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Experimental Quantification of the Entanglement of Noisy Twin Beams
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Gradual loss of the entanglement of a twin beam containing around 25 photon pairs with the increasing
external noise is experimentally investigated. The entanglement is quantified by the nonclassicality depths
and the nonclassicality counting parameters related to several nonclassicality criteria. The reduction of
intensity moments of the analyzed multimode twin beams to single-mode ones allows determination of
the negativity as another quantifier of the entanglement. Both the raw photocount histograms and the
reconstructed photon-number distributions are analyzed in parallel.
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I. INTRODUCTION

Twin beams (TWBs) ideally composed of photon pairs
have very interesting quantum properties: They exhibit
the entanglement between the photons belonging to the
same photon pair that occurs in different degrees of free-
dom including frequencies, polarizations, or propagation
directions. At the same time, however, the TWBs con-
taining on average typically more than one photon pair
exhibit perfect correlations between the numbers of the
signal and idler photons, that represent another attribute
of the TWB quantumness. The entanglement in the TWB,
as the TWB prominent feature, finds its applications in
metrology (measurement of ultrashort time intervals, abso-
lute detector calibration [1,2]), quantum communications
(reduction of noise, quantum cryptography), and various
quantum-information protocols [3]. Quantum states with
specific properties may be obtained using various types of
postselection realized on the TWB [4]. However, the noise
superimposed on the TWB occurs in a smaller or greater
amount in all these applications. For example, in the
quantum-communication applications the noise increases
linearly with the distance [5]. As a certain minimal amount
of the entanglement is indispensable for all applications of
TWBs, restriction to the maximal tolerable amount of the
noise occurs. This brings the need to quantify the TWB
entanglement and its relationship to the noise. The noise
may originate either in the sources outside the TWB or
in photon pairs of the TWB being partly absorbed dur-
ing their propagation (typically in optical fibers). In this
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contribution, we suggest three theoretical concepts of how
to quantify the TWB entanglement. We verify these con-
cepts experimentally: we generate a TWB with around 25
photon pairs on average and superimpose an additional
noise with the increasing intensity onto both signal and
idler beams.

Quantification of the entanglement of TWBs is not an
easy task because the TWBs are typically (spectrally and
spatially) multimode and as such they are properly char-
acterized by quasidistributions of the overall signal and
idler (integrated) intensities, instead of amplitudes. This
comes from the fact that the multimode character of the
fields makes the information about the phases of individual
spatiospectral modes as well as their individual intensities
unimportant. A larger number of modes prevents the appli-
cation of the homodyne tomography [6,7] in the experi-
mental investigations of TWBs, as well as the use of the
entanglement witnesses based on the moments of fields’
amplitudes [8–11]. Quantification of the entanglement of
multimode optical fields represents a serious and demand-
ing problem even in specific cases when individual modes
and their intermodal correlations are measured [12,13]. In
the case of multimode TWBs, we do not have access to the
properties of individual modes. However, we know that
the reduced states of the signal and idler beams are mul-
timode thermal [14], i.e., they are purely classical, as a
consequence of the spontaneous emission of photon pairs
in the process of spontaneous parametric down-conversion
[15]. This means that the quantification of TWB entangle-
ment can be mapped onto the quantification of the TWB
nonclassicality.

In general, the nonclassicality of a state is recognized
by the negative values of quasidistributions of intensities
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(even being in the form of generalized functions) [16,17].
In the case of multimode TWBs, the problem of nonclas-
sicality identification can be considerably simplified when
applying suitable nonclassicality identifiers and witnesses
(NI) [18–20] that are conveniently based on the inten-
sity moments. The fields’ intensities and their moments
can be measured by photon-number-resolving detectors
that provide the corresponding photocount distributions
[4,13,21–24]. We note that also the NIs based directly on
the elements of photocount (or photon-number) distribu-
tions may also be used for this purpose [18,25–27]. The
quantification of nonclassicality and entanglement is then
reached by applying the concept of the Lee nonclassicality
depth [28] or the approach leading to the nonclassicality
counting parameter [29].

Here, we suggest and verify an alternative approach in
which we first determine the intensity moments appropri-
ate to one typical (paired) mode and then we use these
intensity moments in the formula for the negativity of a
Gaussian two-mode field [30,31] to directly quantify the
TWB entanglement. The negativity [32] exploits the prop-
erties of the partially transposed statistical operator [33,34]
to quantify the amount of the entanglement in a composed
quantum system.

The paper is organized as follows. Nonclassicality
and entanglement identifiers and quantifiers are theoreti-
cally introduced in Sec. II. The experimental setup, per-
formed experiment, and the reconstruction method for
revealing a TWB joint photon-number distribution from
the experimental photocount histogram are described in
Sec. III. Degradation of the nonclassicality and entangle-
ment caused by an additional noise with the increasing
intensity is discussed in Sec. IV using the theoretical tools
of Sec. II. Section V brings conclusions.

II. NONCLASSICALITY AND ENTANGLEMENT
IDENTIFICATION AND QUANTIFICATION

For TWBs, the noise-reduction-factor R is the com-
monly determined quantity that may also indicate their
nonclassicality:

R = 1 + 〈[�(Ws − Wi)]2〉
〈Ws〉 + 〈Wi〉 , (1)

where Ws (Wi) denotes the signal- (idler-) field (integrated)
intensity and �W = W − 〈W〉. According to its definition
the noise-reduction-factor R quantifies pairing of the pho-
tons in a TWB. For an ideal TWB composed of only
photon pairs, it is equal to zero. If an additional noise on
top of the paired photons is present in the TWB, R > 0.
The larger the amount of the noise, the greater the value
of R. It can be shown that the TWBs with R < 1 are
nonclassical.

The intensity moments [14,17] needed for the determi-
nation of the noise-reduction-factor R as well as other char-
acteristics of the TWBs are commonly derived from the
moments of the reconstructed photon-number distribution
p(ns, ni). This distribution is obtained by the reconstruction
from the experimental photocount histogram f (cs, ci). The
intensity moments 〈Wk

s Wl
i〉 represent the normally ordered

photon-number moments. They are derived from the usual
photon-number moments 〈nm

s nj
i 〉 using the following lin-

ear relations valid for one effective bosonic mode with the
operators fulfilling the canonical commutation relations
(k, l = 1, 2, . . .) [14,17,35]:

〈
Wk

s Wl
i

〉 =
k∑

m=0

S(k, m)

l∑

j =0

S(l, j )
〈
nm

s nj
i

〉
. (2)

In Eq. (2), symbol S stands for the Stirling numbers of the
first kind [36].

The reconstruction of a photon-number distribution
removes the “distortions” in the experimental photocount
histogram caused by the detector. As such it improves,
in general, the characteristics of the analyzed field, espe-
cially its nonclassicality. To assess the parameters and
quality of the directly measured photocount histogram,
we may assume that it is obtained by an ideal detector
whose operation does not require any correction. In this
case, we may consider in the rhs of Eq. (2) the pho-
toucount moments 〈cm

s cj
i 〉 instead of the photon-number

moments 〈nm
s nj

i 〉 and determine the corresponding inten-
sity moments. Such intensity moments derived from the
photocount moments can then be used in parallel to the
usual intensity moments of Eq. (2) to determine the quan-
tities of interest and discuss the related properties. We note
that we systematically use the quantities cs and ci to count
the numbers of detected electrons (photocounts) whereas
the numbers ns and ni quantify photon numbers in the
reconstructed TWB.

The real experimental quantification of the TWB non-
classicality can be based upon suitable NIs for which the
nonclassicality depths τ introduced in Ref. [28] or the non-
classicality counting parameters ν defined in Ref. [29] are
determined (for details, see below). Following the compre-
hensive analysis of NIs based on the intensity moments of
TWBs [18], we consider the following three representative
NIs:

M ≡ 〈W2
s 〉〈W2

i 〉 − 〈WsWi〉2 < 0,

E2 ≡ 〈W2
s 〉 + 〈W2

i 〉 − 2〈WsWi〉 < 0,

E3 ≡ 〈W3
s 〉 + 〈W3

i 〉 − 〈W2
s Wi〉 − 〈WsW2

i 〉 < 0.

(3)

The NI M has a privileged position among other NIs based
on the intensity moments as it only identifies the nonclas-
sicality in an arbitrary single-mode TWB [19]. Whereas
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the NI M contains the intensity moments in the cumu-
lative fourth order, the other considered NI E2 uses just
the second-order intensity moments. For this reason, the
most commonly applied NI E2 is determined with better
experimental precision than the NI M . We note that for a
balanced TWB with 〈Ws〉 = 〈Wi〉, E2 < 0 is equivalent to
R < 1. In general, the condition R < 1 can be transformed
into the inequality

E2 + (〈Ws〉 − 〈Wi〉)2 < 0 (4)

and so the NI E2 is stronger in identifying the nonclas-
sicality than the noise-reduction-factor R. On the other
hand, the last considered NI E3 directly involves the third-
order intensity moments and as such it monitors the higher-
(third-) order nonclassicality.

The performance of the above NIs can directly be
compared for single-mode fields. In this case, a TWB
is nonclassical provided that Q ≡ 2〈Ws〉〈Wi〉 − 〈WsWi〉 <

0 [37]. Using the formulas 〈W2
a〉 = 2〈Wa〉2, 〈W3

a〉 =
6〈Wa〉3, a = s, i, 〈W2

s Wi〉 = 2〈WsWi〉〈Ws〉, and 〈WsW2
i 〉 =

2〈WsWi〉〈Wi〉 valid for the single-mode Gaussian fields, we
rewrite Eqs. (3) in the form:

M = Q(2〈Ws〉〈Wi〉 + 〈WsWi〉) < 0,

E2 = 2Q + 2(〈Ws〉 − 〈Wi〉)2 < 0,

E3 = 2Q(〈Ws〉 + 〈Wi〉) + 2(〈Ws〉3 + 〈Wi〉3)

+ 4(〈Ws〉 − 〈Wi〉)2(〈Ws〉 + 〈Wi〉) < 0.

(5)

According to Eqs. (5), the NI M identifies all nonclassi-
cal single-mode TWBs, whereas the NIs E2 and E3 are
weaker than the condition Q < 0. We note that nonclas-
sical balanced TWBs are also completely identified by the
NI E2.

The concept of the nonclassicality depth (ND) τ [28]
is based upon the behavior of quasidistributions in the
phase space of an optical field in relation to different
field-operator orderings. It uses the fact that the amount
of nonclassicality decreases as we move from the nor-
mal ordering, which corresponds to the usual detection
by quadratic intensity detectors, to the antinormal order-
ing, in which any optical field exhibits only the classical
properties. The ND τ gives the distance on the ordering-
parameter axis s between the point at which the nonclas-
sicality is lost sth and the point of the normal ordering
s = 1:

τ = (1 − sth)/2. (6)

The threshold ordering parameter sth is determined so that
the corresponding s-ordered intensity moments 〈Wk

s Wl
i〉s

nullify the corresponding NI. The s-ordered intensity

moments are given as [17]

〈Wk
s Wl

i〉s =
(

2
1 − s

)k+l 〈
Lk

(
2Ws

s − 1

)
Ll

(
2Wi

s − 1

)〉
(7)

and Lk denotes the kth Laguerre polynomial [36]. Whereas
we have 0 ≤ τ ≤ 1 for an arbitrary field, the value of ND
τ of any nonclassical Gaussian beam cannot exceed 1/2.

On the other hand, the nonclassicality counting parame-
ter (NCP) ν ≥ 0 [29] is defined as the mean number of pho-
tons of a superimposed (convolved) chaotic field needed
to conceal the nonclassicality indicated by the correspond-
ing NI. In this definition the photon-number distribution of
the noisy photons added into the beams is assumed in the
form of a single-mode thermal field, which results in the
following combined photon-number distribution pν ,

pν(n′
s, n′

i; ν) =
n′

s∑

ns=0

n′
i∑

ni=0

p(ns, ni)

× p th(n′
s − ns; ν, 1)p th(n′

i − ni; ν, 1), (8)

which is applied in the above discussed NIs. The photon-
number distribution p th for a K-mode thermal field with
〈n〉 mean photons is given by the Mandel-Rice formula:

p th(n; 〈n〉, K) = �(n + K)

n!�(K)

〈n〉n

(1 + 〈n〉)n+K ; (9)

� stands for the gamma function.
Provided that the numbers Ks and Ki of modes in

the signal and idler beams, respectively, are close and
are determined by the formula for a multimode thermal
field [17],

Ka = 〈Wa〉2

〈(�Wa)2〉 , a = s, i, (10)

we may derive single-mode moments 〈wk
s wl

i〉s. They char-
acterize a typical paired mode and the whole TWB is then
considered as composed of a given number of identical
typical paired modes. As the analyzed TWBs contain sev-
eral tens of spatiospectral modes, this approximate TWB
decomposition is well justified. The mean single-mode
intensities 〈ws〉 and 〈wi〉 are given as

〈wa〉 = 〈Wa〉
K

, a = s, i, (11)

where K = (Ks + Ki)/2 is the average number of modes.
Higher-order single-mode intensity moments are then con-
veniently derived by invoking the following relations for
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the single-mode intensity fluctuations �ws and �wi:

〈(�ws)
k(�wi)

l〉 = 〈(�Ws)
k(�Wi)

l〉
K

. (12)

Using the relations in Eq. (12) the single-mode intensity
moments are determined step by step starting from those
for the lowest orders, i.e., from 〈w2

a〉 for a = s, i and 〈wswi〉.
The single-mode intensity moments then allow us to

directly determine the negativity EN [30,31], which is a
genuine entanglement quantifier, along the formula:

EN = {
2bp − (bs + bi)(4bp + 1) − 4bsbi

+
√

(bs − bi)2 + 4bp(bp + 1)

}

× {
4(bs + bi)(2bp + 1) + 8bsbi + 2

}−1 (13)

in which bp = −1/2 + √
1/4 − 〈�ws�wi〉 and ba =

〈wa〉 − bp for a = s, i. We note that nonzero negativity EN
of an entangled two-mode beam implies the fulfillment of
the commonly used NIs for such beams [8,9,37].

III. EXPERIMENTAL SETUP AND TWIN-BEAM
RECONSTRUCTION

In the experiment whose scheme in shown in Fig. 1(a),
a noiseless TWB was generated in a 5-mm-long type-I
β-barium-borate crystal (BaB2O4, BBO) cut for a slightly
noncollinear geometry. Parametric down-conversion is
pumped by pulses originating in the third harmonic
(280 nm) of a femtosecond cavity-dumped Ti:sapphire
laser (pulse duration 180 fs at the central wavelength of
840 nm, repetition rate 50 kHz, pulse energy 20 nJ at
the output of the third harmonic generator). The exter-
nal noise is produced by a bulb lamp with variable light
intensity. The signal, idler, and noise fields are detected in
three different equally sized detection regions (in the form
of strips) on the photocathode of an ICCD camera Andor
DH 345-18U-63. The camera set for the 4-ns-long detec-
tion window is driven by the synchronization electronic
pulses from the laser and it operates at a 14-Hz frame
rate. Whereas two detection regions that monitor the sig-
nal and idler beams contain both photons from pairs and
the noise photons, the third detection region is illuminated
only by the noise photons and thus gives the intensity of the
superimposed noise field. The photons of all three fields
impinging on the camera are filtered by a 14-nm-wide
bandpass interference filter with the central wavelength at
560 nm. As the bandwidth of the spectral intensity cross-
correlation function of the TWB equals around 2 nm under
the used conditions, the edge effect of the filters causing
losses of photons from photon pairs does not have to be
explicitly considered. The pump intensity, and thus also the

(a)

(b) (c)

ICCD

Laser
source

FIG. 1. (a) Scheme of the experimental setup: nonlinear crys-
tal BBO producing a TWB; mirror HR reflecting the idler beam;
light bulb (LB) emitting the noisy field with defined intensity
uniform over the ICCD; bandpass interference filter (IF); inten-
sified CCD camera (ICCD); detector D used for pump-beam
stabilization. (b) Normalized experimental photocount histogram
f (cs, ci) giving the number of realizations with cs and ci regis-
tered electrons (photocounts) and (c) the corresponding recon-
structed photon-number distribution p(ns, ni) of the least-noisy
TWB.

TWB intensity, is actively stabilized by means of a motor-
ized half-wave plate followed by a polarizer and a detector
that monitors the actual intensity.

In the experiment, we first investigate the TWB with-
out an additional noise. The experimental photocount
histogram f (cs, ci) obtained after 104 measurement repeti-
tions as well as the reconstructed photon-number distribu-
tion p(ns, ni) are plotted in Figs. 1(b) and 1(c). This TWB
causes on average 〈c〉 = 5.5 photocounts per detection
region, which corresponds to 〈n〉 = 〈W〉 = 24.4 photon
pairs in a TWB. Owing to nonideal detection efficiency
of the ICCD camera the joint photocount distribution f
is smeared from the diagonal given as cs = ci. The recon-
struction tends to eliminate this smearing, but still a typical
droplet shape is observed for the photon-number distribu-
tion p . The maximum-likelihood approach is applied to
arrive at the photon-number distribution p(ns, ni) in the
form of a steady state of the following iteration procedure
[38,39] (l = 0, 1, . . .):

p (l+1)(ns, ni) = p (l)(ns, ni)

×
∑

cs,ci

f (cs, ci)Ts(cs, ns)Ti(ci, ni)∑
n′

s,n′
i
Ts(cs, n′

s)Ti(ci, n′
i)p (l)(n′

s, n′
i)

.

(14)

The positive-operator-valued measures Ta, a = s, i, char-
acterize detection in the region with beam a. We have for
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an ICCD camera with Na active pixels, detection efficiency
ηa, and mean dark count number per pixel Da [39]:

Ta(ca, na) =
(

Na
ca

)
(1 − Da)

Na(1 − ηa)
na(−1)ca

×
ca∑

l=0

(
ca
l

)
(−1)l

(1 − Da)l

(
1 + l

Na

ηa

1 − ηa

)na

.

(15)

Calibration of our ICCD camera [2] gives us the following
parameters ηs = 0.230 ± 0.005, ηi = 0.220 ± 0.005, Ns =
Ni = 4096, DsNs = DiNi = 0.403 ± 0.001 for the signal
(s) and idler (i) detection regions.

IV. NONCLASSICALITY AND ENTANGLEMENT
DEGRADATION CAUSED BY THE

INCREASING NOISE

To investigate degradation of the TWB entanglement as
well as to analyze the performance of the above entan-
glement quantifiers when the noise in the TWB increases,
the noise with multithermal photon statistics, originating
in a bulb lamp, is superimposed equally onto the signal
and idler beams. An increasing voltage applied to the bulb
lamp leads to the increasing mean photon numbers 〈n〉n of
the noise field. 36 TWBs with different levels of the noise
are analyzed: their mean photocount numbers 〈cs〉 and 〈ci〉
in the signal and idler detection regions, respectively, as
well as the mean photocount numbers 〈c〉n of the noise
field measured in the independent detection are plotted in
Fig. 2(a).

We first roughly estimate the amount of nonclassical-
ity by applying the noise-reduction-factor R [24] in Eq.
(1) that, in fact, quantifies the relative amount of paired
photons in a TWB. The gradual decrease of the relative
amount of paired photons in the measured TWBs with the
increasing noise is monitored in Fig. 2(b) by the increasing
values of the noise-reduction-factors Rc and Rn determined
from the photocount histograms and reconstructed photon-
number distributions of the analyzed TWBs, respectively.
According to the graphs in Fig. 2(b), the TWBs with the
mean noise photocount numbers 〈c〉n smaller than 5 are
nonclassical (Rc, Rn < 1). As the reconstruction algorithm
qualitatively preserves the nonclassicality while improving
it quantitatively, the curves for Rc and Rn mutually cross
at R = 1 where the transition to the classical region of R
occurs.

The experimental results for the noisy TWBs are com-
pared with the predictions of the model that convolves the
photocount (photon-number) distributions of the indepen-
dent noisy fields present in both the signal and idler beams
with the photocount histogram f n−l (photon-number dis-
tribution pn−l) of the original TWB without an additional
noise using the formula analogous to that in Eq. (8).

(a) (b)

FIG. 2. (a) Mean experimental photocount numbers 〈cs〉 (blue
	), 〈ci〉 (red ◦), and 〈c〉n (∗) in, in turn, signal-beam, idler-
beam, and noise-detection region versus the number i identifying
a TWB. (b) Noise-reduction-factors Rc (∗) and Rn (blue 	) deter-
mined for the experimental photocount histograms and recon-
structed photon-number distributions of TWBs, respectively, as
they depend on mean noise photocount number 〈c〉n. Experimen-
tal data are plotted as isolated symbols with error bars derived
from the number of measurement repetitions. Relative errors in
(b) estimated from the data scattering are better than 3%. In (a),
experimental errors are smaller than the plotted symbols. In (b),
theoretical solid curves with appropriate symbols originate in the
model, dashed line R = 1 indicates the nonclassicality border.

The distributions of the noisy fields are given by Eq. (9)
in which we consider 〈c〉n (〈n〉n = 〈c〉n/η) mean photo-
count numbers (photon numbers) distributed into Nc (Nn)
equally populated modes. Comparison with the experi-
mental results suggests Kc = 110 independent modes in
the noise fields to explain the loss of nonclassicality of
the experimental photocount histograms f . The slightly
smaller number Kn = 90 of independent modes is appro-
priate in the case of the reconstructed photon-number
distributions p . This is related to the fact that the recon-
struction with the positive-operator-valued measures Ta in
Eq. (15) partially reduces the noise.

The experimental as well as the theoretical values of
both NDs τ and NCPs ν drawn for different values of the
mean noise photocount number 〈c〉n in Fig. 3 confirm the
best performance of the NI M in revealing the nonclas-
sicality of a whole multimode TWB. On the other hand,
the NI E3 involving the third-order intensity moments
gives the worst results, in agreement with the findings of
Ref. [18]. Whereas the NI M identifies the nonclassical-
ity of the TWB up to 〈c〉n ≈ 6, the third-order intensity
moments of NI E3 lose their ability to reveal the non-
classicality around 〈c〉n ≈ 4. It is worth noting that the
commonly used noise-reduction-factors R perform up to
〈c〉n ≈ 5. The comparison of NCPs ν drawn in Figs. 3(c)
and 3(d) with the NDs τ plotted in Figs. 3(a) and 3(b) show
comparable sensitivity of the NCPs in quantification of the
nonclassicality from the point of view of the experimen-
tal errors under our conditions. We note, however, that the
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(a) (b)

(c) (d)

FIG. 3. Nonclassicality depths τ (a),(b) and nonclassicality
counting parameters ν (c),(d) for NIs M (black ∗), E2 (blue 	),
and E3 (red ◦) for photocount histograms (a),(c) and photon-
number distributions (b),(d) as they depend on mean noise pho-
tocount number 〈c〉n. Experimental data are plotted as isolated
symbols with error bars derived from the number of measure-
ment repetitions, solid curves with appropriate symbols come
from the model. Relative errors in (a),(b) [(c),(d)] estimated from
the data scattering are better than 10% [5%].

NCPs cannot quantify the nonclassicality of highly quan-
tum states [29]. On the other hand, the intensity moments
do not have to be involved at all in the determination of
NCPs if the NIs based on the photocount (photon-number)
probabilities are applied [18,29]. In this case the commu-
tation relations, that depend on the number of field modes,
are not needed. Substantial improvement of the amount
of TWB nonclassicality after the reconstruction is evi-
dent when we compare the NDs τ and NCPs ν drawn in
Figs. 3(a) and 3(c) for the experimental photocount his-
tograms f with those in Figs. 3(b) and 3(d) appropriate
for the reconstructed photon-number distributions p . The
increase of nonclassicality in the reconstruction is due to
partial elimination of the noise and, mainly, correction for
the finite detection efficiencies that brake the photon pairs
from which the nonclassicality originates. The values of
NDs τ and NCPs ν are around 4–5 times larger after the
reconstruction. This factor is roughly proportional to 1/η,
which is a signature of the fact that the mean photocount
and photon numbers per one mode are smaller or compara-
ble to 1. For stronger fields, the mapping between the NDs
τ (NCPs ν) belonging to the photocount histograms and
the reconstructed photon-number distributions is nonlinear
(compare the condition τ ≤ 1/2).

The consideration of just one typical (average) mode of
a TWB with its intensity moments given along Eqs. (11)
and (12) leads to much smaller values of the moments
and thus the increased role of the noise. In particular, the
odd-order moments are affected as the odd-order moments
of intensity fluctuations are sign sensitive. We note that
the measured TWBs are composed of typically 50 modes
determined by Eq. (10). In our case, this disqualifies the
use of third-order moments of the NI E3 for quantification
of the nonclassicality. On the other hand, the negativity EN
determined from up to the second-order intensity moments
can directly be used as an entanglement quantifier, as doc-
umented in Figs. 4(a) and 4(b). Alternatively, it can be
considered as another NI and then the corresponding NDs
τEN [see Figs. 4(c) and 4(d)] and NCPs νEN can be cal-
culated. In both cases, it identifies the measured TWBs as
entangled up to 〈c〉n ≈ 6. The comparison of NDs τm and
τe2 [Figs. 4(c) and 4(d)] belonging to the NIs M and E2
applied to single-mode moments with those valid for the
whole TWBs [Figs. 3(a) and 3(b)] shows that the low-order
single-mode intensity moments successfully maintain the
information about the resistance of TWB nonclassicality
against the noise.

(a) (b)

(c) (d)

FIG. 4. Negativity EN (a),(b) and nonclassicality depth τ

(c),(d) for NIs M (black ∗), E2 (blue 	), and EN (red ◦) for photo-
count histograms (a),(c) and photon-number distributions (b),(d)
“reduced” to a single-mode along Eq. (12) as they depend on
mean noise photocount number 〈c〉n. Experimental data are plot-
ted as isolated symbols with error bars derived from the number
of measurement repetitions, solid curves with appropriate sym-
bols come from the model. Relative errors estimated from the
data scattering are better than 10% for all plotted quantities.
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At the end, we note that the error bars plotted in the
figures are determined solely from the number of measure-
ment repetitions. As such they do not reflect instabilities
and imperfections in the setup occurring during the mea-
surements of TWBs with different levels of the noise
(1 h is typically needed to characterize one TWB). Slow
pump-beam intensity fluctuations, pump-beam misalign-
ment (temperature-induced position shifts) in the setup,
temperature stabilization of the ICCD camera, and its syn-
chronization with the laser source are responsible for the
main detrimental effects. The corresponding errors are
estimated from the experimental points in the graphs of
Figs. 2, 3, and 4: average relative errors are obtained by
considering all pairs of neighbor experimental points on a
given experimental curve and determining the mean value
and the relative declination for each pair.

V. CONCLUSIONS

We experimentally investigate deterioration of the
entanglement of a twin beam caused by an increasing
external noise. We suggest, verify, and mutually com-
pare three experimentally feasible ways for quantifying
the twin-beam entanglement. The first two are based upon
the nonclassicality depths and the nonclassicality count-
ing parameters of suitable nonclassicality identifiers. In the
third way, the negativity is directly determined for one typ-
ical mode of the TWB. The three entanglement quantifiers
perform comparably. They may be applied in any metrol-
ogy, quantum-imaging, or quantum-information scheme
that uses the twin beams and whose sensitivity to the noise
has to be quantified.
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(Project No. 18-08874S) and MŠMT ČR (Project No.
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[39] J. Peřina, Jr., M. Hamar, V. Michálek, and O. Haderka,
Photon-number distributions of twin beams generated in
spontaneous parametric down-conversion and measured by
an intensified CCD camera, Phys. Rev. A 85, 023816
(2012).

024003-8

https://doi.org/10.1364/OL.44.001371
https://doi.org/10.1016/0375-9601(96)00091-6
https://doi.org/10.1103/PhysRevA.73.033814
https://doi.org/10.1038/srep04535
https://doi.org/10.1103/PhysRevA.44.R2775
https://doi.org/10.1038/s41598-019-45215-x
https://doi.org/10.1088/1751-8113/40/28/S01
https://doi.org/10.1103/PhysRevA.91.033837
https://doi.org/10.1103/PhysRevLett.78.5022
https://doi.org/10.1103/PhysRevLett.77.1413
https://doi.org/10.1016/S0375-9601(96)00706-2
https://doi.org/10.1016/j.optcom.2011.06.036
https://doi.org/10.1103/PhysRevA.85.023816

	I. INTRODUCTION
	II. NONCLASSICALITY AND ENTANGLEMENT IDENTIFICATION AND QUANTIFICATION
	III. EXPERIMENTAL SETUP AND TWIN-BEAM RECONSTRUCTION
	IV. NONCLASSICALITY AND ENTANGLEMENT DEGRADATION CAUSED BY THEINCREASING NOISE
	V. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


