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Chapter 5

HIGH-RATE MULTIPLEXED ENTANGLEMENT SOURCE
BASED ON TIME-BIN QUBITS FOR ADVANCED QUANTUM
NETWORKS

This chapter includes the work published as:

[1] Andrew Mueller, Samantha I. Davis, Boris Korzh, Raju Valivarthi, Andrew D.
Beyer, Rahaf Youssef, Neil Sinclair, Cristidn Pefia, Matthew D Shaw, and Maria
Spiropulu. “High-rate multiplexed entanglement source based on time-bin qubits
for advanced quantum networks.” In: Optica Quantum 2.2 (2024), pp. 64-71.

5.1 Introduction

Quantum computing represents an upcoming threat to public-key cryptography |1,
2[]. Quantum Key Distribution (QKD) is a method for overcoming this threat by
sharing secret cryptographic keys between parties in a manner that is sufficiently
secure against potential eavesdroppers and the decryption capabilities of quantum
computers. Point-to-point QKD networks are a precursor to more advanced quan-
tum networks which enable the transfer of quantum states for multiple applications
including distributed quantum computing, sensing, or secure communication. We
characterize any quantum network as ‘advanced’ if it enables protocols and capa-
bilities that go beyond point-to-point QKD [3]]. These include teleportation [4; 3],
entanglement swapping [6], memory-assisted networks [7], and others. Entangled
photons are a fundamental resource for such demonstrations, and entanglement
distribution is therefore a key component of premier quantum network initiatives
including the European Quantum Communication Infrastructure (EuroQCI) project,
the Illinois Express Quantum Network (IEQNET), the Chinese Quantum Experi-
ments at Space Scale (QUESS) initiative, the United Kingdom UKQNTel network,
and the Washington DC-QNet Research Consortium. Future quantum networks
should enable high-fidelity and high-rate transfer of individual quantum states across
multiple quantum nodes, mediated by distribution of entangled photons, quantum

memories, and entanglement swapping measurements.

High-rate entanglement distribution enables high-rate entanglement-based QKD,

as well as more general operations that characterize advanced quantum networks.
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Entanglement distribution and entanglement-based QKD have been demonstrated
with impressive performance across a number of metrics. These include 40 kbps
data rates in a QKD system deployed over 50 km of fiber [8]] as well as multiple
polarization entangled sources that leverage spectral multiplexing. These polariza-
tion sources include a demonstration of 181 kebits/s across 150 ITU channel pairs
and a high-throughput source potentially capable of gigabit rates with many added
channels and detectors [9, |10]. Multiple works have highlighted the need to lever-
age high total brightness, spectral brightness, collection efficiency, and visibility
from pair-generating non-linear crystals to realize practical high-rate entanglement
distribution [10, |11} 12, 13} 14, 15, |16].

A time-bin entangled photon source has certain advantages over a polarization-based
system [17]]. Time-bin entanglement can be measured with no moving hardware
and does not require precise polarization tracking to maximize visibility [18} [19].
Also, with suitable equipment, robust time-bin modulation is possible over free
space links with turbulence [20]. Therefore, the possibility of simplified fiber-to-
free-space interconnects and larger quantum networks based on a shared time-bin
protocol motivates development of improved time-bin sources. Furthermore, time-

bin encoding is suited for single-polarization light-matter interfaces [21]].

We direct 4.09 GHz mode locked laser light into a nonlinear crystal via 80-ps delay-
line interferometers (12.5 GHz free-spectral range) to realize a high-rate entangle-
ment source. The ability to resolve time-bin qubits into 80 ps wide bins is enabled
by newly developed low-jitter differential superconducting nanowire single-photon
detectors (SNSPDs) [22]]. Wavelength multiplexing is used to realize multiple high
visibility channel pairings which together sum to a high coincidence rate. Each
of the pairings can be considered an independent carrier of photonic entanglement
[23l [24]] and therefore the system as a whole is applicable to flex-grid architectures
through the use of wavelength selective switching [25, 26]. However, we focus on
maximizing the rate between two receiving stations, Alice and Bob (Fig. [5.1j).
Each station is equipped with a DWDM that separates the frequency multiplexed
channel into multiple fibers for detection. The SNSPDs are used with a real-time
pulse pileup and time-walk correction technique [27] to keep jitter low even at high

count rates.

We quantify per-channel brightness and visibility as a function of pump power, as
well as collection efficiencies, coincidence rates across 8 channel pairs. We show

that the 8-channel system achieves visibilities that average to 99.3% at low mean
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Figure 5.1: Experimental setup. a) Pulses from a 1539.47 nm mode locked laser
(Pritel UOC) are split into two by an 80-ps delay-line interferometer before up-
conversion and amplification in a second harmonic generation + erbium doped fiber
amplifier (SHG + EDFA) module (Pritel). A short PM fiber from the SHG module
connects to a nonlinear crystal generating photon pairs by spontaneous parametric
down-conversion (SPDC). The coarse wavelength division multiplexing (CWDM)
module separates the photon pair spectrum into eight 13 nm-wide bands around 1530
and 1550 nm, for the signal and idler photon, respectively. The signal and idler are
directed to the Bob and Alice stations, respectively. The readout interferometers
introduce the same time delay as the source interferometer. Polarization controllers
are used to maximize the coincidence rates. 100 GHz spacing dense wavelength di-
vision multiplexer (DWDM) modules are used to direct each frequency channel into
a distinct fiber. Two superconducting nanowire single photon detectors (SNSPDs)
are used to measure a specific frequency multiplexed channel pair. Measurements
for different multiplexed channels are performed in succession to resolve full system
performance. b) ITU channels used in the experiment. Pairs of channels high-
lighted with the same color obey the phase and pump-energy matching condition
for SPDC. To assess the full 16 channels (27-42) of Alice’s DWDM multiplexer,
Bob’s 8-channel DWDM is replaced with a narrowband filter with tunable resonance

frequency (not shown in figure).
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photon number u; = 5.6x10° + 9x10%. Atahigher power (uy = 5.0x103 + 3x10%),

we demonstrate a total coincidence rate of 3.55 MHz with visibilities that average to
96.6%. Through quantum state tomography we bound the distillable entanglement
rate of the system to between 69% and 91% of the yy coincidence rate (2.46 - 3.25
Mebits/s).

Quantifying a source’s spectral mode purity is important for gauging its utility in ad-
vanced quantum networks that rely on interferometric measurements like two-photon
interference which enables Bell-state measurements (BSM) [5]]. With Schmidt de-
composition we quantify the modal purity of single DWDM channel pairs and derive
the inverse Schmidt number which serves as an estimate for two-photon interference
visibility between two such sources. Ultimately, we demonstrate that an entangle-
ment generation source of this design makes for a robust and powerful building

block for future high-rate quantum networks.

5.2 System

Figure [5.1] shows the experimental setup. Pulses from the 4.09 GHz mode-locked
laser, with a center wavelength at 1539.47 nm, are sent through an 80 ps delay-line
interferometer (Optoplex DPSK Phase Demodulator). All interferometers used are
the same type; they have insertion loss of 1.37 + 0.29 dB, are polarization inde-
pendent, and have extinction ratios greater than 18 dB. The source interferometer
produces two pulses each clock cycle used to encode early/late basis states (|e), |1)),
which are subsequently up-converted by a second harmonic generation (SHG) mod-
ule (Pritel) and down-converted into entangled photon pairs by a type-0 spontaneous
parametric down conversion (SPDC) crystal (Covesion) [17]. The SPDC module
uses a 1 cm long waveguide-coupled MgO-doped lithium niobate crystal with an
18.3 u polling period. The up-converted pulses at 769 nm have a FWHM bandwidth
of 243 GHz (0.48 nm), which along with the phase matching condition of the SPDC
waveguide, defines a wide joint spectral intensity (JSI) function [28].

The photon pairs are separated by a coarse wavelength division multiplexer (CWDM)
which serves to split the SPDC spectrum into two wide-bandwidth halves. For a
system using more than 16 DWDM channels at Alice and Bob, the CWDM would
be replaced with a splitter that efficiently sends the full SPDC spectrum shorter
than 1540 nm to Bob, and the spectrum longer than 1540 nm to Alice. A dichroic
splitter with a sharp transition at 1540 nm would also enable the use of DWDM
channels 43-46 and 48-51. The pairs are of the form |¢) = % (le)sle): + e |1ys|1):).
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Entangled idler and signal photons are sent to the receiving stations labeled Alice and
Bob, respectively. One readout interferometer at each station projects all spectral
bands into a composite time-phase basis. From here, dense wavelength division
multiplexers (DWDM) divide up the energy-time entangled photon pairs into spectral

channels.

The DWDM outputs are sent to differential niobium nitride (NbN) single pixel
SNSPDs [22] with 22 x 15 pm active areas formed by meanders of 100-nm-wide
and 5-nm-thick niobium nitride (NbN) nanowires on a 500 nm pitch. These measure
the arrival time of photons with respect to a clock signal derived from the mode
locked laser. Use of the high system repetition rate and compact 80 ps delay
interferometers is only possible due to the high timing resolution of these detectors.
Low jitter performance is achieved by incorporating impedance matching tapers
for efficient RF coupling, resulting in higher slew rate pulses, and by enabling RF
pulse readout from both ends of the nanowire. The dual-ended readout allows for
the cancellation of jitter caused by the variable location of photon arrival along the
meander when the differential signals are recombined with a balun. SNSPDs of this
type reach system jitters down to 13.0 ps FWHM, and 47.6 ps FW(1/100)M [22].
We use two SNSPDs for this demonstration with efficiencies at 1550 nm of 66%
and 74%. They exhibit 3 dB maximum count rates of 15.1 and 16.0 MHz. A full
8-channel implementation of this system would require 16 detectors operating in
parallel at both Alice and Bob. To read out both outputs of both interferometers, 4

detectors per channel are required, resulting in 32 detectors total.

In the following, rigorous tests of entanglement are primarily done with the 8 ITU
100 GHz channel pairings: Ch. 35-42 at Alice and Ch. 52-59 at Bob. However, the
source brightness measurements were conducted on a partially realized 16-channel

configuration which makes use of all 16 channels available on Alice’s DWDM.

Signals from the SNSPDs are directed to a free-running time tagger (Swabian) and
processed with custom software. The resulting histograms, referenced from a shared
clock (Fig[5.2p), depict three peaks, which are caused by the sequential delays of
the source and readout interferometers. Some intensity imbalance between long
and short paths is present in these interferometers, which explains the asymmetry
between early and late peaks in Fig. [5.2h. Such imbalances are present in both the
source and readout interferometers to varying degrees. The interferometer used for
the source exhibits an early/late intensity balance ratio of 1.13. Alice and Bob’s

interferometers exhibit early/late imbalances of 1.24 and 1.15, respectively. These
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Figure 5.2: Entanglement visibility characterization. a) Histogram of photon arrival
events with respect to the 4.09 GHz clock. Dashed black and grey lines show the
response functions for coincidence events. Events within 10 ps guard regions
centered at 80 and 160 ps (shaded red) are discarded for analysis of coincidences
between individual bins. This is done to maximize visibility in the presence of some
minor overlap of the pulses. The coincidence histograms include pairings from any
combination of early, middle, and late time bins. Therefore, the height of the center
peak in the phase-min state is not near zero, as non-phase-varying terms contribute.
b) Coincidence rate interference fringes for the center time bin in isolation. Based
on the good agreement between the fringe data and a cosine fit, we make subsequent
tomographic measurements assuming that phase is linear with the electrical power

applied to the interferometer phase shifter.
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Figure 5.3: Entanglement visibility versus mean pair rate per pulse (1) and SHG
pump power. Error bars are calculated by taking multiple measurements of the
center bin coincidence rate over some integration time. These measurements span
small ranges of interferometer phase, as the extremum-finding algorithm jitters the
interferometer voltage. V¢ (grey data, red line) is a construction that models how
visibility would be affected if accidental coincidences from mutually incompatible

spectral modes could be mitigated in future systems.

induce imperfect overlap of certain time-bin modes of differing amplitudes. This

mismatch lowers interference visibilities, see Section [5.4

5.3 Results

The coincidence rate across Alice and Bob’s middle bins varies sinusoidally with
respect to the combined phase relationship of the source and readout interferometers
(29 [17] (see Fig. [5.2b). In Fig. [5.2h the coincidences shown are for any combi-
nation of early, middle, or late bins. For tomography and visibility measurements,

coincidence detections across specific bin pairings are considered.

Due to the small size (3 X 3 cm) and temperature insensitivity of the interferometers,
minimal temporal phase drift is observed. Without active temperature control or
phase feedback, we observe minimized coincidence rates of the center time bin
stay within 6% of their original values after 50 minutes. Nevertheless, software

is used to lock the voltage-controlled phase at a minimum or maximum with a
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simple hill-climbing algorithm. This varies the phase by small amounts over several
minutes to search for or maintain an extremum. This is simpler to implement than
the techniques needed to stabilize interferometers of longer path length difference,
including the use of precise temperature control [S]] or co-propagating stabilization
lasers [30].

Channels 35 and 59 are chosen for an analysis of entanglement visibility and rates
versus pump power. Visibility with respect to pump power or mean entangled
pair rate is shown in Fig. [5.3p. We define the entanglement visibility as V =
100% * (Ciax — Cmin)/ (Chax + Cmin) Where Cp;, and Cyy,y are the minimum and
maximum coincidence rates in the middle bin for varied phase. As this coincidence
rate depends on the total phase across the source and readout interferometers, only

Bob’s interferometer is actively controlled to scan the full state space.

The raw visibility versus u is shown in blue in Fig. [5.3p. Relative to similar
measurements [31], this drops quickly with increasing u, and one reason is the
presence of accidental coincidences across mutually incompatible spectral modes.
The presence of these unwanted coincidences is a consequence of the narrowband
filtering regime, and depends on factors included the singles rates S4 and Sp, and
the geometric compensation factor 6. We model this type of accidental coincidence
rate Ca.. versus u, and subtract it off from coincidence measurements to produce the
grey data in Fig.[5.3p. This simulated visibility’s more gradual drop with increasing
w highlights the detrimental effect of our high single-to-coincidence rates S4/Cap,
Sp/Cap. As detailed in the Discussion section below, this motivates special source

engineering techniques for future systems.

5.4 Impact of experimental imperfections

The experiment employs three Michelson interferometers with a path-length delay
of 80 ps: one at the source to generate the early and late time-bins, and one prior to
each detector to control the measurement basis. To determine the effect of interfer-
ometric imperfections on the entanglement visibility, we model the interferometers
as equivalent Mach-Zehnder interferometers as shown in Fig. [5.4] Imperfections
in the interferometer are captured by the transmittance ¢ of the beamsplitter and
internal path (mirror) efficiencies || and |3|>. An ideal Michelson interferometer
has 7 =1/V2 and |a|? = |8]? = 1.



112

Out 1

L E

£ 2

BS BS

Out 2

Out 1

Figure 5.4: Model for Michelson interferometers employed in the experiment. The
interferometer contains a beamsplitter with transmittance ¢ and two mirrors with

efficiencies a and g3.

Source interferometer imperfections
In the experiment, pulses of coherent light from a mode-locked laser (MLL) are
injected into the input of the source interferometer. A field £ at the input of the

source interferometer transforms as

E;, — rtaei‘pEE,l + rzaei‘pEE,z + rtﬁEL,l + IZ,BEL,Z (5.1
+iry1 = |2 Eyae, +itV1 = |B12Eyac, (5.2)

where the early and late temporal modes are denoted by subscripts "E" and "L",
the input and output modes are denoted by subscripts "in", "1" and "2", and r =
i m . Due to imperfect path efficiencies, part of the light leaks into the vacuum
field mode Ey,c, which corresponds to the last term in Eq. It follows that the

power of the early and late output pulses in terms of the power of the input pulse are

Pe = |r*[t]a)*Pi, Peo = |r*|al*Pi, (5.3)
P = |r|2t1*18I* Pin, Pro = |t*|B1* Pin.

To generate the entangled photon pairs, one of the output ports of the source in-
terferometer is up-converted by second harmonic generation (SHG) then down-
converted via spontaneous parametric down conversion (SPDC), resulting in two-
mode squeezed vacuum states (TMSVs) in early and late temporal modes with mean
photon numbers ug and yj, respectively. The ratio of ug to uy depends on which
output port of the source interferometer is used. Note that the definition of u used
in the main text is per source laser period or per experiment cycle (4.09 GHz).

Therefore p from the main text is equal to ug + ur. The output power of SHG
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(Psuc) as a function of the SHG pump power (P,) is [32],

Psuc = Py, tanh® \nsu Pp ~ USHGP,z,, (5.4)

where 15y 1s the conversion efficiency of the SHG crystal. After SPDC, the
squeezing parameter (£) of the TMSVs in terms of the SPDC pump power (Psyg)
is & = AVPsuG ~ A\NsuGPp, where A is proportional to the SPDC crystal length
and nonlinear interaction strength [33]. The mean photon number in terms of the
squeezing parameter is u = sinh? & ~ ¢2. Therefore, the mean photon numbers of

the TMSVs as a function of the output pulses of the source interferometer are,

ME ~ ﬂZUSHGP’EJ ML = /lanHGPi’i, (5.5)
where i = 1(2) corresponds to output port 1(2) of the source interferometer.

If output port 1 is used,

welps ~ Py /P2, = lal*/1B",

whereas if output port 2 is used,

pE/uL = Ppo/PL, = Irflal* /10 |B1*.

When output port 1 of the source interferometer is used, if the internal path efficien-
cies of the source interferometer are different, there is an imbalance in the early and
late mean photon numbers. When output port 2 is used, the effect of the imbalance in
the internal path efficiencies on the ratio of early and late mean photon numbers can
be compensated by imperfect transmittance: ug/u; = 1 when |¢]2/|r]? = ||/|B].

Measurement interferometer imperfections

Imperfections in the measurement interferometers limit the entanglement visibility
of the experiment. As described in the previous section, early and late TMSVs
are generated by pumping the SPDC with early and late pulses. Each half of each
TMSV is sent to a measurement interferometer (see Fig. [5.5)). Let |£) denote the
TMSV state,

oo

n o
&) = ;)(—1) 4t Ina,ng), (5.6)

where |n4,npg) denotes the state with n4 photons at the input of interferometer A

and np photons at the input port of interferometer B. We model the input state to the
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Figure 5.5: Setup for theoretical model of entanglement visibility experiment.

measurement interferometers as a product state of TMSV in early and late temporal

modes, to lowest order in ug and uy:

|Win) =16)e ® 16),
A1 = (pe + 1) 10,0)£10,0)
_\/,U_Ell’1>E |O’O>L_\/IU_L|O’O>E|1’1>L (57)

We can express Eq. in terms of the creation operators @™ and 5' of the field

modes at the inputs of interferometers A and B, respectively:
W) = (VU= (s + o) - NEEaghl - VEzabL) 10,0)£ 10,00, (5.8)

Since the measurement interferometers are also Michelson interferometers, the
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transformation relations are,

Ap > rataae’®ap ) +riae¥ap, (5.9)
+ rAtAﬁaAL,l + tiﬁaAL,Z + cAdvacl + dAdvacza

BE — FBtgyei"DBE,l + I’é’yehpl;E’z (510)
+ I’BtBégL,l + tlzg(SBL’z + CBBvacl + dBévacz’

ap v rataear ) +riaear, (5.11)
+rataBar 1 + 15841 2+ cAdvac, + dadyacy,

by — rBtB)/ei‘pEL,l + réye"“’laL,z (5.12)
+ rBtgdeL/,l + téééy,z + CBBV3c1 + ngvan

ca=iraVl —la|?, da=itaV1-|BJ,

CBZiI’B\/l —|5|2, dBZitB\/l —|’)/|2,

where L’ denotes the temporal mode obtained by sending a photon in the late (L)
mode through the long arm of an interferometer, and dyy;, Bvaci correspond to
vacuum modes. To find the state at the output of the interferometers, we combine
Eq. [5.8 with Eq. [5.9}5.12] and consider only terms relevant to post-selection on
coincidences of the middle bins (L) of different interferometer outputs, to lowest

order in ug and uy,

Pout) = 1y tarsts (ﬂ(s\/u_E + a/)/\/,u_Le_Zi"") 10,00,0) 5 |1,0; 1,0), |0,0;0,0),,
+ it (z§ﬁ5m+ (rs) ay ,lLe—W) 10,0;0,0) 1,050, 1), |0,0;0,0),,
+ritp (zﬁﬁ(s\/y_ﬁ () ay ﬂLe-W) 10,0;0,0)5 [0, 1; 1,0), |0,0;0,0),,
+ (z§t§ﬁ5m+ ()2 (r) ay ﬂLe—W) 10,0;0,0) 4 [0,1;0, 1), |0,0;0,0)

... (5.13)

where |n A1, NA, B, 1 B,2> denotes the state with n4 ; photons at output 1 of inter-
ferometer A, n4 > photons at output 2 of interferometer A, np ; photons at output 1
of interferometer B, and np > photons at output 2 of interferometer B. We define the

following parameters to simplify notation:

HE 18I [y I?
X =—, Ko = ——, Kp = —, (5.14)
ML || 612
4] |t5|*
€4 = ——, €Eg= ——. (5.15)
[ral? |rp|?
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From Eq. [5.13] it follows that the coincidence probabilities for each combination of

output ports are proportional to,

Cas, (@) & [“Z+ [“Ax 1+ 2vx cos2e, (5.16)
KA KB
|
Casy () & — [“Z 4 ep | “Ax + 2y/x cos 20, (5.17)
€EB KA KB
1
Carp (¢) o« — B 4 e |“Ax + 2y cos 2¢, (5.18)
€A Y KA KB
1 K

M4 v 4 2yx cos 20, (5.19)
KB

Ca,,B,(p) o<

B
— + €E4€B
A

where the phase factors in the reflectivities r4, rp are absorbed into the definition

maX(C(<P)) mm(C(cp)) for each

of ¢. Therefore, the entanglement visibilities, V = max(Clg)) Fmin(C ()

combination of output ports are:

Va,.B, = \/7 \/7 (5.20)
KB

Va,.B, = (5.21)
EB \, V K_A

= 22

Va,.B, F el \/( (5.22)
€A KB

Va,.B, = (5.23)

[ _A
EAEB KA +EA6 KB

Unity visibility is achievable for each combination of output ports: V4, 5, = 1 when
X = kp/ka, Va,.p, = 1 when x = KB/(KAeé), Va,B, = 1 when x = KB/(KAGi),
and V4,5, = 1 when x = «kp/ (KAeieg). Therefore, the effect of imbalances in
the source and measurement interferometers is to shift the optimal ratio of early
to late mean photon numbers. Imbalances in the measurement interferometers
can be compensated by imbalances in the source interferometer in order to obtain
unity visibility. Moreover, in the single photon limit, the visibility is insensitive
to the absolute path efficiencies in the experiment. The visibility depends only
on the ratio of path efficiencies between the measurement interferometers (k4 /«p).

The entanglement visibilities for each combination of output ports as a function of
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x = ug/ug for various ratios of interferometric path efficiencies are shown in Fig.
5.0
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Figure 5.7: Setup for phase space modeling of entanglement visibility experiment.

Calculating the entanglement visibility to higher order photon number contributions
quickly becomes intractable with the Fock space approach in the previous section. To
study the effect of multiphoton events on the entanglement visibility, we model the
experiment using phase space methods based on a characteristic function formalism
35]l. The model setup is shown in Fig As in the Fock space approach, the
input state is modeled as a product state of TMSV in early and late temporal modes,
with mean photon numbers ug and uy, respectively. The measurement interferome-
ters are modeled as beamsplitters in the temporal domain that mix the early and late
input modes with transmittances 74 and 7p, which absorb the interferometric path
efficiencies and spatial beamsplitter transmittances. Since the input state is modeled
as a Gaussian state, and the measurement interferometers are modeled as Gaussian
operations, we can find the symplectic transformation that maps the characteristic

function of the input state to that of the state prior to detection.
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Following Ref. [36]], the characteristic function for an N-mode bosonic state is

x (&) =Tr [pexp(—i(X1, p1, %2, P2, - XN, PN)E)] (5.24)
where & € R?V, p is the density matrix, and £; = %(&j +4d;) and p; = %(&j +4;)

are the quadrature operators for mode i with annihilation operator ;. A Gaussian

state is a state whose characteristic function that takes a Gaussian form,
1 .
x(@) = eXp(—Znyé - szf), (5.25)

which is fully characterized by the displacement vector d and covariance matrix vy,
1.e., the first and second moments. For the TMSV state, the displacement vector is

the null vector d = (0, 0,0, 0) and the covariance matrix is given by,

1+24 0
A= T , (5.26)
0 1+2u

B:(2 “((’)”1) 0 ) (5.27)

A B

Yrusv(u) = B A

—24p(p+1)

where y7yrsv (u) is written in block matrix form. Therefore, the covariance matrix

for the input state of our experiment is,

Yin(Es ur) = yrmsv(UE) © yrmsv (UL). (5.28)

The characteristic function of the input state is mapped to the characteristic function

of the state prior to detection by a symplectic transformation,

1 1
Xin(€) = eXP(—ZfT%nf) = Xour (€) = exp(—szSTyme), (5.29)

where § is the Symplectic matrix of the interferometers. We construct S from the

Symplectic matrices of the phase shifter (Spg) and beamsplitter (Sgs) [35],

Ccos sin
Sps<<p)=( oY 9”), (5.30)
—sing cosg
T R r 0 0 —Vi-z2
S ) = , T= s R = . 5.31
=g 1 (0 7 (m 0 ) -3

From the output characteristic function y,y, we obtain the coincidence probabilities
using Eq. 9 of Ref. [36],

. 1\
Tr [Poul1] = (g) / dx*N Y oue (X) Y (=x), (5.32)
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where poy 1s the state prior to detection with characteristic function y,y, and I1 is
the measurement operator corresponding to coincidences between detectors from
different interferometers. The measurement operators for a threshold detector, which
distinguishes between a detection event (at least one photon) and no detection event

(zero photons), are,

A

1L\Ievent = i_ |0> <O| » Ihoevent = |0> <O| s (533)

where [ is the 2 by 2 identity matrix. The measurement operator for coincidences

between, e.g., detectors 1 and 4 are,
T4 = Mevent.1 ® 12 ® I3 ® Meyent (5.34)

where the subscripts denote the output modes labeled in Fig. We derive an
analytical expression for the coincidence probability, C(¢) = Tr [ﬁoutﬁ1,4], that

encompasses all multiphoton contributions,

1 1 1
Clo)=1- - + ,
|f (e, e, 7a)l lg(ue, ur, )| |h(uE, ur, T, T8, @)
(5.35)
fue,ur.ta) =1+ pup +ta(ue — ), (5.36)
g(uE,ur,t8) = 1+ up + t8(ur — MUE), (5.37)
h(pe, pr,7a,78) = 1+ pup + pr (1 + pg)(1 = 74) (5.38)

—petp(1+ pp) + tatp(pE + 1o + 21ENL)

—2\upprta(l+ pp)(1+ ) (1 — Ta)V7R(1 — 78) cos @,

where ¢ = ¢4 — @p is the relative phase between interferometers A and B. The
different visibilities in each output port combination as a result of interferometric
imbalances can be obtained by adjusting 7 accordingly. To isolate the impact of
multiphoton contributions to the visibility, we set 74 = 73 = %, and obtain the

following expression for the entanglement visibility, V (ug, ur) = %:

2/NG-(ug, pr) —2/G+(uE, ur)
1= 4/(2+ pg + pr) +2/\G-(ug, pr) +2/NG (g, pr)

(5.39)

V(pug,ur) =
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Ga(pp,pur) = up(9+8uL(2+pL)) (5.40)

+ (4+3m>( + 4% 3p; +dppur (1 + pp)(1 +m>)

+ 2uE(12 + 6vpeuL(1+pp)(1 +m)

+ 2ME,UL(19 +8ur = Ay pppr (1 + pp)(1 +,UL))~

By expanding Eq. [5.39|to first order in g and u;,

2, (S(Z—f+z—§)+6)
V(g i) = _HE . 5.41
(MEs L) - Z_i P Z_f)z VUEUL (5.41)

we see that the first term matches Eq. [5.2015.23|for t4 = 1 = % Bla=vy/6=1.
Moreover, for pu.q = ug = ur, Eq. [5.41|reduces to V(ueq) = 1 = 2p404. Thus, the
upper bound on the visibility is set by the mean photon number, i.e., multiphoton

effects. Entanglement visibilities of more than 90% are possible when 0.39 <
ug/up < 2.55 and up < 0.0.056. The entanglement visibility V (ug, uz) in Eq.
[5.39]is plotted for various mean photon numbers in Fig. [5.8]

a) = b) of
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Foof— \ — pelp=1 Foer
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Figure 5.8: Entanglement visibility as a function of mean photon number for a)
we/pur = 1andb) up/ur < 1 with 74 =75 = 1/V2.

5.5 Discussion

We have demonstrated that a time-bin entanglement source based on a mode-locked
laser, spectral multiplexing and low-jitter detectors produces high entangled photon
rates suitable for QKD or advanced quantum networks. The distillable entanglement
rate, achievable secret key rate, and visiblilities of this source are highly competitive
relative to other multiplexed entanglement distribution systems [[10, 9, |31} 24, 23]].
Still, there is potential to increase rates beyond those measured here with some
straightforward changes to the setup. First, a higher power EDFA-amplified SHG
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rate metric (¢ at max) 1 Channel 8 Channels 16 Channels 60 Channels
coincidence rate, C4p (0.014) 0.755 541 11.6 34.9
log negativity, Cn (0.010) 0.600 4.30 9.19 27.7
coherent info., Cy (0.006) 0.345 2.47 5.28 159
secret key rate, SKR (0.007) 0.309 2.21 4.73 14.3

Table 5.1: Per-channel predicted maximum values for the 4 rate metrics are shown
in the ‘1 Channel’ column. Depending on the metric, the maxima are achieved
for different pump powers p. The u value that maximizes each metric is shown in

parenthesis on the left.

module or tapered amplifier may be used. With this, we predict a single channel
pair could sustain rates up to those specified in the first column of Table[5.1] These
metrics all depend on both entanglement quality and coincidence rate C4p. Due
to the trade-off between C4p and entanglement quality or visibility, they all reach
maximum values for particular pump powers. Our measurements of 8 channel
and 16 channel configurations imply the approximately multiplicative scalings in
columns 2 and 3 of Table [5.1] as coincidence rates of these channels pairs are all
withing 27% of each other. From measurements of the SPDC spectrum, it is also
possible to extrapolate rates to a 60-channel 100 GHz DWDM configuration that
includes channels spanning the L, C, and S ITU bands. This configuration could
sustain 34.9 MHz total coincidence rate, and a distillable entanglement rate between
27.7 (Cy) and 15.9 Mebits/s (Cy). These rates are impressive considering they are
achievable with existing SNSPDs and other technology.

The ratio of singles rates S4, Sp to coincidence rates C4p are high in this system
due to the relatively wide-band JSI and narrow filters. Each DWDM channel at
Alice picks up a large fraction of photons that can’t be matched with pairs passing
though the corresponding channel passband at Bob, a feature quantified by the
0 factor. The high singles rates lead to accidental coincidences from mutually
incompatible spectral modes that lower visibility and load the detectors with useless
counts. However, there is potential to mitigate these extra counts by embedding
the nonlinear crystal undergoing SPDC in a cavity that enhances emission at the
center frequencies of multiple DWDM channels [37, 38, 39]. Also, there are other
approaches to achieving such intensity islands that require dispersion engineering
[40L41]. With such periodically enhanced emission, the resulting JSI would exhibit

a series of intensity islands lying along the energy-matching anti-diagonal, easily
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separable with DWDMs at Alice and Bob. The photon flux for each each channel
would originate primarily from these islands covered by both signal and idler DWDM
passbands, resulting in a higher ratio of coincidences to singles. The probability
of accidental coincidences C4.. would be lower, and therefore bring the decrease
of visibility with u more in line with the modeled V¢ data in Fig. We intend
for the V¢ construction to represent how visibility would degrade primarily due
to multi-pair effects, assuming accidental coincidences from incompatible spectral
modes could be mitigated. The more gradual decrease in visibility with u would

enable substantially higher maximum rate metrics than those in Table 5.1}

This source is a fundamental building block for future space-to-ground and ground-
based quantum networks. Itleverages the strengths of the latest SNSPD developments—
namely simultaneous high count rates, low jitter and high efficiency—and in doing so
adopts interferometers and DWDM systems that are compact, stable and accessible.
By elevating the system clock rate to 4.09 GHz and shrinking the time bin size to
80 ps, we have demonstrated a new state of the art in quantum communication that
enables adoption of mature and extensively developed technologies from classical
optical networks. Also, the spectral multiplexing methods used here are poten-
tially compatible with those demonstrated in broadband quantum memories [42]

and optical quantum computing [43]].
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