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Using a sub-Poissonian optical field generated from a weak twin beam by photon-number resolving
post-selection we have simultaneously observed higher-order non-classicalities in photocount moments
(sub-Poissonian statistics) and probabilities (witnessed by the Klyshko inequalities). Up to the seventh-
order non-classicalities in photocount moments simultaneously with up to the eleventh-order non-
classicalities in photocount probabilities have been experimentally observed. Non-classicality counting
parameters of different orders as experimental counterparts of the theoretical Lee non-classicality
depth have been suggested to quantify and also mutually compare the robustness of these non-
classicalities against the noise.

The formulation of quantum theory of coherence!? has revealed the existence of special states of light that cannot
be described in the framework of classical statistical theory of coherence®. These states, that are called nonclassi-
cal, immediately attracted attention of experimentalists who began their long-lasting and very successful investi-
gation of such states*. Three different kinds of nonclassical states were identified in this endeavor: sub-Poissonian
states with reduced intensity (photon-number) fluctuations, squeezed states with reduced phase fluctuations and
anti-bunched light with unusual temporal correlations. All three kinds of states were experimentally observed and
their properties were analyzed. Moreover, many other highly quantum states have been theoretically suggested
and experimentally observed during the last decades® (e.g., non-Gaussian states®, sub-binomial states”). Whereas
highly squeezed states® are nowadays routinely generated in monolithic nonlinear cavities (squeezing better than
12dB’, with the potential to improve the detection of gravitational waves) and strongly anti-bunched light* coming
from individual emitters is detected, only weakly sub-Poissonian light has been observed for a long time.

Different techniques for the generation of sub-Poissonian light were applied using resonance fluorescence!”
(Fano factor F = ((An)*)/(n) ~ 0.998), Franck-Hertz experiment'" (F = 0.99), high-efficiency light-emitting
diodes!? (F = 0.96), feed-forward action on the beam'?, second-subharmonic generation! and excited atoms
passing through micro-cavities!>!®. Also the experimental displaced single-photon states exhibited
sub-Poissonian photocount statistics for smaller displacements!”. Considerable improvement was reached when
a post-selection scheme based on photon-number-resolving detectors and exploiting either the continuous signal
and idler fields from optical parametric oscillators'®!® or pulsed weak twin beams were applied?’-%. Recently, also
collective emissions from small clusters of single-photon emitters were analyzed as promising sources of
sub-Poissonian light?.

More detailed investigations revealed that the observation of non-classicality of such fields is not restricted to the
behavior of second-order photocount moments?: Also higher-order photocount and photon-number moments?-2
can behave nonclassically. In such cases the observed fields exhibit higher-order non-classicalities?”-*-32,
These higher-order moments are immediately available in various experiments aimed at exploring higher-order
correlations in photon fields**-*¢. Nonclassical behavior of higher-order moments was observed for the third->,
fourth-17%, fifth-* and even fourteenth-order®® photocount moments in different scenarios. On the other hand,
also another type of higher-order non-classicalities based on non-classicality inequalities written directly for
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photocount and photon-number probabilities (elements of the photocount and photon-number distributions) has
been recently introduced**’ and experimentally investigated®. Both types of non-classicalities are complemen-
tary in the sense that one of them ‘scans’ the space of quantum states spanned by photocount (photon-number)
moments whereas the other operates directly in the space of photocount (photon-number) distributions.

As it has been demonstrated in ref.*” for sub-Poissonian fields generated by photon-number-resolving
post-selection from a weak twin beam both types of non-classicalities can be observed simultaneously. Here, we
extend the results of ref.*” in two directions. First, the improved stability of our experimental setup allows us to
report on the simultaneous observation of the seventh-order non-classicality expressed in photocount moments
and eleventh-order non-classicality detected in photocount probabilities. Second, we introduce non-classicality
counting parameters of different orders that are derived directly from the photocount (photon-number) probabil-
ities or moments. Contrary to the traditionally-used Lee non-classicality depth based on the integrated-intensity
(normally-ordered) moments and applied, e.g., in ref.”’, these parameters are defined also for the non-classicalities
written in probabilities. This then allows, among others, mutual comparison of both types of non-classicalities
with respect to their robustness against the noise. Also, their evaluation for the case of non-classicalities based
on photocount (photon-number) moments does not require the use of commutation relations. This is especially
important for multi-mode optical fields.

The fact that both types of higher-order non-classicalities can be identified and quantified already in the
experimental photocount distributions (histograms) is principally important as it allows to avoid possible ‘distor-
tions’ of non-classical properties of the detected fields caused by their reconstruction. Excluding the death-time
effect and its spatial variant in photon detection?!, attenuation in detection (described by quantum detection
efficiency), the detection of additional noise photons and cross-talk effects only degrade nonclassical properties of
the detected optical fields. Subsequent reconstruction of the optical field then compensates for these effects which
may result in artifacts in identification of the optical-field non-classicality. For this reason, special non-classicality
inequalities valid directly for the photocount distributions measured by multiple on-off detectors (‘click-counting’
statistics) were even derived*.

The paper is organized as follows. In section Higher-order non-classicalities and their quantification, we
define higher-order non-classicalities of two types and the corresponding non-classicality counting parame-
ters. Properties of these counting parameters are theoretically investigated in section Non-classicality counting
parameters 7 for specific groups of states. In section Experimental higher-order non-classicalities in photo-
count moments and probabilities the non-classicality parameters are applied to an experimentally generated
sub-Poissonian field with about 11 photons on average. Analysis of nonclassical properties of the corresponding
photon-number distribution is contained in section Higher-order non-classicalities in the reconstructed field.
Section Conclusions summarizes the results.

Higher-Order Non-Classicalities and Their Quantification

Non-classicality is defined in general as a property of a state endowed with non-positive Glauber-Sudarshan
phase-space quasi-distribution. It has been shown in refs*?*% that a state with a kth photocount (photon-number)
moment (c¥) smaller than that of a classical optical field with a Poissonian photocount (photon-number) statistics
(c¥)pyie (in a coherent state) with the same mean photocount (photon) number (¢) = (c)p,;, is nonclassical. This
brings us to the following definition of a kth-order non-classicality observed in photocount (photon-number)
moments®’ that refers to the kth-order sub-Poissonian statistics:

k
r}"):ic—>—1<o, k=23, ...
<C >Pois (1)

We note that the states exhibiting second-order as well as higher-order non-classicalities defined by inequality
(1) form a subset inside the set of all nonclassical states fulfilling the above general definition.

Theoretical analysis of the measured photocount and also reconstructed photon-number distributions reveals
a complementary way how to identify another type of higher-order non-classicalities®. It is based directly upon
the elements f{c) [p(n)] of the photocount [photon-number] distributions that, for any classical field, have to obey
the following inequalities*”*:

KO — f1)f >0, k=2,3, ... )

We note that the Poissonian distribution f{c) gives equality in Eq. (2). In parallel to Eq. (1), we may define the
following coefficient 7* that identifies a _kth-order non-classicality observed directly in the (modified) photo-
count (photon-number) distributions® [ f (k) = k!f(k)/f(0)]:

R AR S S A
) 3)

At the theoretical level, the Lee non-classicality depth?®’ is standardly used to quantify robustness of non-
classical features of light. However, the determination of the Lee non-classicality depth is based upon the
(normally-ordered) integrated intensity moments that have to be derived from the usual experimental photo-
count (photon-number) moments relying on the commutation relations between the field’s creation and annihi-
lation operators. To avoid this derivation that does not have to be apparent for multi-mode fields, we suggest here
a non-classicality counting parameter 7 for quantifying the robustness of non-classicality. It is based upon con-
sidering directly the photocount (photon-number) distribution of the analyzed field. According to the definition,
we superimpose an independent noise thermal field with varying mean photocount (photon) number 7 to the
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analyzed field. When the noise mean photocount (photon) number 7 increases, non-classicality of the composed
field characterized by the overall photocount (photon-number) distribution f

C’

comp (C’ T) Zf(c - C 1+ )c PR (4)

weakens. The threshold values of 7 at which the coefficients rc(k) in Eq. (1) and 7c(k) in Eq. (3) vanish can then be
used as non-classicality quantifiers with respect to a given criterion. The greater the non-classicality counting
parameter 7 is, the more robust the non-classicality is. The values of 7 are found in the range from 0 to co.
However, the parameter 7 cannot be successfully applied to highly nonclassical states that remain nonclassical
even for 7 — 00 as shown in the following section.

Non-Classicality Counting Parameters 7 for Specific Groups of States
To elucidate the behavior of non-classicality counting parameters 7® and 7% defined above, we determine the
non-classicality coefficients r(k) and r(k) defined in Eqs (1) and (3), respectively, for two groups of states: mixtures
composed of the vacuum state|vac) and one-photon Fock state|1) and Fock states|N) with varying photon num-
ber N. We assume ideal photon-number detection in which the photocount distribution f{c) coincides with the
photon-number distribution p(n).

Considering the first group the states are described by the statistical operator j given as

Ala) = (1 — a)|vac)(vac| + a|1)(1] (5)

and « € (0, 1) is a real parameter. They have simple photon-number distributions p(n) that give the following
photocount distributions f(c):

f0)=1—a, fI) =a, f(k)=0, k=2, .... (6)

Photocount distribution fc omp (¢, 7) defined according to Eq. (4) is derived for the distribution f(c) in Eq. (6)
in the form:

fomp @ 7) = (1= )

1+7
k k-1
T T
fompT) = (1 =) +a ck=1, .
! @+ @)

Photocount moments (c¥) of a noise thermal distribution as well as of the reference Poissonian distribution
needed when determining coefficients ') can conveniently be derived invoking the relation between photocount
(photon-number) and integrated-intensity (W,) moments®:

k
=> Su(W,
c) ; i ®)

symbol S, stands for the Stirling numbers of the second kind. We have for the noise thermal distribution with
mean integrated intensity (W.):

(We) =10 (W) ©
On the other hand, the following integrated-intensity moments characterize the Poissonian field with mean
integrated intensity (W.):

(We) = (W) (10)

Applying formula (9) to the composed photocount distribution f, omp (¢, 7)in Eq. (7), we arrive at the follow-
ing first photocount moments:

(¢) = a+r,
(cz> = (a+ 7)1 + 27). (11)

Formula (10) then allows us to arrive at the second-order non-classicality coefficient r(z)
-+ 7?

Tc(z)(T; a) = .
(a+7m)a+T7+1) (12)

Considering ¥ = 0in Eq. (12) the non-classicality counting parameter 7. is derived as
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Ti:sapphire
laser

Figure 1. Scheme of the performed experiment: A twin beam is emitted in a BaB,O, (BBO) crystal pumped
by the third harmonics (THG) of a femtosecond Ti:sapphire laser. The signal field and the idler field (after
reflection on mirror HR), after filtering by bandpass interference filter IF, are detected by iCCD camera.
Intensity of the pump beam stabilized by power stabilizer PS is monitored by detector D.

According to Eq. (13), the greater the fraction « of the one-photon Fock state in the analyzed state is, the
greater amount 7 of thermal noise is needed to conceal the non-classicality, and thus the more nonclassical the
state is.

For the composed photocount distribution f omp (c) with the elements given in Eq. (7) the coefficients Fc(k) from
Eq. (3) are derived as follows

k(7% 4+ o/7/* D)

~(k) _
T @) = 1,
‘ (a + 7)) (14)
7' =7/1 + T)and o/ = /(1 — ). Considering the condition 75(2) = 0in Eq. (14) we arrive at the correspond-
ing non-classicality counting parameter 7~_c(2) fora < 1/2:
~(2) &3
N o) = ————.
¢ 1 -2a (15)

On the other hand, the coefficient FC(Z) remains negative (and hence nonclassical) for v > 1/2 even for 7 — oo.
This means that the non-classicality counting parameter 7 is not sensitive enough to quantify robustness of
these highly nonclassical states.

We note that the analytical formulas for the non-classicality counting parameters 7.*) and 7 reveal the ine-
qualities 7% < 7¥ and 7% < 72,

Performing similar calculations for an N-photon Fock state| N) with statistical operator g, (N > 1),

Py = IN)NI, (16)
we arrive at the following formula for the second-order non-classicality coefficient r®":
2 - N

P N) = ———————
(T+N)Y +7+N (17)

Assuming r'® = 0in Eq. (17) the non-classicality counting parameter 7?(N) is derived as

7P(N) = -/N. (18)

Thus, it exceeds one for N > 1. We note that the coefficients 7C<k)(r; N) are not defined for these states and, simi-
larly as above, we also have 7% < 7.2).

Experimental Higher-Order Non-Classicalities in Photocount Moments and
Probabilities

Now we analyze the performance of the introduced non-classicality counting parameters r* and #*) in case of an
experimental photocount histogram f(c) belonging to a sub-Poissonian field obtained by photon-number-
resolving post-selection from a weak twin beam. We show that though the non-classicality counting parameters
are not applicable for highly nonclassical states they successfully quantify the non-classicality of real experimental
fields.

A twin beam that was used for the post-selection was emitted in non-collinear geometry in a 5-mm-long
type-1BaB,0, crystal pumped by the third harmonics (280 nm) of a femtosecond cavity dumped Ti:sapphire laser
(pulse duration 150 fs, central wavelength 840 nm) (for the setup, see Fig. 1). The signal field as well as the idler
field were detected by the photocathode of an intensified CCD (iCCD) camera Andor DH334-18U-63 whose
detection efficiencyn = 0.220 £ 0.005 and dark-count rate DM = 0.040 =+ 0.005 electrons per frame was deter-
mined in an independent measurement?>**, We note that also intensified CMOS cameras**** and
electron-multiplied CCD cameras* were used as photon-number-resolving detectors in similar tasks. Both the
signal and idler beams were monitored by M = 6500 neighbor pixels that provided photon-number resolu-
tion*"". In the experiment the nearly-frequency-degenerate signal and idler fields at the wavelength of 560 nm
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Figure 2. (a,b) Difference Af[Ap] between the photocount histogram f [photon-number distribution p] and
its Poissonian counterpart f*°'* [pP*] is plotted (*) for the signal photocount number ¢, = 5. For comparison,
Poissonian histogram % [Poissonian photon-number distribution p™*] is plotted by a solid curve.

were filtered by a 14-nm-wide bandpass interference filter. Intensity of the pump beam was actively stabilized via
a motorized half-wave plate followed by a polarizer based on the information about intensity from a detector. The
analyzed idler field was obtained by considering only the experimental realizations in which exactly ¢, =5 signal
photocounts were observed. Out of the overall 1.2 x 10° repetitions of the measurement, 8.49% of them provided
the analyzed sub-Poissonian field. For the generated twin beam with averaged photon-pair number equal to
8.800 = 0.003 and negligible amount of noise (20.1), the mean photocount number (c;) of the post-selected idler
field equaled 2.770 4-0.003 and its Fano factor F, ; = 0.94 % 0.01 confirmed the sub-Poissonian statistics.

Declination Af of the obtained experimental photocount histogram f(c;) from the corresponding Poissonian
distribution plotted in Fig. 2(a) clearly shows narrowing of the experimental histogram f(c;) with respect to the
Poissonian reference. This narrowing gives sub-Poissonian character to the field, as already indicated by the Fano
factor F. ; lower than 1. Application of the higher-order non-classicality identifiers ® and #* based on photo-
count moments and probabilities and defined in Eqs (1) and (3), respectively, reveals nonclassical properties of
this field. According to the graphs in Fig. 3(a,c), the field exhibits up to the seventh-order non-classicality in the
coefficient 7 and, simultaneously, up to the eleventh-order non-classicality in the ‘complemenatary’ coefficient
7). The observation of even higher-order non-classicalities suffers from the experimental noise. Increase of the
number of measurement realizations would be needed to reach them experimentally. We note, that fields exhib-
iting up to the fourteenth-order non-classicality in photocount moments [r*'] were reported in® using a similar
post-selection scheme with a superconducting photon-number-resolving detector with higher efficiency.

The higher-order non-classicality counting parameters 7.¥ and 7, that allow for the quantification of
non-classicality resistance against the noise, are plotted in Fig. 3(b,d) for the analyzed higher-order
non-classicalities. According to the graph in Fig. 3(b), the resistance of higher-order non-classicality based on
photocount moments (rc(k)) decreases with the order parameter k. On the other hand, the higher-order
non-classicality counting parameter 7%’ derived from photocount probabilities reveals non-classicality on the
right-hand side from the maximum in the photocount distribution f(c;) [see Fig. 2(a)]: The greater the photocount
number k is the more prone the non-classicality identifier Fc(k) to the noise is. Mutual comparison of the values of
non-classicality counting parameters 7’ and 7% plotted in Fig. 3(b,d), respectively, reveals better resistance of
the parameters 7*) derived from photocount probabilities against the noise.

Higher-Order Non-Classicalities in The Reconstructed Field

The higher-order non-classicality identifiers #* and #¥) and the accompanying non-classicality counting param-
eters 7 and 7 can also be applied to the reconstructed photon-number distribution p(n;) to judge its
non-classicality. Here, we apply the method of maximum likelihood* to arrive at the photon-number distribution
p(n;) of the post-selected idler field*?. According to this method, a photon-number distribution p(n;) is found as a

steady state of the following iteration procedure that uses the experimental photocount histogram f{c;)*":

(I+1) () fe)T(c;, ny) _
(”,‘) = (ni) ,1=0,1,....
P P Z 5 Tlen ') () (19)

In Eq. (19), the positive-valued operator measure T appropriate for the used iCCD camera with M active pixels,
detection efficiency 1 and dark-count rate per pixel D is determined along the formula*!:

c 1 n
e = (M) ot oS (e L,
1=0 - -

(20)
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Flﬁure 3. (a,c) Non-classicality identifiers r® [7¥)] and the corresponding (b,d) non-classicality depths 7.*
of the post-selected idler field for the experlmental photocount histogram f{c;) as they depend on the order
k of non-classicality.
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Figure 4. (a) Non-classicality identifiers r(k) and (b) the corresponding non-classicality depths T(k) of the post-
selected idler field for the reconstructed photon number distribution p(n;) as they depend on the order k of
non-classicality.

The reconstruction method when applied to the experimental histogram f{(c;) gives us a field with mean pho-
ton number (n;) = 11.44 + 0.01 and the Fano factor F,; = 0.72 + 0.04. Thus, the reconstruction not only pre-
served the sub-Poissonian character of the field, it con51derably improved its Fano factor F, ; compared to that
appropriate for the photocount histogram. Narrowing of the obtained photon-number distribution p(n;) with
respect to its Poissonian counterpart is shown in the graph of Fig. 2(b). The analysis of the reconstructed
photon-number distribution p(n;) from the point of view of higher-order non-classicality identifiers r* expressed
in photon-number moments reveals up to the seventh-order non-classicality [see the graph in Fig. 4(a)] similarly
as in the case of photocount histogram f{c;). However, the comparison of the corresponding non-classicality
counting parameters Trfk) plotted in Fig. 4(b) with those determined for photocount histogram f(c;) [see the graph
in Fig. 3(b)] reveals better resistance of the former parameters against the noise. For example, whereas around 0.4
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noise photocounts conceal the second-order non-classicality rc(z), around 1.8 photons are needed to suppress the
second-order non-classicality r®). The improved resistance of the non-classicality of the reconstructed field with
respect to the noise originates in the increase of the field intensity during the reconstruction. On the other hand,
it holds also here that the greater the order k of non-classicality the more prone the non-classicality against the
noise, as documented in the graph in Fig. 4(b). Unfortunately, the reconstruction that ‘amplifies’ the field roughly
four-times considerably broadens the photon-number distribution p(n;) which results in the loss of higher-order
non-classicalities ’r“flk) expressed in photon-number probabilities. This stemms from the fact that these probabili-
ties are considerably smaller than those in the original photocount histogram and so the ability to distinguish
such non-classicalities is lost in the noise.

Conclusions

We have analyzed in parallel higher-order non-classicalities defined in terms of photocount or photon-number
moments (sub-Poissonian statistics) and probabilities (using the Klyshko inequalities). We have introduced
higher-order non-classicality counting parameters for both types of non-classicalities. We have elucidated
their general performance considering two types of nonclassical states including the highly nonclassical ones.
We have analyzed their performance on an experimental sub-Poissonian field with around 11 photons on aver-
age generated from a weak twin beam with around 8.8 mean photon pairs per pulse under the condition of 5
detected signal-beam photocounts. For this field, we have observed up to the seventh-order non-classicality in
photocount moments simultaneously with up to the eleventh-order non-classicality in photocount probabili-
ties. The seventh-order non-classicality in photon-number moments has been reached also for the reconstructed
photon-number distribution. The introduced higher-order non-classicality counting parameters have shown
that, with the increasing non-classicality order, the non-classicality becomes more prone to the noise. Also the
non-classicality counting parameters determined for photocount probabilities are more resistant against the noise
compared to their counterparts based on photocount moments when weak fields are analyzed.

Data Availability
All data generated and analyzed during this study are included in this published article.

References
1. Glauber, R. J. Coherent and incoherent states of the radiation field. Phys. Rev. 131, 2766-2788 (1963).
2. Sudarshan, E. C. G. Equivalence of semiclassical and quantum mechanical descriptions of statistical light beams. Phys. Rev. Lett. 10,
277-179 (1963).
3. Pefina, J. Quantum Statistics of Linear and Nonlinear Optical Phenomena. (Kluwer, Dordrecht, 1991).
4. Mandel, L. & Wolf, E. Optical Coherence and Quantum Optics. (Cambridge Univ. Press, Cambridge, 1995).
5. Dodonov, V. V. & Manko, V. I. “Nonclassical” states in quantum physics: brief historical review. In Dodonov, V. V. & Manko, M. V.
(eds) Theory of Nonclassical States of Light, 1-80 (Taylor & Francis, 2003).
6. Straka, I. et al. Quantum non-Gaussian multiphoton light. npj Quant. Inf. 4, 4 (2018).
7. Sperling, J., Vogel, W. & Agarwal, G. S. Sub-binomial light. Phys. Rev. Lett. 109, 093601 (2012).
8. Lvovsky, A. I. & Raymer, M. G. Continuous-variable optical quantum state tomography. Rev. Mod. Phys. 81, 299-332 (2009).
9. Mehmet, M. et al. Squeezed light at 1550 nm with a quantum noise reduction of 12.3 dB. Opt. Express 19, 25763-25772 (2011).
10. Short, R. & Mandel, L. Observation of sub-Poissonian photon statistics. Phys. Rev. Lett. 51, 384-387 (1983).
11. Teich, M. C. & Saleh, B. E. A. Observation of sub-Poisson Franck-Hertz light at 253.7 nm. J. Opt. Soc. Am. B 2,275-282 (1985).
12. Tapster, P. R., Rarity, J. G. & Satchell, J. S. Generation of sub-Poissonian light by high-efficiency light-emitting diodes. Europhys. Lett.
4,293-299 (1987).
13. Mertz, J., Heidmann, A., Fabre, C., Giacobino, E. & Reynaud, S. Observation of high-intensity sub-Poissonian light using an optical
parametric oscillator. Phys. Rev. Lett. 64, 2897-2900 (1990).
14. Koashi, M., Kono, K., Hirano, T. & Matsuoka, M. Photon antibunching in pulsed squeezed light generated via parametric
amplification. Phys. Rev. Lett. 71, 1164-1167 (1993).
15. Varcoe, B. T. H,, Brattke, S. & Walther, H. The creation and detection of arbitrary photon number states using cavity QED. New J.
Phys. 6,97 (2004).
16. Raimond, J. M., Brune, M. & Haroche, S. Manipulating quantum entanglement with atoms and photons in a cavity. Rev. Mod. Phys.
73, 565-583 (2001).
17. Laiho, K., Avenhaus, M. & Silberhorn, C. Characteristics of displaced single photons attained via higher order factorial moments.
New J. Phys. 14, 105011 (2012).
18. Laurat, J., Coudreau, T., Treps, N., Maitre, A. & Fabre, C. Conditional preparation of a quantum state in the continuous variable
regime: Generation of a sub-Poissonian state from twin beams. Phys. Rev. Lett. 91, 213601 (2003).
19. Zou, H., Zhai, S., Guo, J., Yang, R. & Gao, ]. Preparation and measurement of tunable highpower sub-Poissonian light using twin
beams. Opt. Lett. 31, 1735-1737 (2006).
20. Waks, E., Diamanti, E. & Yamamoto, Y. Generation of photon number states. New J. Phys. 8, 4 (2006).
21. Bondani, M., Allevi, A., Zambra, G., Paris, M. G. A. & Andreoni, A. Sub-shot-noise photon-number correlation in a mesoscopic
twin beam of light. Phys. Rev. A 76, 013833 (2007).
22. Pefina, J. Jr., Haderka, O. & Michalek, V. Sub-Poissonian-light generation by postselection from twin beams. Opt. Express 21,
19387-19394 (2013).
23. Lamperti, M. et al. Optimal sub-Poissonian light generation from twin beams by photon-number resolving detectors. J. Opt. Soc.
Am. B31,20-25 (2014).
24. Iskhakov, T. S. et al. Heralded source of bright multi-mode mesoscopic sub-Poissonian light. New J. Phys. 41, 2149-2152 (2016).
25. Qi, L. et al. Multiphoton nonclassical light from clusters of single-photon emitters. New J. Phys. 20, 073013 (2018).
26. Arkhipov, I. I, Pefina, J. Jr., Michalek, V. & Haderka, O. Experimental detection of nonclassicality of single-mode fields via intensity
moments. Opt. Express 24, 29496-29505 (2016).
27. Agarwal, G. & Tara, K. Nonclassical character of states exhibiting no squeezing or sub-Poissonian statistics. Phys. Rev. A 46, 485-488
(1992).
28. Prakash, H. & Mishra, D. K. Higher order sub-Poissonian photon statistics and their use in detection of Hong and Mandel squeezing
and amplitude-squared squeezing. J. Phys. B: At. Mol. Opt. Phys. 39, 2291-2297 (2006).
29. Hong, C. K. & Mandel, L. Generation of higher-order squeezing of quantum electromagnetic fields. Phys. Rev. A 32, 974-982 (1985).
30. Hong, C. K. & Mandel, L. Higher-order squeezing of a quantum field. Phys. Rev. Lett. 54, 323-325 (1985).
31. Hillery, M. Amplitude-squared squeezing of the electromagnetic field. Phys. Rev. A 36, 3796-3802 (1987).

SCIENTIFIC REPORTS |

(2019) 9:8961 | https://doi.org/10.1038/s41598-019-45215-x 7


https://doi.org/10.1038/s41598-019-45215-x

www.nature.com/scientificreports/

32. Hillery, M. Squeezing of the square of the field amplitude in second harmonic generation. Opt. Commun. 62, 135-138 (1987).

33. Avenhaus, M., Laiho, K., Chekhova, M. V. & Silberhorn, C. Accessing higher-order correlations in quantum optical states by time
multiplexing. Phys. Rev. Lett. 104, 063602 (2010).

34. Dynes, J. E, Yuan, Z. L., Sharpe, A. W,, Thomas, O. & Shields, A. J. Probing higher order correlations of the photon field with photon
number resolving avalanche photodiodes. Opt. Express 19, 13268-13276 (2011).

35. Allevi, A., Olivares, S. & Bondani, M. Measuring high-order photon-number correlations in experiments with multimode pulsed
quantum states. Phys. Rev. A 85, 063835 (2012).

36. Zhai, Y. et al. Photon-number-resolved detection of photon-subtracted thermal light. Opt. Lett. 38,2171-2173 (2013).

37. Pefina, J. Jr., Michalek, V. & Haderka, O. Higher-order sub-Poissonian-like nonclassical fields: Theoretical and experimental
comparison. Phys. Rev. A 96, 033852 (2017).

38. Harder, G. et al. Single-mode parametric-down-conversion states with 50 photons as a source for mesoscopic quantum optics. Phys.
Rev. Lett. 116, 143601 (2016).

39. Klyshko, D. N. Observable signs of nonclassical light. Phys. Lett. A 213, 7-15 (1996).

40. Pefina, J. Jr., Arkhipov, I. I., Michélek, V. & Haderka, O. Non-classicality and entanglement criteria for bipartite optical fields
characterized by quadratic detectors. Phys. Rev. A 96, 043845 (2017).

41. Pefina, J. Jr., Hamar, M., Michalek, V. & Haderka, O. 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).

42. Sperling, J., Vogel, W. & Agarwal, G. S. Correlation measurements with on-off detectors. Phys. Rev. A 88, 043821 (2013).

43. Lee, C. T. Measure of the nonclassicality of nonclassical states. Phys. Rev. A 44, R2775-R2778 (1991).

44. Chrapkiewicz, R., Wasilewski, W. & Banaszek, K. High-fidelity spatially resolved multiphoton counting for quantum imaging
applications. Opt. Lett. 39, 5090 (2014).

45. Chrapkiewicz, R. Photon counts statistics of squeezed and multimode thermal states of light on multiplexed on-off detectors. J. Opt.
Soc. Am. B 31, B8-B13 (2014).

46. Defienne, H., Reichert, M. & Fleischer, ]. W. General model of photon-pair detection with an image sensor. Phys. Rev. Lett. 120,
203604 (2018).

47. Pefina, ]. Jr., Haderka, O., Michélek, V. & Hamar, M. State reconstruction of a multimode twin beam using photodetection. Phys.
Rev. A 87,022108 (2013).

48. Dempster, A. P, Laird, N. M. & Rubin, D. B. Maximum likelihood from incomplete data via the EM algorithm. J. R. Statist. Soc. B 39,
1-38 (1977).

Acknowledgements

V.M. and O.H. were supported by the GA CR project 18-08874S, J.P. acknowledges the support by the GA CR
project 18-221028. The authors used infrastructure from the project No. CZ.1.05/2.1.00/19.0377 of the Ministry
of Education, Youth and Sports of the Czech Republic.

Author Contributions
V.M. and O.H. made the experiment; V.M., O.H. and J.P. analyzed the data, ].P. made theoretical calculations, all
authors wrote the paper.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CEE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:8961 | https://doi.org/10.1038/s41598-019-45215-x 8


https://doi.org/10.1038/s41598-019-45215-x
http://creativecommons.org/licenses/by/4.0/

	Simultaneous observation of higher-order non-classicalities based on experimental photocount moments and probabilities

	Higher-Order Non-Classicalities and Their Quantification

	Non-Classicality Counting Parameters τ for Specific Groups of States

	Experimental Higher-Order Non-Classicalities in Photocount Moments and Probabilities

	Higher-Order Non-Classicalities in The Reconstructed Field

	Conclusions

	Acknowledgements

	Figure 1 Scheme of the performed experiment: A twin beam is emitted in a BaB2O4 (BBO) crystal pumped by the third harmonics (THG) of a femtosecond Ti:sapphire laser.
	Figure 2 (a,b) Difference Δf [Δp] between the photocount histogram f [photon-number distribution p] and its Poissonian counterpart fPois [pPois] is plotted (*) for the signal photocount number .
	Figure 3 (a,c) Non-classicality identifiers [] and the corresponding (b,d) non-classicality depths [] of the post-selected idler field for the experimental photocount histogram f(ci) as they depend on the order k of non-classicality.
	Figure 4 (a) Non-classicality identifiers and (b) the corresponding non-classicality depths of the post-selected idler field for the reconstructed photon-number distribution p(ni) as they depend on the order k of non-classicality.




