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The nature of quantum decoherence renders the ob-
servation of nonclassical properties in large systems
increasingly difficult. Optical states are a good candi-
tate to observe nonclassical features since they are less
susceptible to environmental effects. Starting with the
landmark experiment by Hanbury-Brown and Twiss,’
the statistical properties of photons have been used
in a broad range of contexts, from quantum enhanced
metrology? and fundamental tests of local realism® to
quantum information tasks such as Boson sampling?
and quantum key distribution” However, generating
and directly measuring large numbers of photons in
well-defined optical modes has proven highly challeng-
ing. To date, the largest states demonstrating non-
classical distributions with direct photon number mea-
surements consisted of 8 single-photon modes,®’ span-
ning a Hilbert space of dimension 28 = 256. Here,
we show that a nonclassical state in two well-defined
modes of dimension 80 x 80 = 6400 can be efficiently
generated and directly measured. It can further be
used to herald nonclassical distributions of up to 50
photons in a single mode. This significantly increases
the scale at which quantum optical phenomena can be
probed. Moreover, the states we generate are mea-
sured with > 65% efficiency in the telecom wavelength
band of 1535 nm, making them ideal for use in ex-
isting telecommunication infrastructure, enabling the
next generation of quantum-enhanced technology with
large quantum optical states.

In quantum optics, one common technique to gen-
erate nonclassical states of light is parametric down-
conversion (PDC). This occurs in a dielectric medium
with a X(2) nonlinearity in which high frequency pump
photons decay into two low frequency daughter pho-
tons, called signal and idler. In our case, the signal and
idler photons are orthogonally polarized and ideally de-
scribed by the two-mode squeezed vacuum state:

W)= V1-X) X'[n,n), (1)

where n is the photon number in each mode and
A = tanh(r). The squeezing parameter r scales lin-

! Applied Physics, University of Paderborn, 33098 Paderborn,
Germany

2National Institute of Standards and Technology, 325 Broad-
way, Boulder, CO 80305, USA

fContribution of NIST, an agency of the US government, not
subject to copyright

*e-mail: georg.harder@uni-paderborn.de

PDC generation

LP BP PBS
PPKTP WG |
I |1536nm l '
50/50 Lorso
200KHz
2
) (m) TES 1)

Figure 1: Setup. Transform-limited pulsed light from a
Ti:Sapphire laser is spectrally filtered to produce 1ps
pulses and coupled into the periodically poled KTP
waveguide. A Long Pass (LP) filter removes the pump
after the down-conversion process in the waveguide and
a Band Pass (BP) filter suppresses the sinc-sidelobes
of the phasematching function. Signal and idler are
split at a Polarizing Beam Splitter (PBS), coupled into
single-mode fibers and connected to (up to four) Tran-
sition Edge Sensors (TES).

early with the pump field amplitude, the nonlinear co-
efficient x(2)7 the interaction length inside the crystal
and the mode overlap of the pump- and PDC modes.
Having perfect photon number correlations, the PDC
states can be used to herald Fock states — states with
well-defined photon number. Using a unit-efficiency
photon-number-resolving detector to measure n pho-
tons in one mode projects the other mode in an n-
photon Fock state. However, generating and measur-
ing a pure state like in eq. [1}is challanging in practice.
If the nonlinear process generates correlations in the
spatial or spectral degree of freedom and the measure-
ment cannot resolve these degrees of freedom, then the
measurement operation projects the state into a clas-
sical mixture of PDC states. As current techniques to
filter® or resolve” in particular the spectral degree of
freedom for pulsed light introduce significant losses, ™
the key to large, strongly nonclassical states is the en-
gineering of PDC sources which do not produce such
correlations™™2 in the first place and hence generate
the states into well-defined, fully accessible modes.
Spectral decorrelation can be achieved by engineer-
ing the momentum conservation (phasematching) con-
dition of the nonlinear interaction,™® which typically
means engineering the nonlinear dielectric medium and
pump properties. Spatial correlations can be fully sup-
pressed by using a waveguide™ which is single-mode
for the signal and idler down-converted modes. Pre-
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Figure 2: (a) Raw photon number correlation matrix
of the state (n) = 20 with exponentially decaying di-
agonal elements (inset logarithmic scale). (b) Mean
photon number in one mode versus pump power mea-
sured with a low efficiency APD. The excellent fit with
only one fit parameter « indicates that the state stays
single-mode up to at least 80 photons. (c¢) Noise reduc-
tion factor (NRF) for different mean photon numbers,
showing the nonclassical correlations in the state. Sta-
tistical errorbars in (b) and (c) are smaller than the
datapoints.

vious approaches to generate single-mode PDC states
used bulk crystals. To generate bright states in a bulk
nonlinear medium, the pump must be tightly focussed
to achieve a large nonlinear interaction, which can in-
troduce additional spatial and spectral correlations as
the pump power is increased. Due to the intrinsic
collinear interaction in a single-mode waveguide, such
pump power dependence should not be present in our
source. Additionally, a waveguide geometry has the
benefit of increasing the process efficiency in a single
spatial mode by two orders of magnitude compared
to bulk PDC sources due to confinement of the pump
beam ™

A schematic of our experimental setup is shown in
fig. [[ In the single-photon regime, our source has
been characterized in detail™>™ and showed relatively
high single-photon purities above 80%. The nonlin-
ear medium consists of an 8 mm long periodically poled
KTP waveguide engineered to produce decorrelated and

degenerate signal and idler modes at 1535nm. We
pump the chip with 1 ps optical pulses containing ener-
gies of up to 1.5nJ and producing states with a mean
photon number of up to 80 photons. We measure the
photon numbers, shot to shot, with transition edge sen-
sors (TES)™ The TES have a near unity detection ef-
ficiency and feature single-photon resolution below 10
photons but can detect up to 100 photons with a few-
photon uncertainty™ We analyze the TES response
for each event based on trace overlaps with calibration
traces from known coherent state inputs (see methods
section). We use either one TES on each mode for
states with mean photon numbers (n) < 10 or two TES
on each mode for one state with (n) = 20. Additionally,
we use an avalange photo diode (APD) with attenua-
tors to measure mean photon numbers.

The measured photon number probabilities, shown
in fig. [2a) for the state (n) = 20, feature photon num-
ber correlations as well as a logarithmic decaying diago-
nal, as expected from eq. [[] The vacuum component is
still the highest element despite measured mean photon
numbers of 11 and 9 in each mode. This directly reveals
the single-mode character of the state; for a multimode
state, the mixture of different thermal distributions
would lead towards a Poissonian distribution. To quan-
tify the singlemodeness, we calculate the second order

(n®)—(n

autocorrelation function™ g™ (0) = W’ where n
is the photon number, on the marginal distribution of
each mode. For thermal statistics, g®(0) = 2 and for
Poissonian statistics g‘® (0) = 1. For the state shown
in fig. 2fa) we obtain 1.89(3) and 1.87(3) for signal and
idler, respectively. This corresponds to effective mode
numbers™ K = 1/(g®(0) — 1) of 1.12(4) and 1.15(4),
where 1 would be the ideal case. All uncertainties given
in this letter correspond to the 1o standard deviation.
We see no dependence of the effective mode number on
pump power. When we use the highest pump powers
available to us, the source generates states with a mean
photon number of 80, see ﬁgb). (For this single mea-
surement we use an APD, calibrated using the Klyshko
method.m) The datapoints follow the expected single-
mode curve up to the highest available powers.

If we had no loss in our system, the maximum mean
photon number of 80 would correspond to 25dB of
continuous variable squeezing™ Currently, the high-
est value measured to our knowledge is 12.7dB% in-
cluding losses (20dB corrected for losses), in a cav-
ity system and continuous wave operation. Since we
have a pulsed single-pass source, our approach is fun-
damentally different from cavity-based continuous-wave
schemes, which allows us to use direct photon num-
ber detection. Such squeezing may be measured using
homodyne detection provided one has fast, low-noise
photodiodes at our wavelength (1535nm) and precise
control over the mode of the local oscillator.
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Figure 3: Heralded ¢(®(0) as a nonclassicality measure
for a state with (n) = 7. The shaded green area ac-
counts for worst case systematic errors stemming from
the analysis of the TES response. Errorbars are statis-
tical errors. The heralded states stay nonclassical up to
around 50 photons.

The nonclassicality of our state can be seen directly
in the raw data. Any classical state, by definition, can
be written as a mixture of coherent states with a pos-
itive probability distribution. Hence, the photon num-
ber uncertainty of v/N in a pulse with a mean photon
number of N imposes a lower bound on the antidiag-
onal width ns — n; in fig. a). To encapsulate this
criterion, one figure of merit is the noise reduction fac-
tor NRF = %*;7;’), which is necessarily > 1 for
classical states. For ideal PDC states undergoing a loss
n, the NRF is equal to 1 — 7. We measure values be-
low 0.4, see fig. c), in those cases where we use one
TES on each mode, in agreement with the measured
efficiencies of around 66%. This corresponds to 4.2dB
of correlated photon number squeezing not corrected
for losses. In the case where we use two TES on each
mode the NRF is higher due to slightly lower and more
asymmetric efficiencies in that configuration.

The nonclassicality can also be seen in heralded
states. For one and three-photon heralded states we see
negative parities ((—1)") of —0.131(1) and —0.013(2) in
the raw heralded data, which is a sufficient condition
for nonclassicality. For higher heralded states the par-
ity tends to zero and is obscured by statistical errors.

A more robust criterion is the heralded g‘® (0) value,
i.e. the g¢™®(0) in one mode conditioned on a certain
outcome in the other mode. The ¢‘®(0) is 1 for co-
herent states and indicates subpoissonian statistics for
values below 1. Even heralding on a 50-photon event,
the states fullfill this nonclassicality criterion, see fig.
As the heralded photon number increases, the transi-
tion from strongly nonclassical states to classical states
becomes apparent. Producing larger nonclassical states
would require reducing the losses in the heralding mode.
At the current efficiencies, the 50 photon event happens
about twice a second with a PDC mean photon number
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Figure 4: Inferred states before losses. a) High power
state ((n) = 20) using a parameter fit to the data. b)
Low power state ((n) = 1.4) using full loss inversion
without assumptions about the state.

of 7.

To get a glimpse of how the state of fig. [
would look without losses, we perform a weighted
least square fit to the data. We restrict ourselves
to contributions from a multimode PDC mode, a co-
herent state mode and a thermal state mode: pi, =
ppoc(n"PY K) @ pa(nd,ni) ® pum(ni® ni"), where n
are the respective mean photon numbers and K the
effective mode number of the PDC mode. This state
undergoes losses, modelled by beam splitter matrices
L: pout = (Ls(ns) @ Li(m:))pin. The best fit of pout to
the data has the fit parameters (ns = 43.13(3)%; n; =
52.12(4)%; nFP¢ = 20.30(2); K = 1.097(1),n¢ =
0.14(12); n& = 0.38(5); nt® = 0.00(12); n™ = 0.00(5))
and is shown in fig. [4] It has a fidelity with the data of
99.98%. The largest contribution by almost two orders
of magnitude is the PDC. For low power states, which
can be described in a space < 15 photons, we also per-
form a general loss inversion?2 shown in fig. inset).
These states also resemble the expected PDC states.

The excellent agreement with theory indicates that
the limiting factor is indeed the loss in our setup. We
calculate our system efficiencies by either assuming per-
fect photon number correlations®> or by our least square
fit. We obtain 60% and 64% for signal and idler, re-
spectively, using the first method and 64% and 68%
using the second method with systematic uncertainties
around 3%. The efficiencies are slightly higher in the
latter case because we allow for Poissonian and ther-
mal noise in the original data stemming either from
an optical background or a non-perfect photon number
resolution in the detectors. Such noise looks like loss
in the first method. For the (n) = 20 state, the sec-
ond method gives 43% and 52% for signal and idler.
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Here, the efficiencies are lower due to the change of the
experimental configuration from two TES to four TES
requiring an extra pair of fibre beam splitters.

Total Efficiencies close to 70% are among the highest
in the literature3222% and to our knowledge the high-
est at telecom wavelengths. These high efficiencies are
the reason why we see clear nonclassical features in the
raw data without loss inversion. For example, negative
parity can only be observed above 50% in principle.

The main loss contributions in our setup come from
the coupling to single-mode fibers of around 80% and
the linear optical elements with a total transmission
of about 90%. With on chip integration of polarizing
beam splitters and detectors, of which both have been
demonstrated %27 the total efficiencies could go up to
above 90%. This would push the size of possible non-
classical states to hundreds of photons. The ultimate
goal would be an efficiency around 99% at which fault
tolerant quantum computation with CV cluster states
becomes possible.®

In this letter we have directly measured large quan-
tum states with up to 80 photons per mode and ac-
cessed that space with near single-photon resolution.
This increases the size of photonic quantum states that
can be probed by an order of magnitude, entering a
new regime of mesoscopic quantum optics. Moreover,
this is achieved with world record efficiencies at tele-
com wavelenghts. The combination of bright single-
mode states and high-efficiency TES detectors is ideally
suited for the generation of large cat states=*22 NOON
states®® and CV entangled states. It extends the single-
photon world of current quantum experiments into a
mesoscopic, multiphoton regime.
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