZ2013 protocol seems to

papers. !
be not counterfactual for some results, i.e., logic 0, accord-
ing to the trace definition proposed by Vaidman.?”! Also, one
may argue that Noh’s protocol®! is not counterfactual based
on the following fact. As demonstrated by a quantum delayed

choice experiment, (28]

it is Bob’s operation choice (blocking
or passing) that determines the path where the photon finally
travels. Before he made his choice, the photon, if observed
as a wave, would exist in all paths of the interferometer, other-
wise, quantum interference would never take place. Therefore,
things become more complex than we ever expected, if coun-
terfactuality and wave function are both concerned. Here, in
Table 1, I only take into account their classical description,

i.e., the particle-property.

Table 1. Definitions of Communication prototypes.

Prototype l Prob{k =0}
Classical communications 1 0
Deterministic counterfactual communications 1 1
Probabilistic counterfactual communications 1 p(0<p<l)

In previous schemes,>®!71 it is known that projective
measurement is important to perform deterministic counter-
factual computations and communications, since the infor-
mation that whether the photon passes the channel can be
obtained from the detection results. Figure 2(a) is an ana-
log of the detections in quantum deterministic counterfactual
schemes. Obviously, one can confirm that the photon is absent
from the channel with certainty, if it reaches the bottom tele-
scope. Therefore, an intuitive way to achieve quantum prob-
abilistic counterfactual communications is to replace the pro-
jective measurement device by a photon counter. For exam-
ple, in Fig. 2(b), where a photon screen is located at point
A, it is obvious that one can never confirm the path infor-
mation from the detection result, which can be expressed by
|@) = V/R|0) ++/1—R|1). Here, |0(1)) represents that the
photon is reflected (transmitted) by the BS, and R is the reflec-
tivity of the BS. In this case, the probability of a photon being

absent from the channel is R from a classical view. However,
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it may be argued that the photon exists in both arms with re-
spect to the wave-property. In this paper, "probabilistic coun-
terfactual’ is only discussed in the classical settings, since it
may lead to controversies if it is considered with a quantum
description.

BS BS

MR \MR
- )
N— AL_pp Al
MR ’ \: " screen

MR
(a) éjl (b)

Fig. 2. Two detection modes. Here, BS stands for beam splitter and
MR is a mirror. The transmission mode of the BS is supposed to be
the quantum channel. (a) Detectors D and D», e.g., two telescopes, are
placed here to observe incoming photons from the top and the side of
the apparatus, respectively. (b) A photon screen is placed at point A to
receive photons from both arms.

3. Protocol

First, we give a brief introduction of the SLAZ2013 pro-
tocol. To achieve the goal of counterfactuality, a chained quan-
tum Zeno effect, acting as the core principle, is introduced by
employing a series of beam splitters and mirrors. Correspond-
ingly, the optical circuit is divided into two types of cycles,
i.e., the outer cycle and inner cycle shown in Ref. [17]. At the
very beginning, a photon, which has nothing to do with the
information bit, is injected by the source, and enters the input
port of the outer cycle. The other thing Alice has to do is to ob-
serve which of her detectors, D; and D5, clicks. At Bob’s end,
he just chooses to block (pass) the photon, if logic “1” (“0”)
is selected to be transmitted. Let us see how Alice knows the
transmitted bit. When “0” is selected, two events, denoted by
E| and E; can be observed by Alice:

(i) (E1) The photon has been caught in detector D;.

(i1) (E») The photon has been caught in detector Ds.

Note that E, implies that the photon must have gone
through the channel. Therefore, E; should be discarded. Sim-
ilarly, when “1” is selected, events E3 and E4 can be observed:

(iii) (E3) The photon has been caught in detector D.

(iv) (E4) The photon has been caught in detector Dy.

Again, E4, which goes against the counterfactuality, is
discarded. Indeed, the quantum Zeno effect has an impor-
tant role in both events E; and E3, however, one should note
that the chained-cycle structure ievitably increases the time of
transmitting a single bit.

The experimental setup shown in Fig. 3, which is adapted
from the template of the SLAZ2013 protocol, is presented. It
is shown that an iterative module (shown in the dashed rect-
angle), ever introduced by Refs. [6] and [14], is employed to
replace the inner cycle. The length of each optical delay (OD)
in this module should be carefully chosen to match each other

with respect to interference. Specifically, the following condi-
tion should be satisfied,

LOD,'_H 7LOD,‘ = L07 (1)

for i =1,2,...,N—1. Here, Lop, and Ly denote the opti-
cal lengths of OD;, and the interval between two neighbor-
ing ODs, respectively. Also, Lop, is initialized by the optical
length of the real channel in terms of matching.

S Alice
D, Q C
Qe PBSo
D,
:_"""""""""”: Bob
SM | MR, MR; MRy |
SPR 5 | b
LOD;|0D] ODA ! 4?
v BS| BY,.BS\ |
PBS, : ; swl—
i : MR
ODyg 9 ! l : B
. D3(1) D:s(z) D:s(N)E
MR, — E .

Fig. 3. Experimental setup. In contrast with the SLAZ2013 protocol, an
iterative module in the dashed box is introduced to replace the original inner
cycle. Here, BS; stands for a beam splitter, and D5;, denotes a photon de-
tector for i = 1,2,...,N. Bob uses a switch (SW) to carry out the blocking
operation. SPR and SM stand for switchable polarization rotator and switch-
able mirror, respectively. Other notations: C is a circulator; D stands for the
single-photon detector; S is the single-photon source; PBS stands for the po-
larizing beam splitter which only reflects vertically polarized photons; OD
and MR stand for the optical delay and Mirror, respectively. In real imple-
mentations, the MR could be replaced by the Faraday mirror (FM) to offset
the side effects induced by the noises and birefringence. The settings of
PBSy, PBS;, SPR, and SM are the same as those in Ref. [17]. For instance,
we have the rotating angle of SPR as By = 6/2 = 1/4M.

In Alice’s station, a horizontally polarized (H) photon is
emitted by the source, and it certainly arrives at SM, which
is switched off initially to allow the photon to be transmitted
but it then remains on for M cycles, and is turned off again
after M cycles are completed. Due to the polarization rota-
tion by SPR, the photon will either be reflected or transmitted
by PBS;. If the photon is not blocked by the SW at Bob’s
end, it will return to the SM and repeat the travel in a new
cycle. Otherwise, the protocol will be restarted. The iterative
module and Bob’s station comprise a Michelson-type interfer-
ometer, in which quantum interference can be observed. Here,
the combination of PBS; and the SPR cooperate with each
other as a beam splitter. Therefore, the presented setup can
be translated to a Mach—Zehnder type interferometer shown in
Fig. 4, if we technically use a fictitious router to approximate
the Michelson-type interferometer mentioned above. Bob’s
station is simpler: he chooses to block (logic 1) or pass (logic
0) the photon by controlling the SW.
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FR

o

D1 D2

Fig. 4. Principle schematics. Here, FR stands for a fictitious probabilistic
router, explicitly shown in the right side dashed box. The input node routes
the photon to the output through one of the n paths. Here, we denote the
probability that the photon goes through path i as Prg;. One of the n paths,
say path k, corresponds to the real channel, such as path BSy — SW in
Fig. 3.

Now, we explain why this router works and show the prin-
ciple of the presented protocol in detail. When Bob passes the
photon, representing the fact that Bob chooses logic 0, quan-
tum interference immediately takes place in the presented in-
terferometer. Explicitly, in each cycle, if the photon leaving
SPR is reflected by PBSy, it enters the iterative module and
returns to PBS| with certainty owing to the interference (the
phase difference is 7 radians between the two output paths of
each BYS). In other words, the photon will neither be detected
by Bob nor by the detectors in the iterative module. In this
sense, the Michelson-type interferometer is equivalent to the
router FR with all its SWs on. From Fig. 3, the conditional
probability that the photon was to manifest itself to the chan-
nel, i.e., Prg,, is estimated to be H{-\Ll t;, where t; is the trans-
missivity of the i-th BS in Fig. 3. In addition, it naturally fol-
lows from Fig. 4 that the initial quantum state |10), implying
that the photon enters the first BS from the left hand side arm,
ultimately evolves to cosM8|10) + sinM0|01), which equals
to |01). Consequently, it means that the photon will trigger
detector D;. Now, let us see how probabilistic counterfactual
communication takes place. In each cycle, we see that FPrg,
is non-zero. It means that the information carrier, which trig-
gers detector D,, may have traveled through the channel or

not. From Table 1, it immediately implies that this case is of

the paradigm of probabilistic counterfactual communications.
This property makes the presented scheme distinguished with
deterministic counterfactual communication protocols. Inter-
estingly, the presented scheme could easily evolve to a deter-
ministic counterfactual one when P, — 0.

When Bob blocks the photon, the interference in the iter-
ative module is destroyed. Therefore, it is most probably that a
photon exiting PBS; is detected by Bob’s detector D4 or one of
the detectors in the iterative module (D3(1), D3(z), ..., D3y))-

14]

In my previous work,!'¥ it is shown that the conditional oc-

currence rate of this event is obtained by

N i—1
Py =1-Y T]7(1-u) ©)
i=1j=0
which satisfies
1
Py < 1fﬁ<1prRk)2. A3

Here, we define that 75 = 1. Obviously, the Py, approaches
1 asymptotically with N — oo. Correspondingly, in Fig. 4,
we can also replace the Michelson-type interferometer by the
route FR, if the i-th SW is set to be switched off with proba-
bility Pg,, such that Zﬁvzl Prr,Pg; = Py, Counterfactual com-
munication here is ensured by the quantum Zeno effect, i.e.,

110) — cos™ 1 6(cos 0]10) +5inB]01)) ~ [10).  (4)

Consequently, detector Dy clicks as a result. Note that proba-
bilistic counterfactual communication never takes place in this
case, since the photon going through the channel triggers de-
tector D4 with certainty (this event should be discarded).

4. Performance

Since the equivalent optical distance between Alice and
Bob, Deg, is only M * L, where L denotes the practical distance,
(that is Deq = M * N * L for SLAZ2013) the transmission time,
ie., t = Deg /c, has been reduced by a factor of N, which is
a great step forward to implementing direct quantum counter-
factual communication in real-life channels. Here, ¢ denotes
the light speed. Intuitively, the sensitivity to channel noises
is degraded, since the equivalent communication distance is
greatly shortened. Analysis of the robustness against channel
noises will be presented in this section. Another advantage is
that the counterfactuality rate of the procotol is improved, in
contrast with the SLAZ2013 protocol.

4.1. Counterfactuality analysis

Here, the counterfactuality rate, denoted by C, is defined
by the probability of a successful communication featured
with no transmission of information carriers. In a determin-
istic scheme, it is usually given by a tuple C = (Cy,C} ). Here,
Co and C; represent the counterfactuality rates for the signals
0 and 1, respectively. Obviously, C; (i = 0,1) varies from 0
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to 1, and perfect counterfactual communication is available
if and only if C; =1 (i = 0,1). For the SLAZ2013 proto-
col, Cy(1) equals to the detection rate Pj(;), which is given by
lx(¥)m|? (see Ref. [17] for more details). Also, this protocol
achieves perfect counterfactuality when N and M approach in-
finity, leading to C| — (1,1), i.e., P — 1 and P, — 1. How-
ever, in the presented protocol, the counterfactual rate Cy could
not be given by the detection rate, due to the absence of pro-
jective measurement. Fortunately, it can be estimated from its
quantum description, which is a superposition of all possible
paths.

Now, we begin to calculate the counterfactuality rates of
the presented protocol. When Bob blocks the channel (logic
‘1’), deterministic counterfactual communication takes place.
Therefore, C; is directly given by the detection rate of detector
D2, i.e.,

Cy =cosMo. )

Obviously, perfect counterfactuality is achievable for signal
“1”, when M approaches infinity.

In the case of Bob passing the photon (logic ‘0’), it is
impossible to determine Cy from the detection rate of detec-
tor Dy, since there are probabilistic counterfactual events here.
Therefore, Cy should be estimated from the superposition state
of each cycle. In Fig. 4, the superposition in the m-th cycle
can be expressed by |@,,) = cosm0|10) + sinmB|01), if the
router is not taken into account (see Ref. [17]). Now, if the
photon is in the right-hand side arm of the BS (the probability
is sin? m@), the photon enters the router, and the conditional
probability of it passing the channel is given by Prgr, . In total,
Co is

Co=

=

(1—sin?m@ - Pg,). (6)

m=1

Obviously, equations (5) and (6) imply that perfect direct
counterfactual communication can also be achieved when M
approaches infinity, i.e., Cy,C; — 1. One could also obtain
Co — 1 by setting Prr, — 0, keeping M unchanged. In this
case, the presented protocol evolves to a deterministic one.
More interestingly, the presented protocol could also turn out
to be totally classical when Prr, = 1. In this case, the router
in Fig. 4 contains only one path, i.e., the channel. Therefore,
this result is consistent with the one referring to Fig. 2(a) in
Ref. [17], whose counterfactuality rate Cy is also equal to 0.

We have loosely plotted the counterfactuality rate Cp, il-
lustrating how it varies as a function of M. In Fig. 5, it is
showed that all curves descend as M increases. In other words,
the performance becomes worse with a bigger M, since the
probability that a photon exposes itself in the channel evi-

dently increases when the number of the cycles grows up.

Fortunately, Cy can be improved by reducing ¢ (or indepen-
dently increasing N). As is shown in Fig. 5, a curve, marked
with a smaller ¢, locates itself over the others with bigger
ones. This shows that high counterfactuality (e.g., Co > 0.9)
is achievable with acceptable Ms, as long as ¢ is chosen to
be sufficiently small. In order to show the advantages over
the SLAZ2013 protocol, we list some meaningful results, ob-
tained from numerical estimating, in table 1. It is clear that, for
the SLAZ2013 protocol, N should be sufficiently large (mean-
while things get worse as M increases), in order to achieve
acceptable counterfactuality rates (bigger than 0.9). However,
the same rates can be achieved with less resources in the pre-
sented protocol, as long as we carefully choose the value of #;
(Gj=12,...,N).

100 T
095} “c-. T
0.90 AN
0.85 T
S 0.80 Tl
0.75
- -t=0.001
0701 _ ¢ —0.0005
rrrrr t = 0.0001
0.65r 000005
0 200 400 600 800 1000
M
Fig. 5. Cy as a function of M. Here, = Py, .
Table 2. Numerical estimating results.
M=25 M=50 M=75 M=100 M=150
Bk, =0.001 0987 0975 0963 0951 0927
@ PR =00005 0994 0987 0981 0975 0963
Prr, =0.0001 0999 0997 0996 0995  0.992
Peg, = 0.00005 0999 0999 0998 0997  0.996
N =320 0912 0831 0758  0.693  0.582
. N=500 0943 0887 083 0788  0.702
(I N = 1250 0977 0953 0930 0908  0.865
N = 2500 0988 0976 0964 0953  0.930

(D': The first half of the table, corresponding to the presented protocol.
The content units are filled with values of Cy, referring to different prg,
and M.
(I)?: The second half of the table, corresponding to the SLAZ2013 proto-
col. The content units are filled with values of p;, referring to different M
and N.

At last, we concluded the detector rates, Prob{D; clicks}

and Prob{D; clicks}, which are given by
Prob{D; clicks} = cos*™ 6, ™
and
Prob{D; clicks} = 1. (8)

The difference between Eq. (6) and (8) shows the probabilis-
tic-counterfactual property of the protocol.
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4.2. Robustness against channel noises

Here, the robustness of the presented protocol is only in-
vestigated in a most representative scenario that the channel
noise acts as an obstacle which definitely registers an event
of “Block”. Errors only occur in the case of Bob choosing
to pass the photon, where interference is destroyed by noises.
Remarkably, for the presented protocol, the presence of noises
definitely induces errors as well as an increase of the probabil-
ity that detector D3y, (j = 1,2,...,N) clicks, which indepen-
dently discounts the performance of the protocol.

When Bob passes the photon, it will produce a click of de-
tector D, with certainty owing to quantum interference, if the
channel is noiseless. Let us see what happens when a “block”
in one cycle is triggered by the noise other than Bob. With-
out loss of generality, we assume that the channel of the i-th
cycle is blocked due to the noise. Given that the state of the
i-th cycle is |@); = x;|10) 4 y;|01), the quantum state after the
(i+1)-th BS is written as

|@)i+1 = (xicos —cxy;sin0)[10)
+ (x;sin 0 + ¢ x y;cos 6)|01), )

where ¢ denotes the rate that the single-photon pulse in the
channel of the i;; cycle is not absorbed. For instance, in the
SLAZ2013 protocol, ¢ = 0(1), corresponding to Bob’s choice
“Block(pass)”, means that the pulse is fully(never) absorbed
by Bob’s detector D4. Interestingly, ¢ varies from 0 to 1 for the
presented protocol, since the iterative module also contributes
to the benefit that the photon in the right-hand side arm is not
absorbed.

Next, it is necessary to fix the rate “c” with given parame-
ters of the module. Suppose that a photon is reflected by PBS;
in the i-th cycle, it is easy to conclude the probability that it is
reflected back to PBS; by one of the mirrors in the module as

N i—1

Per =Y []17(1—1)% (10)

i=1j=0

due to the absence of quantum interference. Also, the proba-
bility that it is absorbed is

N i—1 N
Pus =1-Y [T:70—1)* -] ] (11)
i=1 j=0 i=o

Obviously, we have ¢ = P.r. Moreover, it is seen that a photon
will be detected by D3, (j = 1,2,...,N) with unit proba-
bility, when N approaches infinity.['*! Nevertheless, it is still
interesting to investigate the robustness of the presented proto-
col in finite settings, where c is indeed a non-zero real number
less than 1. In order to find how c¢ discounts the rate of detector
D», we try to correlate Prob{D; clicks} with ¢ formally. As-
sume independently that a single-photon pulse, denoted by an

unnormalized quantum state |y) = ¢|01), arrives at the (i+1)-
th BS in Fig. 4, the final state after the following M — i BSs is
written by

| W) finat = ¢ * (cos(M —i)0|01) —sin(M —i)0]10)), (12)

owing to quantum interference. Obviously, it is seen from
Eq. (12) that this independent pulse definitely contributes to
the rate of detector Dy. Therefore, Prob{D; clicks}, which
is given by Prob{D; clicks} = (1 — (1 — ¢)y;cos(M — i)6)?,
directly increases as c increases. Equation (10) shows the bal-
ance of ¢ and N, and that ¢ = 0 when N — o for the worst
case. Now, we use the same technique, that random numbers
between 0 and 1 are employed to play the role of noise, to plot
the successful rate of the right detector. The curves in Fig. 6(a)
are statistically averaged on a 2000-times repetition to achieve
better smoothness. Obviously, the protocol outperforms the
SLAZ2013 protocol on the tolerance of noise given the same
M. Moreover, a smaller M implies a bigger tolerance of B for
the presented protocol, which is consistent with the fact that
an increase of the number of cycles immediately increases the

risk of suffering from channel noises.

N - -M=25,¢=0 (a)

o 099 S, — M=50,¢c=0
e ‘
< S
- \.\.
2 0.85 N
o ..
E 0.75 S~
a
]
3
€ 0.65
wn

o5 .

0 0.004 0.008 0.012 0.016 0.020
Noise B
1.0 ——
- -M=25, N=320 (p)

2 0.9f\ — M=50,N=1250
= N
208
4
©
S 0.7
=
2 06 ~
Q
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n 0.5
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0 0.004 0.008 0.012 0.016 0.020
Noise B

Fig. 6. (color online) Numerical estimating results. (a) Successful click-
ing rate of the presented protocol as a function of the noise rate B. Here,
¢ = 0, corresponding to the worst case, is chosen as a better sample
to make a comparison with the SLAZ protocol. The solid (dash—dot)
curve is plotted for M = 25 (50). (b) Successful clicking rate of the
SLAZ2013 protocol as a function of the noise rate B. The solid (dash—
dot) curve is plotted for M = 25 (50), N = 320 (1250).
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5. Discussions

Although the side-effect of the chained quantum Zeno ef-
fect is greatly reduced by the iterative module, another arises
from this component. When Bob chooses to block the photon,
it is likely in a single cycle that he cannot capture it, even if
it enters the module, since the photon could be reflected by
one of the mirrors in the module, i.e., MR, MR,,..., MRy,
and returns back to PBS; (the conditional probability told by
Eq. 2)is YV, H;;}) tjz(l —1;)?). Fortunately, this effect con-
tributes, though unobviously, to the counterfactualitiy C.

It is impossible to directly apply this protocol or
SLAZ2013-like ones to secure communications, such as quan-
tum key distribution. The central problem is that a no-cloning
theorem is not included in principle. In these protocols, only
orthogonal states, say, |@o) and |@;), are employed. Fortu-
nately, it is not difficult to make them secure. All one should
do is to change the pure states into nonorthogonal mixed states,
i.e., Tr[pop1] # 0. For example, the Noh09 protocol is of this
kind. Here, we also highlight an open question that whether it
is possible to explore unconditional security directly from the
quantum Zeno effect, thus leading to a new paradigm outper-
forming existing quantum key distribution schemes.

6. Conclusion

In summary, we have opened the door of probabilistic
counterfactual quantum communication. Generally, a high
counterfactuality rate can be achieved with less resources, in
contrast with previous schemes based on the chained quantum
Zeno effect. Also, we should point out that this protocol is
not symmetrical, since probabilistic counterfactual communi-
cation only occurs when the quantum interference remains. It
is a challenge whether this symmetry could help to further re-

duce the transmission time.
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