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Experimental construction of a versatile four-photon source

The paper discusses technical aspects of constructing a highly versatile multiphoton source.
The source is able to generate up to four photons which is sufficient for a large number of
quantum communications protocols. It can be set to generate separable, partially-entangled
or mazximally-entangled photon pairs with tunable amount of purity. Furthermore, the two
generated pairs can be prepared in different quantum states. In this paper, we provide all the

necessary information needed for construction and alignment of the source.

To prove the

working principle, we also provide results of thorough testing.
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1. INTRODUCTION

Light is an outstanding carrier of information. For this
reason, linear optics is one of the most heavily exploited
platforms for quantum information processing (QIP) [1, 2].
Although many linear-optical quantum gates are proba-
bilistic in their nature, they are experimentally well ac-
cessible [3]. These particular qualities make linear optics
an appealing platform for proof-of-principle experiments
[4, 5, 6, 7, 8] and for implementing quantum communica-
tions protocols [9, 10, 11, 12, 13]. Both continuous and dis-
crete states of light have been used to transmit quantum
information. The latter make use of individual photons
and encode qubits into such degrees of freedom as polar-
ization, position or orbital angular momentum [14, 15, 16].

There is a broad portfolio of physical processes that
lead to single-photon emission or at least to emission of
states close to the Fock |1) state. The single-photon
sources reported in the litterature are based on single
atoms [17, 18], ions [19, 20, 21], molecules [22, 23], quan-
tum dots [24, 25, 26, 27] or even crystal defects [28, 29, 30].
While these are promising techniques, in the majority
of linear-optical QIP experiments so far, photons were
generate in the process of spontaneous parametric down-
conversion (SPDC) in bulk crystals [31, 32, 33, 34, 35] or
waveguides [36, 37, 38, 39, 40].

SPDC is a non-linear optical process occurring in ma-
terials with second order optical non-linearity [41]. This
process results in spontaneous transformation of a pump-
ing photon into a pair of photons reffered to as signal and
idler. Mathematically, it can be described in terms of an
interaction Hamiltonian (in the rotating frame) [42]

Hiy = xalala, +hee.,

(1)
where y in an interaction constant, dl and diT stand for
creation operators of the signal and idler modes and ay, is
the annihilation operator of the pumping mode. In typi-
cal configuration, the pumping mode is in a non-depletable
coherent state (strong laser pumping) and the interaction
is sufficiently weak to approximate the states of signal and

idler modes using an expansion in the Fock basis

(2)

where k= ¥x(a,) and ¢ is the interaction time. Given
that k < 1, vacuum becomes the predominant term in
Eq. (2). To increase the overlap of the state in Eq. (2)
with a perfect Fock |1) state, SPDC-based single-photon
sources are often used in conjunction with detection post-
selection [43] or heralding [44]. For instance, results are
registered only if photons are detected in both signal and
idler modes simultaneously. This strategy allows to effec-
tively reduce the generated state into
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which can be made arbitrarily close to a perfect Fock state
[11) by decreasing the interaction strength or pumping
beam power. The benefit of SPDC-based light sources is
that two photons in different spatial modes are generated
at the same time and can, thus, be immediately used in
two-qubit QIP logical gates.

Historically, SPDC has been used as a two-photon
source in the seminal Hong-Ou-Mandel experiment [45]
or to power some of the key experiments including funda-
mental quantum gates [5, 6, 7, 46] or quantum commu-
nications protocols [12, 47, 48]. SPDC not only allows to
generate two individual photons at once, but it also allows
to generate these photons in an entangled state. Origi-
nally, entanglement was achieved by using Type II SPDC
process [49], like for instance in the first teleportation ex-
periment [4]. Recently, however, a crystal cascade (a.k.a.
Kwiat source) becomes more and more popular [50] be-
cause of its versatility. In this configurations, two crystals
cut for Type I SPDC process are placed so that their axes
are in mutually perpendicular planes. Thus, the crystals
generate a photon pair with mutually orthogonal polariza-
tions. Entanglement arises from the coherent generation
of photons in these two crystals.

Experiments requiring more than two photons rely
on repeated generation of photon pairs [51, 52, 53|, re-
markably even with independent sources of pumping [54].
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It was shown that the process can scale up to 5 gener-
ated photon pairs [53]. To minimize generation-time jitter
across the generated pairs, ultrashort pumping pulses are
applied. The combination of crystal cascade and femtosec-
ond pulsing was experimentally demonstrated in 2002 but
with only one generated photon pair [55]. Later, Dobek
et al. generalized the scheme to obtain two pairs (four
photons) [56, 57]. Their setup, however, does not allow to
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generate the two photon pairs in mutually different states.

In this paper, we describe in detail construction of a
highly versatile four-photon source. To our best knowl-
edge, this configuration brings more tunability and, in
comparison to previously reported sources, allows to gen-
erate a broader class of quantum states. By using the
pumping beam twice, our source is more effecient than
other recent designs [58].
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Figure 1: Schematic representation of the four-photon source. Individual components are labeled as follows: BD —
beam displacer, HWP — half-wave plate, QWP — quarter-wave plate, L — lens, BBO — S-barium borate, F — filter, M
— motorized translation, PC — polarization controller. Working principle is described in the text.

2. TECHNICAL DESCRIPTION

The core of our four-photon source is a BBO (S-barium
borate) crystal cascade cut for Type I SPDC (see Fig. 1).
The crystal cascade consists of two crystals, each 0.1 mm
thick, optically contacted so that their optical axes lie
in perpendicular planes (manufactured by Cleveland crys-
tals, USA). Cut angles for these crystals are 29.1 degrees
resulting in an angle of about 4 degrees between propaga-
tion directions of the pump beam and the generated pho-
tons. One of the crystals converts horizontally polarized
pump beam into vertically polarized photon pairs ([VV)).
In the second crystal, horizontally polarized photon pairs
(|[HH)) are obtained from vertically polarized pumping
photons. Note that these two processes are indistinguish-
able and coherent. Thus, when the cascade gets pumped
by a generally polarized light beam, polarization entangled
state

[si) = cosa|HH) + €'? sina|VV) 4)

is produced, where tana corresponds to the ratio be-
tween amplitudes in the horizontal and vertical polariza-
tion modes of the pumping beam and ¢ to their mutual
phase shift. For more details about the working principle
of the crystal cascade, see the original proposal in Ref. [50].

The pumping beam originates from a Coherent Mira
laser system which generates 80 million femtosecond pulses
per second spectrally centered at 826 nm with spectral full
width at half of maximum (FWHM) of about 10nm and
duration of about 120 fs. Typical output mean power mea-

sured directly behind the laser was 850 mW. Next, the
beam gets frequency doubled in a second-harmonics gen-
eration (SHG) unit (home-made) equipped with a 2mm
thick BBO crystal. Now, the frequency-doubled beam cen-
tered at 413 nm has spectral width of 4.4 nm and typically
310mW of optical power. At the output of the SHG unit
the remaining light of the fundamental beam was filtered
out by narrow-band interference filter Fy,,.

In the next step, we tailor the pumping beam proper-
ties. A half-wave plate (HWP 4 ) is used to change the ratio
between horizontal and vertical polarization component of
the beam and thus tune the angle « of the generated state
(4). As a result of group velocity polarization dispersion
that occurs in the BBO material [55], the horizontally and
vertically polarized wave packets of the generated photons
are shifted in time. This effect is comparable to the time
duration of the femtosecond pumping pulses and has to be
compensated for. We implement such compensation in a
form of a polarization Mach-Zehnder interferometer con-
sisting of two beam displacers (BD40 by Thorlabs) with
a half-wave plate placed between them. The HWP is ro-
tated by 45 degrees with respect to horizontal polariza-
tion direction. By unbalancing the interferometer arms,
we mutually delay the horizontal and vertical polarization
components of the pumping beam. Such shift can be set so
that it compensates the subsequent polarization dispersion
in the BBO material. The |HH) and |VV) components
of the generated photon pair then become indistinguish-
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able in time. On the other hand, the compensation can
be made deliberately incorrect resulting in generation of
pairs with variable purity. Using a piezo element for tilting
one of the beam displacers, we are also able to change the
mutual phase shift between the interferometer arms and
thus tune the parameter ¢ of the generated state (4). Two
lenses L,; and Ly with focal length 150 mm and 180 mm re-
spectively were used to focus beam into the crystal cascade
in forward and backward direction.

The properly tailored pumping beam impinges the
crystal cascade and photons are generated into the forward
propagating modes 1 and 2. Then the pumping beam gets
reflected on the mirror mounted on motorized translation
M3 and re-enters the crystal cascade in the backward di-
rection generating photons into modes 3 and 4. We place
a quarter-wave plate QWP¢ between the crystal cascade
and the mirror so that polarization of the pumping beam
can be fully or partially swapped (horizontal <+ vertical).
This way we can fully or partially compensate for the po-
larization dispersion. As a result, we generate a quantum
state in the backward propagating direction with different
purity from the state in the forward direction. Note that
because the pumping beam passes this QWP twice, it acts
effectively as a HWP.

The photons travel about 20cm from the crystals in
free space before being collected by fiber couplers equipped
with narrow interference filters F (various spectral widths
— see testing below) into single-mode fibers. Hence, we im-
plement both spectral and transversal mode filtering. By
finetuning the position and focus on these couplers, we can
collect photons predominantly from one of the crystals.
Thus we control the parameter « of the collected state.
We were for instance able to generate a maximally entan-
gled state in the forward direction and then only couple
signal from one crystal in the backward direction obtain-
ing there a separable state. We can also place HWPs and
QWPs in front of the fiber couplers to transform the gen-
erated photonic states even further (e.g., to generate a sin-
glet Bell state) or vary the angle ¢ by tilting these plates.
Fibers are equipped with polarization controllers which
negate polarization changes in non-polarization maintain-
ing fibers. Modes in forward direction are delayd by 1m
of additional fiber to be coincident in time with backward
modes.

3. ALIGNMENT

In this section, we review the key steps involved in the
alignment of the four-photon source. One starts by ad-
justing the laser system and subsequent SHG unit. These
procedures however depend on the specific device used.
Thus, we refer the reader to the relevant user’s manual.

To achieve a reproducible beam propagation through
the setup each time the laser is turned on, we insert sev-
eral irises to the pumping beam path. As a first step, all
lenses are removed and by steering mirrors at the output
of the SHG unit, the beam is traced through the irises
all its way to the final mirror M3 (we recommend placing
temporarily a beam block in front of M3). Lenses are then

placed back and by means of their transversal positioning,
one makes sure that the forward propagating beam is also
well aligned with the irises. Finally, tilts of the mirror Mg
are used to trace the reflected beam through the irises and
back close to the output of the SHG unit.

All fiber couplers are connected to single-photon de-
tectors (avalanche photodiodes) and their tilts and posi-
tions are optimized to couple as much signal as possible.
We usually start the procedure with edge filters and once
a strong signal is observed, we switch to narrower inter-
ference filters. Using proper electronics (e.g., TAC-SCA
modules by Ortec with 5ns windows), we register the two-
fold coincident detections between photon couplers corre-
sponding to the forward and backward propagating pho-
ton pairs. To maximize these coincidences, we gradually
change the vertical tilt and position of one of the fiber
coupler of each photon pair.

To generate entangled photon pairs of a given purity,
the wave plates HWP, and QWP are set to modify the
pumping beam polarization as described in the previous
section. Purity of the forward generated entanglement is
tuned by vertically tilting one of the beam displacers (BD)
thus introducing polarization dispersion to compensate for
the polarization dispersion inherent to BBO.

Finally, we detect the four-fold coincidences in the fol-
lowing way: first, we use TAC-SCA modules (5ns win-
dows) to register coincident detections between photons
in modes 1&3 and 2&4 (photons of different pairs). Sub-
sequently, we obtain the four-fold coincident detections by
joining the outputs from TAC-SCA units on a coincidence
logic with a wide coincidence window of 460ns. Due to
the low rate of coincident generation of the two pairs, this
broad window does not introduce significant amount of
accidental coincidences.

In our particular case, a properly aligned setup was
able to generate single photons with generation yields
ranging typically from 10 to 100kHz depending on the
spectral filter used. Forward and backward propagating
photon pairs occur with frequency 1 to 10 kHz. Frequency
of coincident detection between two photons of different
pairs is 10 to 100 Hz. Four photon coincident detections
occur 1 to 10 times per minute.

4. TESTING
4.1. Output state tomography

We have subjected our source to a series of tests to
verify that it operates correctly. In the first step, we have
implemented a full quantum state tomography of the for-
ward and backward propagating photon pairs. The to-
mography consists of performing combinations of polariza-
tion projection measurements accomplished by a series of
HWP, QWP and a polarizer in front of each fiber coupler.
For more details about this procedure, refer to Ref. [59].
Simultaneously, we have registered coincident detections
of photons in modes 1 and 2 (for the forward propagating
pair tomography) and modes 3 and 4 (backward propagat-
ing pair tomography). For this particular measurement,
the fiber couplers were equipped with 5.5 nm interference
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Table 1: Parameters of four representative states generated by the source. Fidelity [60] is calculated with respect to
the targeted quantum state. Mixed state are defined in Eq. (5).

Targeted state Purity Negativity Fidelity

|HH) 0.97840.002 0.002+0.005 0.994+0.001
% (|[HV) —|VH)) 0.954+0.014 0.473£0.007 0.9814+0.004
psi(p = 0.75) 0.6274+0.016  0.253+0.013  0.975+0.004
psi(p = 0.50) 0.53440.005 0.083+0.009 0.981+0.002

filters. We have carried out quantum state tomography
on a wide range of source settings, observing pure, mixed,
separable and entangled states. Table 1 summarizes pa-
rameters of the four most representative states. The re-
spective density matrices are depicted in Fig. 2. Mixed
states presented are in the form of

psi(p) = pl@T)(@F |+ (1 —p)|[@7 ) (27|,

(5)
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Figure 2: Density matrices of four representative two-
photon quantum states: (a) separable state |HH), (b)
singlet Bell state % (|JHVY — |[VH)), (c) psi(p = 0.75) and
(d) psi(p = 0.50). States (c) and (d) are defined in Eq. (5).
Bars denote amplitudes of the density matrix elements, ar-
rows indicate the phase of each element.
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Figure 3: Stability test measuring the relative rate of de-
tected coincidences across several hours. For details, see
the text.

Due to the relatively low generation yield, multipho-
ton quantum experiments usually take long time to acquire

where |@*) = % (|[HH) £ |VV)). We have obtained com-
parable results for both forward and backward propagat-
ing photon pairs. Typically, we are able to reach purities
above 95 % even for maximally entangled states which are
the most sensitive to decoherence. The source also allows

to generate maximally mixed states of purities close to
50 %.

enough signal. It is crucial that the source remains stable
during the entire measurement. We have tested the phase
¢ stability by preparing a triplet Bell state |®T) in the
forward direction and then performing polarization pro-
jection onto diagonal linear polarization % (IH) + V)

in mode 1 and onto circular polarization % (|1H) +1|V))
in mode 2. It is easy to see that we should obtain half of
the coincidence rate with respect to signal observed when
both modes are projected onto diagonal polarization. If
the phase ¢ changes, the observed coincidence detection
rate either increases or decreases. Thus, stability of the
coincidence rate certifies stability of the phase . Fig-
ure 3 depicts the evolution of observed coincidence rate
in the above described configuration across several hours.
The phase ¢ remains stable within typical range of +m/30
during the entire measurement.

4.2. Two-photon interference between photons of
identical pair

Multiphoton linear-optical quantum gates are basically
complex single and two-photon interferometers. Carefully
tailored interference then produces the desired informa-
tion processing effect. Two-photon interference, or two-
photon bunching, is a purely quantum effect. In order
to observe high visibility interference patterns, the inter-
fering photons must be (a) close to ideal Fock |1) states
and (b) must be indistinguishable in all degrees of freedom
(i.e., polarization, transversal mode, frequency spectrum).
Moreover, the photons must also be indistinguishable in
the arrival time to the detectors. This condition is quite
elegantly fulfilled when dealing with photons generated
in pairs as the jitter between their respective generation
times is negligible.

To test the indistinguishability of the photons gen-
erated by our source, we have appended a simple two-
photon interferometer to the forward and then also back-
ward propagating pairs. This interferometer consists of a
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balanced 2x2 fiber coupler with output ports leading to
the detectors (see Fig. 4a).

® @ @

R Ry

Figure 4: Configurations used in testing of two-photon
interference between (a) photons belonging to a SPDC-
generated pair, (b) photons of different pairs, and (c) her-
alded photons of different pairs. Components are labeled
as follows: 2xBBO — crystal cascade, FBS — fiber beam
splitter, black semicircles — detectors, & — coincidence reg-
istration. Photon modes are labeled by encircled numbers.

It is well known that indistinguishable photons bunch
on such fiber coupler resulting in lack of coincident detec-
tions observed by the detectors. To observe this bunching
effect, we have equipped one of the fiber couplers with a
motorized translation allowing to change the arrival time
of one photon with respect to the other. The quality of
interference and the indistinguishability is expressed in
terms of visibility V' defined as

CCmax — CCmin

| a— (6)
CCmax + CCmin

where ccpax and cemin stand for coincidence detection rate
in the maximum (photons arrive at different times) and
minimum (photons arrive simultaneously) of the interfer-
ence pattern. The exact shape of two-photon interference
pattern as a function of arrival time difference strongly
depends on spectral filtering applied by filters F. Typi-
cally, for Gaussian-shaped identically filtered photons, the
interference pattern takes the form of the so-called Hong-
Ou-Mandel dip which is a Gaussian shaped valley centered
at zero arrival time difference.
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Figure 5: Hong-Ou-Mandel dips observed on photons of
the forward propagating pair using various filters as de-
scribed in the caption of Table 2.

First, we have tested the two-photon interference with
several spectral filters on the forward propagating photon
pair. The obtained Hong-Ou-Mandel dips are depicted in
Fig. 5 and their visibilities and widths are summarized in
Table 2. The presented values are raw data without any
corrections on photo-pulse statistics. Dip widths are pre-
sented as FWHMs in spatial domain FWHM; (distance
traveled by motorized translation stage), time domain
FWHM; (corresponding temporal delay), and in spectral
domain FWHM/ using the relation

2v/2In2 A2
FWHM

FWHM; = (7)
with A = 826 nm being the central wavelength. Note that
ideally, FWHM should coincide with the FWHM of the
filter used.

In the next step, we have repeated the same inter-
ference measurement on the backward propagating pair.
The obtained results were comparable to those presented
for the forward propagating pair. For instance visi-
bility observed with IF (3.0) in forward direction was
V = 0.932 £ 0.005 while in backward direction it reads
V =0.910 £ 0.005. We conclude this testing step by not-
ing that the source allows to generate pairs of mutually
indistinguishable photons. This is manifested by reaching
visibilities above 90 % when sufficient filtering is used.

4.3. Two-photon interference between entangled
photons

Although the combination of quantum state tomog-
raphy and two-photon interference presented in the pre-
vious subsection fully characterizes the emitted photon
pairs, we also apply another diagnostic method, i.e., the
two-photon interference measurement on entangled pho-
ton pairs. This method is of significant practical impor-
tance because it allows to quickly check for both entangle-
ment quality and photon indistinguishability in one simple
Hong-Ou-Mandel dip measurement. This method relies on
the fact that interfering photons being initially in a singlet
Bell state [0~) = % (|HV) — |VH)) anti-bunch instead
of bunching as seen for symmetric two-photon states. As
a result, one does not observe a dip but an anti-dip which
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Table 2: Visibility V' and dip widths observed on on photons of the forward propagating pair. Filters are denoted:

LP — long-pass edge filter (780 nm edge), IF(FWHM) — interference filters of given FWHM in units of nm.

Filter used  FWHM, FWHM, FWHM; v
[1m] [fs] [nm]

LP 5.2£0.1 17.3+£0.3 82.04+0.2 0.663£0.001

IF (10) 44.5+0.2 148.3£0.7  9.6+0.1 0.830£0.003

IF (5.5) 111.1+£0.6 370.3+£2.0  3.8£0.1 0.807+£0.005

IF (3.0) 138.4+1.0 461.3+£3.3  3.1£0.1 0.932+0.005

IF (1.5) 263.2£6.8 877+23 1.6+£0.1 0.911+0.012

is a Gaussian-shaped peak in the coincident detection rate
centered at position associated with zero temporal delay
between the photons. Visibility of an anti-dip is defined
using a modified visibility formula

> CCmax — CCmin
V I e
3Ccmin — CCmax

, (8)

where ccpax is the maximum of coincidence rate observed
in the center of the anti-dip and ccpj, is the minimum or
baseline observed for non-interfering photons due to tem-

poral delay.
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Figure 6: Hong-Ou-Mandel dips and anti-dips and their
corresponding visibilities observed for three entangled
states |®1) and |U*) (defined in the text) in case of (a)
forward and (b) backwards propagating photon pairs.

For the purpose of thorough testing, we have set the
source to generate the same Bell states (i) |®*) [see def-
inition below Eq. (5)], (i) [¥*) % (|JHV)Y + |VH))
and (iii) |¢7) in both forward and backward propagating
direction. Photons in |®*) state bunch like two indistin-
guishable photons and hence this state was used only for
verification of their spectral indistinguishability.

Relative spatial delay [um]

Figure 7: Observed Hong-Ou-Mandel interference between
photons originating in different pairs (a) IF (5.5), (b) IF
(1.5). Horizontal solid lines show level of multiphoton con-
tributions as discussed in the text. Visibilities in paren-
theses are calculated after subtracting these contributions.

On the other hand, in case of approximately |¥*)
states, the interference visibility depends also on the bal-
ance between the |HV) and |VH) terms and on their
mutual phase. Ideally, photons in [¥T) state completely
bunch (dip) while photons in | ™) state anti-bunch (anti-
dip). Any imperfection in the the balance between the
|HV) and |V H) components or imperfection in setting of
their mutual phase shift causes visibility to drop. Results
of the above mentioned interference measurement are de-
picted in Fig. 6. Visibilities in both forward and backward
directions were close to 80 % even for |¥ ) states. During
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this procedure, IF (3.0) interference filters were used.

Note that for a quick check of the source operation, the
|¥~) measurement suffices. On the other hand, one can
not directly identify possible causes of decreased visibility
from such measurement.

4.4. Two-photon interference between photons of
different pairs

So far we have only focused on testing the qualities of
the generated photon pairs. However, complex quantum
gates require interaction between more than two photons
and thus require the interference also between photons
originating in two different pairs.

In this configuration, we overlap one photon from
the forward-generated pair with one photon from the
backward-generated pair using again a 2x2 fiber coupler
leading to detectors (see Fig. 4b). This time we regis-
ter two-fold coincident detections of photons 1&3 (up-
per modes in Fig. 1) and also of photons 2&4 (lower
modes). Relative delay between these photons is achieved
by translation of the mirror M3. In contrast to the photon
pairs, interference of two independent photons poses many
more experimental challenges. Firstly, the photons are
generated independently at any time the pumping pulse
travels through the crystal. Hence, there is inherently
a generation-time jitter causing imperfect overlap of the
photons. Secondly, the probability of coupling one photon
from the forward-generated pair and one photon from the
backward-generated pair is close to the probability of cou-
pling two photons from the forward generation direction
(second-order SPDC process) and none from the backward
direction or vice versa. These multiphoton contributions
limit significantly the attainable visibility.

We have measured Hong-Ou-Mandel dips between the
photon 1&3 and 2&4 using IF (5.5) filters. The raw vis-
ibilities read 8.8 % and 8.6 %, respectively (see Fig. 7).
However, when we subtract the coincidence counts corre-
sponding to the multiphoton contributions, values of visi-
bilities increase to 30.1 % and 29.4 % which is still far from
perfect. This is because of the arrival time jitter caused by
the independence in photon generation. Note that the ob-
served dips are considerably wider then expected with IF
(5.5) filters. To minimize the effect of the jitter, we have
repeated the same procedure with IF (1.5). With these
filters, the dip is about 2.5x wider making the jitter less
visible. IF (1.5) filters allowed us to reach raw visibility
of 14.9 % and after compensation on multiphoton con-
tributions even 59.9 %. We have accumulated the signal
long enough to reach typical uncertainty of the visibility
of 0.1 %.

4.5. Heralded two-photon interference between
photons of different pairs

The multiphoton contributions are an inherent source
of noise resulting from the photopulse statistics of the
SPDC process. Generating photons in pairs allows to cir-
cumvent this issue by proper heralding. In the configu-
ration presented in this subsection, we have overlapped
modes 1 and 3 on a fiber coupler as usual, but simultane-

ously, we have directed modes 2 and 4 straight to detec-
tors (see Fig. 4c). Detection of a photon in mode 2 heralds
presence of a photon in mode 1, and similarly detection
of a photon in mode 4 heralds presence of a photon in
mode 3. Therefore, when registering four-fold coincidence
detections in all four modes, there is a significantly re-
duced probability of a multiphoton contribution from any
of the overlapping modes. In theory, interference visibil-
ity can reach the value of 1. The overlapping modes were
equipped with IF (1.5), but the remaining generation-time
jitter still reduces the observed visibility which was 70.3 %
without any corrections and 75.9 % when the remaining
multiphoton contributions were subtracted. The resulting
Hong-Ou-Mandel dip is depicted in Fig. 8.
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Figure 8: Observed Hong-Ou-Mandel interference between
photons of different pairs (modes 1&3) heralded by simul-
taneous detection of photons in modes 2 and 4. IF (1.5)
was used in the overlapping modes and IF (10) in the
heralding modes.

5. CONCLUSIONS

In this paper, we have described in detail construc-
tion of a versatile source of four photons. To facilitate
possible reproduction of our scheme, we have also pro-
vided specific adjustment and calibration procedures. To
verify the correct operation of our device, we have sub-
jected it to a thorough testing procedure. By means of
a quantum state tomography, we have established that
states of purities above 90 % can be encoded on both the
forward and backward propagating pairs. The source is
able of generating various states including pure separa-
ble, pure entangled as well as partially and maximally
mixed states. We have also included stability testing of
the generated state across several hours. Indistinguisha-
bility of generated photons was tested using two-photon
interference (Hong-Ou-Mandel bunching). First, we have
measured interference visibility on photons belonging to
the same pair. With suitable filtering, IF (3.0) or nar-
rower, the visibility surpassed 90 %. In the next step,
we have observed visibility between photons belonging to
different pairs. Due to the inherent generation-time jit-
ter, observed visibility was quite limited and reached only
60 % when IF (1.5) were used and multiphoton contribu-
tions were subtracted. Finally, we have set the setup for
a heralded Hong-Ou-Mandel interference overlapping pho-
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tons of different pairs but simultaneously heralding their
presence by detection on the remaining two photons. This
way, we were able to increase the interference visibility up
to 76 %. Such visibility already allows demonstrating the
working principle of a number of quantum protocols. Typ-
ical rate of four-fold coincidences in this particular config-
uration was about 1 per minute. The presented source al-
ready proved itself in practice in several QIP experiments
involving entanglement detection [61, 62] and controlled
teleportation.

ACKNOWLEDGEMENT

All authors acknowledge financial support by GA
CR Project No. 20-17765S and by Polish National Sci-
ence Centre under grant DEC-2013/11/D/ST2/02638.
The authors also acknowledge the projects No.
CZ.02.1.01/0.0/0.0/16 _019,/0000754 of the Ministry of
Education, Youth and Sports of the Czech Republic fi-
nancing the infrastructure of their workplace. Data man-
agement services were kindly provides by CESNET.

REFERENCES

[1] M. Nielsen and I. Chuang. Quantum Computation
and Quantum Information. Cambridge University
Press, Cambridge, 2002.

[2] Gernot Alber, Thomas Beth, Michal Horodecki,
Pawel Horodecki, Ryszard Horodecki, M. Rotteler,
H. Weinfurter, R. Werner, and Anton Zeilinger.
Quantum Information. Springer, Berlin, 2001.

[3] Pieter Kok, W. J. Munro, Kae Nemoto, T. C. Ralph,
Jonathan P. Dowling, and G. J. Milburn. Linear op-
tical quantum computing with photonic qubits. Rev.
Mod. Phys., 79(1):135, 2007.

[4] D. Bouwmeester, J.W. Pan, K. Mattle, M. Eibl,
H. Weinfurter, and A. Zeilinger. Experimental quan-
tum teleportation. Nature (London), 390:575, 1997.

[5] J.L. O’Brien, G.J. Pryde, A.G. White, T.C. Ralph,
and D. Branning. Demonstration of an all-optical
quantum controlled-NOT gate. Nature (London),
426:264, 2003.

[6] Nikolai Kiesel, Christian Schmid, Ulrich Weber, Ru-
pert Ursin, and Harald Weinfurter. Linear Optics
Controlled-Phase Gate Made Simple. Phys. Rev.
Lett., 95(21):210505, 2005.

[7] Valerio Scarani, Sofyan Iblisdir, Nicolas Gisin, and
Antonio Acin. Quantum cloning. Rev. Mod. Phys.,
77:1225-1256, 2005.

[8] Jan Soubusta, Lucie Bartuskova, Antonin Cernoch,
Jaromir Fiurasek, and Miloslav Dusek. Several ex-
perimental realizations of symmetric phase-covariant
quantum cloners of single-photon qubits. Phys. Rev.
A, 76(4):042318, 2007.

[9] C.H. Benett, F. Bessette, G. Brassard, L. Salvail,
and J. Smolin. Experimental Quantum Cryptogra-
phy. Journal of Cryptology, 5(1):3-28, 1992.

[10] T. C. Ralph. Continuous variable quantum cryptog-
raphy. Phys. Rev. A, 61(1):010303, 1999.

[11] I. Marcikic, H. de Riedmatten, W. Tittel, H. Zbinden,
M. Legré, and N. Gisin. Distribution of Time-Bin
Entangled Qubits over 50 km of Optical Fiber. Phys.
Rev. Lett., 93(18):180502, 2004.

[12] Xiao-Song Ma, Thomas Herbst, Thomas Scheidl,
Daqging Wang, Sebastian Kropatschek, William Nay-
lor, Bernhard Wittmann, Alexandra Mech, Johannes
Kofler, Elena Anisimova, Vadim Makarov, Thomas
Jennewein, Rupert Ursin, and Anton Zeilinger. Quan-
tum teleportation over 143 kilometres using active
feed-forward. Nature, 489:269, Sep 2012.

Karel Lemr, Karol Bartkiewicz, Antonin Cernoch,
and Jan Soubusta. Resource-efficient linear-optical
quantum router. Phys. Rev. A, 87(6):062333, 2013.

[13]

[14] K. Y. Bliokh, F. J. Rodriguez-Fortuno, F. Nori, and
A. V. Zayats. Spin-orbit interactions of light. Nature

Photonics, 9:796, Nov 2015.

[15] Konstantin Y. Bliokh and Franco Nori. Transverse
and longitudinal angular momenta of light. Physics

Reports, 592:1 — 38, 2015.

Peter Lodahl, Sahand Mahmoodian, Sgren Stobbe,
Arno Rauschenbeutel, Philipp Schneeweiss, Jiirgen
Volz, Hannes Pichler, and Peter Zoller. Chiral quan-
tum optics. Nature, 541:473, Jan 2017.

[16]

[17] Markus Hijlkema, Bernhard Weber, Holger P. Specht,
Simon C. Webster, Axel Kuhn, and Gerhard Rempe.
A single-photon server with just one atom. Nature

Physics, 3:253, Mar 2007.

Axel Kuhn, Markus Hennrich, and Gerhard Rempe.
Deterministic single-photon source for distributed
quantum networking. Phys. Rev. Lett., 89:067901,
Jul 2002.

[18]

[19] Christian Maurer, Christoph Becher, Carlos Russo,
Jiirgen Eschner, and Rainer Blatt. A single-photon
source based on a single ca + ion. New Journal of

Physics, 6(1):94, 2004.

[20] Matthias Keller, Birgit Lange, Kazuhiro Hayasaka,
Wolfgang Lange, and Herbert Walther. Continuous
generation of single photons with controlled waveform
in an ion-trap cavity system. Nature, 431:1075, Oct

2004.

H G Barros, A Stute, T E Northup, C Russo, P O
Schmidt, and R Blatt. Deterministic single-photon
source from a single ion. New Journal of Physics,
11(10):103004, 2009.

[21]

38

J©@  2/2021



[22]

23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

[31]

[32]

[33]

[34]

Christian Brunel, Brahim Lounis, Philippe Tamarat,
and Michel Orrit. Triggered source of single pho-
tons based on controlled single molecule fluorescence.
Phys. Rev. Lett., 83:2722-2725, Oct 1999.

S. C. Kitson, P. Jonsson, J. G. Rarity, and P. R. Tap-
ster. Intensity fluctuation spectroscopy of small num-
bers of dye molecules in a microcavity. Phys. Rev. A,
58:620-627, Jul 1998.

Pascale Senellart, Glenn Solomon, and Andrew
White. High-performance semiconductor quantum-
dot single-photon sources. Nature Nanotechnology,
12:1026, Nov 2017.

Igor Aharonovich, Dirk Englund, and Milos Toth.
Solid-state single-photon emitters. Nature Photonics,
10:631, Sep 2016.

Satoshi Kako, Charles Santori, Katsuyuki Hoshino,
Stephan Gotzinger, Yoshihisa Yamamoto, and Ya-
suhiko Arakawa. A gallium nitride single-photon
source operating at 200 k. Nature Materials, 5:887,
Oct 2006.

Charles Santori, David Fattal, Jelena Vuckovic,
Glenn S. Solomon, and Yoshihisa Yamamoto. In-
distinguishable photons from a single-photon device.
Nature, 419:594, Oct 2002.

Christian Kurtsiefer, Sonja Mayer, Patrick Zarda,
and Harald Weinfurter. Stable solid-state source of
single photons. Phys. Rev. Lett., 85:290-293, Jul
2000.

Rosa Brouri, Alexios Beveratos, Jean-Philippe
Poizat, and Philippe Grangier. Photon antibunch-
ing in the fluorescence of individual color centers in
diamond. Opt. Lett., 25(17):1294-1296, Sep 2000.

Alexios Beveratos, Rosa Brouri, Thierry Gacoin,
Jean-Philippe Poizat, and Philippe Grangier. Non-
classical radiation from diamond nanocrystals. Phys.
Rev. A, 64:061802, Nov 2001.

W. H. Louisell, A. Yariv, and A. E. Siegman. Quan-
tum fluctuations and noise in parametric processes. i.
Phys. Rev., 124:1646-1654, Dec 1961.

B. Y. Zeldovich and D. N. Klyshko. Field statistics
in parametric fluorescence. JETP Lett., 9:40, 1969.

David C. Burnham and Donald L. Weinberg. Ob-
servation of simultaneity in parametric production of
optical photon pairs. Phys. Rev. Lett., 25:84-87, Jul
1970.

Peter J. Mosley, Jeff S. Lundeen, Brian J. Smith,
Piotr Wasylczyk, Alfred B. U’Ren, Christine Silber-
horn, and Ian A. Walmsley. Heralded generation of
ultrafast single photons in pure quantum states. Phys.
Rev. Lett., 100:133601, Apr 2008.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

A. L. Migdall, D. Branning, and S. Castelletto. Tai-
loring single-photon and multiphoton probabilities of
a single-photon on-demand source. Phys. Rev. A,
66:053805, Nov 2002.

Alfred B. U’Ren, Christine Silberhorn, Konrad Ba-
naszek, and Ian A. Walmsley. Efficient conditional
preparation of high-fidelity single photon states for
fiber-optic quantum networks.  Phys. Rev. Lett.,
93:093601, Aug 2004.

Michal Karpiniski, Czestaw Radzewicz, and Konrad
Banaszek. Experimental characterization of three-
wave mixing in a multimode nonlinear ktiopo4 waveg-

uide. Applied Physics Letters, 94(18):181105, 20009.

Michat Karpinski, Czestaw Radzewicz, and Konrad
Banaszek. Dispersion-based control of modal char-
acteristics for parametric down-conversion in a mul-
timode waveguide. Opt. Lett., 37(5):878-880, Mar
2012.

Radek Machulka, Jifi Svozilik, Jan Soubusta,
Jan Pefina, and Ondfej Haderka. Spatial and
spectral properties of fields generated by pulsed
second-harmonic generation in a periodically poled
potassium-titanyl-phosphate waveguide. Phys. Rev.
A, 87:013836, Jan 2013.

Michal Jachura, Michat Karpinski, Czestaw
Radzewicz, and Konrad Banaszek. High-visibility
nonclassical interference of photon pairs generated

in a multimode nonlinear waveguide. Opt. Express,
22(7):8624-8632, Apr 2014.

R. W. Boyd. Nonlinear optics. Academic Press, 2003.

Morton H. Rubin, David N. Klyshko, Y. H. Shih, and
A. V. Sergienko. Theory of two-photon entanglement
in type-II optical parametric down-conversion. Phys.
Rev. A, 50:5122-5133, Dec 1994.

Holger F. Hofmann and Shigeki Takeuchi. Quantum
phase gate for photonic qubits using only beam split-
ters and postselection. Phys. Rev. A, 66:024308, Aug
2002.

C. K. Hong and L. Mandel. Experimental realiza-
tion of a localized one-photon state. Phys. Rev. Lett.,
56:58-60, Jan 1986.

C.K. Hong, Z.Y. Ou, and L. Mandel. Measerement of
Subpicosecond Time Intervals between Two Photons
by Interference. Phys. Rev. Lett., 59:2044, 1987.

Benjamin P. Lanyon, Marco Barbieri, Marcelo P.
Almeida, Thomas Jennewein, Timothy C. Ralph,
Kevin J. Resch, Geoff J. Pryde, Jeremy L. O’Brien,
Alexei Gilchrist, and Andrew G. White. Simplify-
ing quantum logic using higher-dimensional Hilbert
spaces. Nat. Phys., 5(2):134-140, 2009.

J©

2/2021

39



[47]

48]

[49]

[50]

[51]

[52]

[53]

[54]

S. Kocsis, G. Y. Xiang, T. C. Ralph, and G. J. Pryde.
Heralded noiseless amplification of a photon polariza-
tion qubit. Nat. Phys., 9(1):23-28, jan 2013.

Jan Soubusta, Lucie Barttskova, Antonin Cernoch,
Miloslav Dusek, and Jaromir Fiurasek. Experimental
asymmetric phase-covariant quantum cloning of po-
larization qubits. Phys. Rev. A, 78(5):052323, 2008.

Paul G. Kwiat, Klaus Mattle, Harald Weinfurter,
Anton Zeilinger, Alexander V. Sergienko, and Yan-
hua Shih. New high-intensity source of polarization-
entangled photon pairs. Phys. Rev. Lett., 75:4337—
4341, Dec 1995.

Paul G. Kwiat, Edo Waks, Andrew G. White, Tan
Appelbaum, and Philippe H. Eberhard. Ultrabright
source of polarization-entangled photons. Phys. Rev.
A, 60(2):R773-R776, 1999.

Stefanie Barz, Rui Vasconcelos, Chiara Greganti,
Michael Zwerger, Wolfgang Diir, Hans J. Briegel,
and Philip Walther. Demonstrating elements of
measurement-based quantum error correction. Phys.
Rev. A, 90:042302, Oct 2014.

Raj B. Patel, Joseph Ho, Franck Ferreyrol, Timo-
thy C. Ralph, and Geoff J. Pryde. A quantum fredkin
gate. Science Advances, 2(3), 2016.

Xi-Lin Wang, Luo-Kan Chen, W. Li, H.-L. Huang,
C. Liu, C. Chen, Y.-H. Luo, Z.-E. Su, D. Wu, Z.-D.
Li, H. Lu, Y. Hu, X. Jiang, C.-Z. Peng, L. Li, N.-L.
Liu, Yu-Ao Chen, Chao-Yang Lu, and Jian-Wei Pan.
Experimental ten-photon entanglement. Phys. Rev.
Lett., 117:210502, Nov 2016.

Rainer Kaltenbaek, Robert Prevedel, Markus As-
pelmeyer, and Anton Zeilinger. High-fidelity en-
tanglement swapping with fully independent sources.
Phys. Rev. A, 79:040302, Apr 2009.

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Yoshihiro Nambu, Koji Usami, Yoshiyuki Tsuda,
Keiji Matsumoto, and Kazuo Nakamura. Generation
of polarization-entangled photon pairs in a cascade

of two type-i crystals pumped by femtosecond pulses.
Phys. Rev. A, 66:033816, Sep 2002.

K. Dobek, M. Karpinski, R. Demkowicz-Dobrzanski,
K. Banaszek, and P. Horodecki. Experimental extrac-
tion of secure correlations from a noisy private state.
Phys. Rev. Lett., 106:030501, Jan 2011.

K Dobek, M Karpinski, R Demkowicz-Dobrzanski,
K Banaszek, and P Horodecki. Experimental genera-
tion of complex noisy photonic entanglement. Laser
Physics, 23(2):025204, 2013.

Chao Zhang, Yun-Feng Huang, Bi-Heng Liu, Chuan-
Feng Li, and Guang-Can Guo. Experimental genera-
tion of a high-fidelity four-photon linear cluster state.
Phys. Rev. A, 93:062329, Jun 2016.

Eva Halenkovéa, A. Cernoch, K. Lemr, J. Soubusta,
and S. Drusova. Experimental implementation of the

multifunctional compact two-photon state analyzer.
Appl. Opt., 51(4):474-478, 2012.

Richard Jozsa. Fidelity for mixed quantum states.
Journal of Modern Optics, 41(12):2315-2323, 1994.

Karel Lemr, Karol Bartkiewicz, and Antonin Cer-
noch. Experimental measurement of collective nonlin-
ear entanglement witness for two qubits. Phys. Rev.
A, 94:052334, Nov 2016.

Karol Bartkiewicz, Karel Lemr, Antonin Cernoch,
and Adam Miranowicz. Bell nonlocality and fully
entangled fraction measured in an entanglement-
swapping device without quantum state tomography.
Phys. Rev. A, 95:030102, Mar 2017.

Prof. UAM dr hab. Karol Bartkiewicz, Ph.D.%2 (e-mail: bartkiewicz@upol.cz),
Mgr. Antonin Cernoch, Ph.D.? (e-mail: antonin.cernoch@upol.cz),

doc.

Mgr. Karel Lemr, Ph.D.? (e-mail: k.lemr@upol.cz)

!Faculty of Physics, Adam Mickiewicz University, PL-61-614 Poznan, Poland
2RCPTM, Joint Laboratory of Optics of Palacky University and Institute of Physics of Czech Academy of Sciences,
17. listopadu 12, 771 46 Olomouc, Czech Republic

Jednd se o védecky ¢lanek

40

J©@  2/2021



