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he ergodic hypothesis is one of the central

principles of statistical physics. In ergodic

time evolution of a quantum many-body

system, local degrees of freedom become

fully entangled with the rest of the system,
leading to an effectively classical hydrodynamic
evolution of the remaining slow observables (7).
Hence, ergodicity is responsible for the demise
of observable quantum correlations in the dynam-
ics of large many-body systems and forms the
basis for the emergence of local thermodynamic
equilibrium in isolated quantum systems (2-4).
It is therefore of fundamental interest to investi-
gate how ergodicity breaks down and to under-
stand the long-time stationary states that ensue
in the absence of ergodicity.

One path to breaking ergodicity is provided
by the study of integrable models, in which
thermalization is prevented owing to the con-
straints imposed on the dynamics by an infinite
set of conservation rules. Such models have been
realized and studied in a number of experiments
with ultracold atomic gases (5-7). However, in-
tegrable models represent very special and fine-
tuned situations, making it difficult to extract
general underlying principles.

Theoretical studies over the past decade point
to many-body localization (MBL) in a disordered

isolated quantum system as a more generic al-
ternative to thermalization dynamics. In his orig-
inal paper on single-particle localization, Anderson
already speculated that interacting many-body
systems subject to sufficiently strong disorder
would also fail to thermalize (8). Only recently,
however, have convincing theoretical arguments
been put forward that Anderson localization re-
mains stable under the addition of moderate in-
teractions, even in highly excited many-body
states (9-11). Further theoretical studies have
established the many-body localized state as a
distinct dynamical phase of matter that exhibits
previously unknown universal behavior (12-22).
In particular, the relaxation of local observables
does not follow the conventional paradigm of
thermalization and is expected to show explicit
breaking of ergodicity (23).

Although Anderson localization of noninter-
acting particles has been experimentally observed
in a variety of systems, including light scattering
from semiconductor powders in three-dimensional
(3D) (24), photonic lattices in 1D (25) and 2D
(26), and cold atoms in 1D and 3D random
(27-29) and quasirandom (30) disorder, the in-
teracting case has proven more elusive. Initial
experiments with interacting systems have fo-
cused on the superfluid- (37-33) or metal-to-
insulator (34) transition in the ground state.
Evidence for inhibited macroscopic mass transport
was reported even at elevated temperatures (34)
but is hard to distinguish from the exponentially
slow motion expected from conventional acti-
vated transport or effects stemming from the
inhomogeneity of the cloud. Possible precursors
of MBL have also been reported in a transport

experiment by using conventional thin-film elec-
tronic insulators (35).

Here, we report the experimental observation
of ergodicity breaking because of MBL away
from the ground state. Our experiments are
performed in a 1D system of ultracold fermions
in a bichromatic, quasirandomly disordered lat-
tice potential. We identified the many-body local-
ized phase by monitoring the time evolution of
local observables following a quench of system
parameters. Specifically, we prepared a high-
energy initial state with a strong, artificially pre-
pared charge density wave (CDW) order (Fig. 14)
and measured the relaxation of this CDW in the
ensuing unitary evolution. Our main observable
is the imbalance T between the respective atom
numbers on even (N,) and odd (V,) sites

 Ne—No

Tt _°
Ne + No

(0

which directly measures the CDW order. Al-
though the initial COW (Z ~ 0.9) will quickly re-
lax to zero in the thermalizing case, this is not true
in a localized system, in which ergodicity is broken
and the system cannot act as its own heat bath
(Fig. 1B) (36). Intuitively, if the system is strong-
ly localized, all particles will stay close to their
original positions during time evolution, thus
only smearing out the CDW a little. A longer
localization length & corresponds to more ex-
tended states and will lead to a lower steady-state
value of the imbalance. The long-time stationary
value of the imbalance thus effectively serves as
an order parameter of the MBL phase and allows
us to map the phase boundary between the er-
godic and nonergodic phases in the parameter
space of interaction versus disorder strength. In
particular, close to the transition, the imbalance
is expected to vanish asymptotically as a power
law oc1/£% with a > 0 (37). In contrast to previous
experiments, which studied the effect of disorder
on the global expansion and transport dynamics
(27, 30, 31, 33, 34), the CDW order parameter acts
as a purely local probe, directly capturing the
ergodicity breaking. Although ultimately facing a
similar challenge, namely distinguishing very slow
dynamics from no dynamics, the CDW is expected
to undergo much faster dynamics, facilitating the
detection of MBL.

Theoretical model

Qur system can be described by the 1D fermionic
Aubry-André model (38) with interactions (36),
given by the Hamiltonian

H = _‘]Z(ézcéﬂl,a—’_ hC} +
ic

AY cos(2mBi +0)él 6, + UY A, (2)
1.0 1

Here, J is the tunneling matrix element between
neighboring lattice sites, ¢  denotes the creation
operator, and 6i,q denotes the annihilation op-
erator for a fermion in spin state o € {1, |} on site
i. The second term describes the quasirandom
disorder—the shift of the on-site energy due to an
additional incommensurate lattice, characterized
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Fig. 1. Schematics of the many- A
body system, initial state, and
phase diagram. (A) initial state of
our system consisting of a CDW, in
which all atoms occupy even sites

(e) only. For an interacting many-body
system, the evolution of this state over
time depends on whether the system is
ergodic or not. (B) Schematic phase
diagram for the system. In the ergodic,
delocalized phase (white), the initial
CDW quickly decays, whereas it persists
for long times in the nonergodic, local-
ized phase (yellow). The striped area
indicates the dependence of the
transition on the doublon fraction, with
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the black solid line indicating the case of no doublons. The black dash-dotted line represents the experimentally observed transition for a finite doublon fraction,
extracted from the data in Fig. 4. The gray arrows depict the postulated pattern of renormalization group flows controlling the localization transition. For U = 0, as
well as in the limit of infinite U with no doublons present (37), the transition is controlled by the noninteracting Aubry-André critical point, represented by the
unstable gray fixed points. Generically, however, it is governed by the MBL critical point (48), shown in red. The U = 0 and U = = as well as the A/J = O limits
represent special integrable cases that are not ergodic (51, 52). (C) A schematic representation of the three terms in the Aubry-André Hamiltonian (Eq. 2).

by the ratio of lattice periodicities B, disorder
strength A, and phase offset ¢. Finally, U represents
the on-site interaction energy, and le.YG = 5505110
is the local number operator (Fig. 1C).

This quasirandom model is special in that for
almost all irrational B (37), all single-particle
states become localized at the same critical dis-
order strength A/J = 2 (38). For larger disorder
strengths, the localization length decreases mono-
tonically. Such a transition was indeed ob-
served experimentally in a noninteracting bosonic
gas (30). In contrast, truly random disorder will
lead to single-particle localization in one dimen-
sion already for arbitrarity small disorder strengths.
Previous numerical work indicates MBL in quasi-
random systems to be similar to that obtained for
a truly random potential (36).

Experiment

We experimentally realized the Aubry-André
model by superimposing on the primary, short
lattice (A; = 532 nm) a second, incommensu-
rate disorder lattice with A4 = 738 nm (thus, p =
As/Aq = 0.721) and control J, A, and ¢ via lattice
depths and relative phase between the two lat-
tices (37). The interactions (U) between atoms
in the two different spin states |1) and ||) are
tuned via a magnetic Feshbach resonance (37).
In total, this provides independent control of
U,J, and A and enables us to continuously tune
the system from an Anderson insulator in the
noninteracting case to the MBL regime for inter-
acting particles.

An additional long lattice (A, = 1064 nm = 2A4)
forms a period-two superlattice (39, 40) together
with the short lattice and is used during the prep-
aration of the initial CDW state and during de-
tection (37). Deep lattices along the orthogonal
directions [A, = 738 nm and V, = 36(1)E] create an
array of decoupled 1D tubes. Here, Eg = h?/
(2mAZ,) denotes the recoil energy, with & being
Planck’s constant, 7 the mass of the atoms, and
A1 the respective wavelength of the lattice lasers.

We used a two-component degenerate Fermi
gas of *°K atoms, consisting of an equal mixture
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of 90 x 10° to 110 x 10® atoms in each of the two
lowest hyperfine states |F,mg) = [2,-3) = ||)
and |2,-1) = [1), at an initial temperature of
0.20(2) Ty, where T is the Fermi temperature.
The atoms were initially prepared in a finite
temperature band insulating state (41), with
up to 100 atoms per tube in the long and or-
thogonal lattices. We then split each lattice site by
ramping up the short lattice in a tilted con-
figuration (37) and subsequently ramped down
the long lattice. This creates a CDW, in which
there are no atoms on odd lattice sites but zero,
one, or two atoms on each even site (40, 42). This
initial CDW is then allowed to evolve for a given
time in the 8.0(2)Fg deep short lattice at a
specific interaction strength U in the presence of
disorder A In a final step, we detected the num-
ber of atoms on even and odd lattice sites by
using a band-mapping technique that maps them
to different bands of the superlattice (37, 42).
This allows us to directly measure the imbalance
Z, as defined in Eq. 1, in much larger systems
than what is numerically feasible.

Results

We tracked the time evolution of the imbal-
ance 7 for various interactions U and disorder
strengths A (Fig. 2). At short times, the imbal-
ance exhibits some dynamics consisting of a fast
decay followed by a few damped oscillations.
After a few tunneling times t = h/(2rJ), the im-
balance approaches a stationary value. In a clean
system (A/J = 0), and for weak disorder, the sta-
tionary value of the imbalance approaches zero.
For stronger disorder, however, this behavior
changes dramatically, and the imbalance attains
a nonvanishing stationary value that persists for
all observation times. Because the imbalance must
decay to zero on approaching thermal equilib-
rium at these high energies, the nonvanishing
stationary value of 7 directly indicates non-
ergodic dynamics. Deep in the localized phase,
in which unbiased numerical density-matrix re-
normalization group (DMRG) calculations are
feasible because of the slow entanglement growth,
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Fig. 2. Time evolution of an initial COW. A CDW,
consisting of fermionic atoms occupying only even
sites, is allowed to evolve in a lattice with an ad-
ditional quasirandom disorder potential. After var-
iable times, the imbalance Z between atoms on
odd and even sites is measured. Experimental
time traces (circles) and DMRG calculations for
a single homogeneous tube (lines) (37) are shown
for various disorder strengths A. Each experi-
mental data point denotes the average of six dif-
ferent realizations of the disorder potential, and
the error bars show the SD of the mean. The
shaded region indicates the time window used
to characterize the stationary imbalance in the
rest of the analysis.

we found the stationary value obtained in the
simulations to be in very good agreement with
the experimental result. These simulations were
performed for a single homogeneous tube with-
out any trapping potentials (37). The stronger
damping of oscillations observed in the exper-
iment can be attributed to a dephasing caused
by variations in J between different 1D tubes
(37, 42).

We experimentally observed an additional
very slow decay of Z on a time scale of several
hundred tunneling times for all interaction
strengths, which we attribute to the fact that
our system is not perfectly closed owing to small
background gas losses, technical heating, pho-
ton scattering, and coupling to neighboring
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Fig. 3. Stationary values of the imbalance I as
a function of disorder strength A for noninteract-

ing atoms. The Aubry-André transition isat A/J = 2.
Circles show the experimental data, along with
exact diagonalization (ED) calculations with (red
line) and without (gray line) trap effects (37). Each
experimental data point is the average of three
different evolution times (13.7, 17.1, and 20.5 1)
and four different disorder phases ¢, for a total of
12 individual measurements per point. To avoid
any interaction effects, only a single spin compo-
nent was used. The ED calculations are averaged
over similar evolution times to the experiment and

12 different phase realizations. Error bars show the
SD of the mean.

tubes (37, 43). Another potential mechanism
for delocalization at long times is related to
the intrinsic SU(2) spin symmetry in our sys-
tem (44). However, for the relevant observa-
tion times our numerical simulations do not
indicate the presence of such a thermalization
process.

To characterize the dependence of the local-
ization transition on U and A, we focused on the
stationary value of Z, plotted in Fig. 3 for non-
interacting atoms and in Fig. 4 for interacting
atoms. For noninteracting atoms (Fig. 3), the
measured imbalance is compatible with extended
states within the finite, trapped system forA/J < 2.
Above the critical point of the homogeneous
Aubry-André model at A/J = 2 (38), however,
the measured imbalance strongly increases as
the single-particle eigenstates become more and
more localized. The observed transition agrees
well with our theoretical modeling, including the
harmonic trap (37).

The addition of moderate interactions slightly
reduces the degree of localization compared with
that of the noninteracting case; they decrease
the imbalance Z and hence increase the critical
value of A necessary to cross the delocalization-
localization transition (Fig. 4, A and B). We
found that localization persists for all interac-
tion strengths. For a given disorder, the imbal-
ance 7 decreases up to a value of U/ ~ 2A before
increasing again. For large | U], the system even
becomes more localized than in the noninter-
acting case. This can be understood qualita-
tively by considering an initial state consisting
purely of empty sites and sites with two atoms
(doublons): For sufficiently strong interactions,
isolated doublons represent stable quasiparti-
cles because the two atoms cannot separate and

Imbalance 7
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Fig. 4. Stationary imbalance for various interaction and disorder strengths. (A) Stationary imbalance
T as afunction of interactions U and disorder strength A. Moderate interactions reduce the degree of
localization compared with the noninteracting or strongly interacting cases. The white dotted lines
are contours of equal Z, and the solid white line is the contour of T matching the Aubry-André transition
(U = 0 and A/J = 2) extended to the interacting case. It indicates the MBL transition. The green dot-
dashed line shows the fitted minima of T for each A (37). Each individual data point (vertices of the
pseudo-color plot) is the average of the same 12 parameters as in Fig. 3. The color of each square represents
the average imbalance of the four points on the corners. All data were taken with a doublon fraction of
34(2)%. (B) Cuts along four different disorder strengths. The effect of interactions on the localization
gives rise to a characteristic “W" shape. Solid lines are the results of DMRG simulations for a single
homogeneous tube. Error bars indicate the SD of the mean.

hence only tunnel with an effective second-order
tunneling rate of Jp = %} «J (45, 46). This strongly
increases the effective disorder «<A/Jp »>A/J
and promotes localization. In the experiment,
the initial doublon fraction is well below one
(37), and the density is finite, so that we ob-
served a weaker effect. We found the localiza-
tion dynamics and the resulting stationary values
to be symmetric around U = 0, highlighting the
dynamical U « -U symmetry of the Hubbard
Hamiltonian for initially localized atoms (47).
The effect of interactions can be seen in the con-
tour lines (Fig. 4A, dotted white lines) as well as
directly in the characteristic “W” shape of the
imbalance at constant disorder (Fig. 4B), dem-
onstrating the re-entrant behavior of the system
(22). This behavior extends to our best estimate
of the localization transition, which is shown in
Fig. 4A as the solid white line.

We can gain additional insight into how local-
ization changes with interaction strength by com-
puting the growth of the entanglement entropy
(37) between the two halves of the system during
the dynamics (Fig. 5A). For long times, we ob-
served a logarithmic growth of the entanglement
entropy with time as S() = Symer + $:ID(E/1),
which is characteristic of the MBL phase (12, 13).
The slope s- is proportional to the bare localiza-
tion length &., which in a weakly interacting sys-
tem in the localized phase corresponds to the
single-particle localization length. In general,
&« is the characteristic length over which the ef-
fective interactions between the conserved local
densities decay (17, 18) and connects to the many-
body localization length & deep in the localized
phase. In contrast to &, however, &- is expected to
remain finite at the transition (4£8). We found s to
exhibit a broad maximum for intermediate inter-
action strengths (Fig. 5B), corresponding to a
maximum in the thus inferred localization length.

This maximum in turn leads to a minimum in the
CDW value. Both the characteristic “W” shape in
the imbalance and the maximum in the entan-
glement entropy slope are consequences of the
maximum in localization length. Equivalent in-
formation on the localization properties as ob-
tained from the entanglement entropy can be
gained in experiments by monitoring the tem-
poral decay of fluctuations around the station-
ary value of the CDW (37). Although we do not
have sufficient sensitivity to measure these fluc-
tuations in the current experiment, we expect
them to be accessible to experiments with single-
site resolution (49, 50).

To systematically study the effect of the
initial energy density on the MBL phase, we
loaded the lattice using either attractive, van-
ishing, or repulsive interactions (Fig. 6), pre-
dominantly changing the number of doublons
in the initial state (37). Because the initial state
consists of fully localized particles only, the local
energy density is directly given by the product
of interaction strength U/ and doublon density.
We found that for an interaction strength during
the evolution of [{UU/J] < 6, the energy density
does not substantially affect the localization pro-
perties, proving that MBL persists over a wide
energy range. For |U/J| > 8, localization pro-
perties depend substantially on the doublon
fraction because of the second emerging ener-
gy scale Jp, as discussed above. Thus, the local-
ization transition can be tuned via changing the
doublon fraction at large U. This constitutes a
direct observation of a many-body mobility edge
because the doublon density dominates the en-
ergy density.

For the case of repulsive loading, which re-
sults in a low fraction of doubly occupied sites,
the imbalance for UU/J = 0 and strong interactions
match within error. Indeed, a rigorous mapping
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Fig. 5. Calculated growth of entangiement en-
tropy and corresponding slope. (A) DMRG re-
sults of the entanglement entropy growth (37) for
various interaction strengths and A/J = 5. For long
times, logarithmic growth characteristic of inter-
acting MBL states is visible. The experimentally
used evolution times indicated by the yellow shaded
region are found to be in the region of logarithmic
growth. (B) The slope of the logarithmic growth
(circles), extracted by using linear fits up to the
longest simulated time (50 t) in (A), shows a non-
monotonic dependence on the interaction strength,
which is correlated with the inverse of the steady-
state value of the COW order parameter (red line).
Error bars reflect different initial starting times for
the fit.

can be made between the noninteracting sys-
tem and the dynamics in the doublon-free sub-
space at strong interactions |U/J| — « (37). At
very large interactions and high doublon frac-
tions, the additional long time scales start to
also compete with heating and loss processes,
rendering the definition of stationary states
challenging.

Conclusion

Our experimental demonstration of ergodicity
breaking because of MBL paves the way for
many further investigations. An interesting ex-
tension would be to use “true” random disorder
created by, for example, an optical speckle pat-
tern, as has been used to study Anderson local-
ization (27). Another important next step is
extending the present study to higher dimen-
sions. Additional insight can also be gained by
analyzing the full relaxation dynamics of local
observables (79-2I) in an experimental setup
featuring single-site resolution (49, 50). For
instance, the decay of fluctuations of 7 with
time could be directly measured, providing an
even more direct connection to the entangle-
ment entropy. Another important direction for
future investigation is the effect of opening the
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Fig. 6. Stationary imbalance Z as a func-
tion of interaction strength during loading.
Data were taken with disorder A/J = 3.
The loading interactions of 3,0aq = ~89(2)
aq (attractive, where ag denotes Bohr's
radius), 0(1) ag (noninteracting), and 142(1)
ag (repulsive) correspond to initial doublon
fractions of 51(1), 43(2), and 8(6)%., respec-
tively (39). Each T value is the average

of the same 12 parameters as in Fig. 3.
Error bars show the SD of the mean. Solid
lines are guides to the eye. The gray
shaded area spans the limiting cases of
0 and 50% doublons, simulated by using
DMRG for a single homogeneous tube.

Imbalance 7

system in a controlled way. This could be done,
for example, by adding a near-resonant laser so
as to deliberately enhance photon scattering or
by using a Bose-Fermi mixture, in which excita-
tions of the Bose-Einstein condensate form a
well-controlled bath for the fermions. This will
allow a systematic study of the critical dynamics
associated with the MBL phase transition, in
which the bath relaxation time now provides
the only scale. Such a study would also allow
the MBL phase to be clearly distinguished ex-
perimentally from classical glassy dynamics. The
latter, unlike MBL, is insensitive to coupling of
the system to an external bath.
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Early electronic computers exploited analogies with acoustic, thermal
or mechanical phenomena, such as capacitance for spring stiffness,
to simulate a range of practically relevant physical systems. Whereas
modern digital simulations have become versatile foundational tools
in science and engineering, all classical computers are fundamentally
inefficient at tackling exponentially complex microscopic behaviour
such as the quantum dynamics of molecules'?. A proposed solution
is to engineer quantum mechanical components into devices that are
then inherently capable of simulating quantum systems*~S. Here, we
demonstrate how integrated quantum photonics can be used to develop
simulation methods for molecular quantum dynamics, by building on
the analogies between optical modes in waveguides and vibrational
modes in molecules and between single photons and quantized vibra-
tional excitations.

Advances in the control of ultrafast molecular dynamics have
revealed the importance of quantum interference among vibrational
modes in behaviour such as bond-selective chemistry?. In applying
optimal control theory to a harmonic model of chained atoms’, it has
been shown in principle how a control field could drive the dynamics of
quantum interference between vibrational modes® to excite local bonds.
However, laboratory demonstrations of selective bond dissociation
required adaptive feedback control to put the principles into practice®.
Further control over vibrational wavepackets has enabled selective dis-
sociation governed by a single quantum of vibrational energy'®, manip-
ulation of individual molecules at ambient conditions'!, preparations of
coherent superpositions on sub-femtosecond timescales'?, and single
vibrational states of ultracold molecules!?, Molecular dynamics are now
observable on their ultrafast intrinsic timescale'*.

The prospect of more sophisticated control with quantum states of
light and for larger molecules increases the challenge of simulating
dynamic behaviour. Light-matter interaction with squeezed states has
been demonstrated experimentally in several contexts (see, for exam-
ple, ref. '¥); enhanced spectroscopy and the control of molecules with

multi-mode, multi-photon states has been shown theoretically (sce,
for example, ref. '), with techniques for pulse shaping of quantum
states of light also demonstrated (see, for example, ref. 7). Evolving
a multi-excitation state across many vibrational modes is computa-
tionally inefficient even for the basic model in which normal modes
are described as independent quantum harmonic oscillators. Owing to
their bosonic nature, the probability amplitudes for input-output tran-
sitions among the modes are determined by matrix permanents, the
calculation of which is generally extremely complex!®. More detailed
molecular models, for example, with anharmonic corrections to the
potentials, are also likely to be computationally complex.

Quantum algorithms for the efficient simulation of Hamiltonian
dynamics*'® have been a strong motivator for digital quantum com-
puters, such as those that use trapped ions®’. Promising digital algo-
rithms for simulating reaction dynamics®! and obtaining thermal
rate constants’? have been presented that harness the exponential
quantum speed-up. Yet, achieving fault tolerance®’ and the high
logical-gate counts®* that enable these applications is extremely challeng-
ing. Ansatz-based methods, such as the variational approach for solv-
ing the eigenvalue problem®, have reduced demands, as demonstrated
recently with superconducting qubits®, but the difficulties associated
with applying such an approach to Hamiltonian dynamics have yet to
be overcome. Analogue quantum simulations®, in which a quantum
system of interest can be mapped directly onto a quantum technological
platform, may enable practical advantages in the nearer-term.

Progress in photonic quantum technologies over the past decade
has seen the introduction of on-chip processing of photonic quantum
information®-**, full reprogrammability for linear optical circuitry,
and the integration of photon generation’'*% and detection®. Solid-
state single-photon sources™ and high-efficiency detectors® have
recently been demonstrated as a solution to achieving large numbers
of photons. Ultimately, basic methods to correct for photon loss are
likely to be required before photonic quantum simulations outperform
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classical algorithms™, but the demands on error correction for special-
ized quantum simulators could be much lower than those for universal
digital quantum simulators®. Here, our focus is on establishing pro-
grammable linear optical circuitry as a core capability for simulating
the vibrational dynamics of the atoms within molecules.

Simulation procedure

Diagonalizing the Hessian matrix of a molecule in mass-weighted coor-
dinates provides its vibrational spectrum and normal modes, which
define a Hamiltonian of independent quantum harmonic oscillators:

A=Y hua/a
i

where # is the reduced Planck constant, w; is the angular trequency of
the ith mode, and a,.T and g; are the bosonic creation and annihilation
operators of the ith mode. The spatial localization of vibrational energy
is important for understanding many molecular phenomena, such as
energy transport and dissociation. We therefore consider a basis trans-
formation

+ L+
a; — Z Uay
k

where Ul is a unitary matrix, to a set of modes localized around a single
atomic site or chemical bond. Dynamics in the ocalized basis can then
be simulated via the model Hamiltonian

’ L+
H = Z Hyaja;
k.j
where
Lyl
H,:; = Z hw Uy Uji

and the overbar denotes complex conjugation.

This general model can be simulated directly for m vibrational modes
of any given molecule with a linear optical chip that can be pro-
grammed to implement any unitary operation over m modes.
Reconfiguring such a device to implement the unitary transfer matrix
U(t;) = exp(—iH""t;/h) for a series of time steps {t;} enables simulation
of the Hamiltonian H; on any initial multi-mode vibrational state via
its mapping to a multi-mode optical input state. Here, we use a
silica-on-silicon integrated photonic chip that is fully programmable
over six waveguides via 30 thermo-optic phase shifters™ to perform
molecular simulations of up to six-mode vibrational systems. We
simulate initial states of up to four vibrational quanta, with states of up
to four single photons, produced from spontaneous parametric down-
conversion sources. Photons are detected with single-photon counting
modules. The number and pattern of photons collected at the output
of the uptical modes for each circuit configuration are governed by the
probabilities for the molecule to be found in the corresponding vibra-
tional states at the corresponding time step.

Vibrational dynamics of four-atom molecules

Thioformaldehyde (H,CS), a key molecule for spectroscopic experi-
ments, is shown in Fig. la with its normal-mode spectrum. The six
localized vibrational modes of H,CS comprise two CH stretch modes,
two CH bend modes, a CS stretch mode and a wagging mode, which
are mapped to our photonic chip from the normal-mode basis, as
depicted conceptually in Fig. 1b. We initialized the simulation for the
state |10) x 1oy Loy ) + 182 2cne) (with small squeezing
parameter /1), which consists of multiple excitations superposed over
the two CH stretch modes (‘CHs1’ and ‘CHs2"), by injecting the two-
mode squeezed vacuum state that was produced by the spontaneous
parametric downconversion source, into the two waveguides that cor-
respond to the CH stretch modes. Photons were collected over a series
of circuit configurations that correspond to time steps of the H,CS
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local-basis Hamiltonian. In Fig. 1¢c we display the experimentally sim-
ulated evolution of the probabilities for excitations to be found in only
the CH stretch modes, in only the CH bend modes and shared between
these stretch and bend modes, for the two-excitation (upper panel) and
four-excitation subspace (lower panel).

Dynamics in the two-excitation subspace involve both excitations
oscillating between stretch and bend modes via the intermediate state
in which one excitation is in each of the subspaces. The L' distance

1
Dip.g) =~ 2 lp -4l

between the results for an experimentally simulated time step (p) and
the ideal distribution (q) is averaged over all time steps to give
D =0.0640.03. [n the four-excitation subspace, in which both of
the stretch modes are initially doubly occupied, the experimentally
simulated evolutions of probabilities for both stretch modes to remain
doubly occupied, for both bend modes to become doubly occupied,
and for combinations of one doubly occupied stretch mode and
one doubly occupied bend mode are shown. The apparent damping of
the oscillatory behaviour between these probabilities is attributable to
the combinatorially growing space of multiple excitations available to
the evolving state. The distance between the experimentally simulated
and ideal cvolutions for the full four-photon distributions, averaged
over all time steps, is D = 0.1640.07. The full distributions for these
and all subsequent experiments are provided in Supplementary
Information.

Because time is a programmable parameter in our simulator, we are
able to study molecular vibrations whose evolution involves different
timescales, such as the local CH stretch mode in H,CS, which is a
superposition of normal modes with lower and higher frequencies. The
probability for a single excitation to remain localized ina CH stretch
mode was simulated on two timescales that differ by an order of mag-
nitude. Heralded single photons were injected into the mode that cor-
responds to a local CH stretch. The circuit was programmed to
implement sets of unitary transformations that correspond to a short
(30 fs) high-resolution window and that correspond to a longer (300 fs)
low-resolution window, the behaviour of which can be observed by
averaging over the high-resolution windows. In Fig. 1d we display data
for these simulations, which exhibit both higher- and lower-frequency
oscillations. Averaging over both evolutions gives a mean distance of
D =0.014£0.006,

Our six-mode simulator can explore the full space of vibrational
dynamics for a general molecule of up to four atoms, as we demon-
strate for P4, SO3, HNCO, HFHF and N,. In Fig. 1e~i we show the time
evolution of a single excitation initially prepared in a local stretch
mode. The change in the occupation probability to a second, spectrally
overlapped (coupled) local mode is plotted. We observe dynamics with
varying characteristic times governed by the vibrational spectra of the
molecules. Owing to its geometry and bonding structure, P4 has the
longest-period oscillations between opposing stretches, with SO;
showing similar stretch-mode coupling behaviour on shorter times-
cales. By contrast, HNCO and HFHF display faster dynamics with
increased mode coupling between hydrogen-bond stretches and
bends. In Fig. 1i we show the dynamics of both a single excitation and
two excitations initially prepared in stretch modes of Ny. The addi-
tional structure in the vibrational spectrum and the introduction of
multi- photon quantum interference results in a more complex time
dependence of the detection probabilities. The average L* distance over
all of these experiments is D = 0.02240.007.

Decoherence and energy transfer in NMA

The flow of vibrational energy in molecules is a fundamental process
for chemical reaction rates and functionality in biomolecules®®. The
vibrational quantum dynamics of a molecule within an environment
can be described by the interplay of coherent unitary evolution and
incoherent dephasing that results from random fluctuations of the

2018 Macillan Publishers Limited, part of Springer Nature. All rights reserved.
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Fig. 1 | Simulating the vibrational dynamics of four-atom molecules in
the harmonic approximation. a, Schematic evolution of a localized CH
stretch mode (diagonal black arrow) in H,CS, with its composition from
normal modes plotted below. b, The evolution of the normal modes

(exp( — iHt/h)), shown schematically in the center of the top layer, is
unitarily mapped (U and U{) to a set of local vibrational modes, shown
schematically at the ends of the top layer. This transformation is then
mapped to a time-dependent unitary transfer matrix (U(t); middle layer).
Simulations of photonic states under this evolution are then implemented
by a reconfigurable photonic chip (bottom layer). ¢, An initial
superposition of two and four excitations evolving in the localized stretch
modes is simulated by injecting a two-mode squeezed vacuum state into
the corresponding optical modes and collecting photon statistics for the

vibrational frequencies—a process referred to as spectral diffusion.
N-methylacetamide (NMA) is the simplest molecular model (Fig. 2a)

of the peptide bond in proteins, where quantum coherence may

have a role in energy transfer®. In this section, we simulate a model

for intramolecular energy transport in NMA in the presence of

dephasing.

sequence of simulated time steps. Top and bottom panels show results for
the two- and four-excitation subspaces, respectively (see insets).

d, Simulations on two timescales of the evolving probability for a single
excitation to remain in a CH stretch mode. Blue squares represent the
mean probability over a 30-fs window (as per left panel). e-i, The
simulated evolution of a single excitation in Py (), SO; (g), HNCO (f) and
HFHEF (h) between a local stretch mode (black) and another coupled local
mode (blue). The local modes are represented diagrammatically alongside
the spectral intensities of the normal modes involved. For N, (i), results
are also shown for the evolution of two excitations. All data are plotted
together with ideal theoretical curves; error bars displaying 1 s.d. from
Poissonian statistics are very small.

We consider a subspace that spans six backbone vibrational
modes, which support a basis of approximately localized vibrational
modes, including two rocking modes (curved arrows in Fig. 2)
and two stretch modes (straight arrows in Fig. 2). Uniform
dephasing between all modes is achieved by a time-dependent
statistical averaging over the sel of experiments with transfer

£ 2018 Macmillan Publishers Limited. part of Springer Nature, All rights reserved
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Fig. 2 | Quantum energy transfer and dephasing in NMA. a, A six-mode
vibrational subspace of the NMA molecule is considered, with the spectral
components of three localized modes colour-coded as per the arrows

inb. b, Experimental simulation results for the probability of a single
excitation (black points) that is initially in a local rocking mode (black
arrow) at one end of the molecule and its transfer (blue and grey points)

to local modes at the opposite end (blue and grey arrows) when subject to
a dephasing channel with T>=0.53 ps. ¢, Experimental simulation results
for the evolution of a two-excitation state (black points) that is initially

in separate local modes (black arrows) and its probability (blue points)

matrices U(t, k)= ULZ(k)UEexp( — iHLti/h) , where Z(k) are
Heisenberg-Weyl matrices (defined in Supplementary Information)
labelled by k and the average is taken over k at each time step.

Using a single photon, we simulated the probability for a single
excitation initialized in a local rocking mode at one end of the mole-
cule to be transferred to two localized modes (a rocking mode anda CC
stretch mode) at the opposite end of the molecule. The experimental
results shown in Fig. 2b show dynamics that are initially oscillatory,
with vibrational energy transfer between the rocking modes at either
end of the molecule via an intermediate CC stretch mode. The increas-
ing effect of the suppression of coherence from dephasing results in
evolution towards a steady state. Peak probabilities for energy to be
localized at either end of the molecule are higher under quantum coher-
ent dynamics than under purely ballistic classical dynamics. We used
a T, time constant of coherence decay of 0.53 ps, but any time constant
can be simulated by changing only the post-processing of data.

Simulating multiple excitations allows us to investigate the interplay
of dephasing and quantum interference for multi-excitation energy
transport. By injecting one photon into the waveguide that corresponds
to the rocking mode and another photon into the waveguide that cor-
responds to the CC stretch mode, which are each localized at opposite
ends of the NMA molecule (black arrows in Fig. 2¢), we simulated
the change in the probability for this state and for the state in which
both excitations ‘bunch’ in an NH stretch mode (double blue arrows in
Fig. 2¢). The results in Fig. 2c show more complex oscillatory transfer
between these bunched and anti-bunched states, which again tends
towards a steady state. However, after full dephasing has occurred, the
probability for two excitations to be bunched in the NH stretch mode
is twice as high for excitations that behave as indistinguishable bosonic
particles than for excitations that behave as distinguishable or classical
particles (such as two excitations that pass through the molecule at
different times).

For a given molecule, the probability that no bunching occurs (multi-
ple excitations notlocalized around the same bond) generally decreases
as the number of excitations increases™. In Fig. 2d the probability for
the subspace of no-bunching events is simulated for two and three

of being found bunched in the NH stretch mode (blue arrows) under the
same dephasing channel. Solid lines represent theory. The dashed blue
line plots a theoretical curve for distinguishable (or classical) excitations
to be found bunched in the NH stretch mode. d, Experimental simulation
results for the total probability of measuring a fully anti-bunched state

of two excitations with the same intial state as for ¢ (black points with
solid black theory curve) and of measuring a fully anti-bunched state of
three excitations initialized in the modes shown in b (black points with
dot-dashed theory curve). All error bars represent 1-s.d. estimates from
Poissonian statistics.

excitations under fully coherent dynamics. The initial state for the
two-excitation evolution is the same as in the previous example; the
initial state for the three-excitation evolution comprises an excitation in
each of the local modes shown in Fig. 2b. The average distances across
all single-, two- and three-excitation distributions in these examples are
0.017 £0.005, 0.05£0.01 and 0.14 + 0.07, respectively.

Vibrational relaxation in liquid water

We now consider extensions to the idealized model of uncoupled har-
monic oscillators to account for more realistic situations, including
energy dissipation and anharmonic potentials. We choose models for
H,0 to demonstrate our techniques.

For a molecule that interacts with its environment, vibrational energy
is exchanged via intra- and intermolecular coupling to other degrees of
freedom, eventually leading to thermalization. This process is known
as vibrational relaxation, and its pathways for H;O remain an area
of investigation*'*2. Here we simulate the relaxation of H,O via an
amplitude-damping model (Fig. 3a).

We consider a Lindblad master equation, which results in a set of
time-dependent Kraus operators that can be simulated via an ensem-
ble of transfer matrices. This evolution cannot be described as a con-
vex sum of unitary evolutions as in the previous section; however, the
transfer matrices can be realized within a unitary matrix of twice the
size, via unitary dilation*?. Because H,O has three vibrational modes,
its three-dimensional (non-unitary) transfer matrices can be realized
within a six-dimensional unitary matrix and implemented on our six-
mode chip (Fig. 3b). We used experimentally measured relaxation
times {17} for liquid water at room temperature* in the model.

We simulated the thermalization of an excitation in a local OH
stretch mode via the symmetric bend normal mode to its ground state
of no excitations. In Fig. 3c we show the probability of measuring the
excitation in the two local stretch modes (left panel) and the symmetric
bend mode (right panel). Oscillations between the two high-energy
stretch modes decay as the population is transferred via the lower-
energy bend mode to the ground state. The average L' distance in these
experiments was D = 0.02440.007.

0 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Fig. 3 | Vibrational relaxation and anharmonic evolution for H,O.

a, Energy-level diagram for single-excitation harmonic levels and the
ground state of H,O (right) along with the spectral components of the two
local OH stretch modes (black and grey) and the symmetric bend normal
mode (blue) (left). /7,3 are the characteristic decay rates obtained from
experiments. b, The open-system dynamics of vibrational relaxation,
described by the Lindblad equation g = £L(p) where p is the vibrational
state, can be simulated by statistically averaging the evolution under a set
of linear operators implemented via unitary dilation. The Krauss operators
in the localized basis, K(t), are dilated into a unitary matrix by increasing
the dimension (blocked-out parts of the matrix). ¢, Experimental results
for the simulated evolution of the probability for a single excitation that is
initially in one OH stretch mode (black points) to be found in the other
stretch mode (grey points) and in the symmetric bend (blue points) under

Anharmonic potentials in H,O

Potential energy surfaces of real molecules are anharmonic, and we now
consider simulations in this regime, depicted in Fig. 3d. In addition to
the second derivative in the Taylor expansion of the potential energy
surface, as per the harmonic approximation, we now include all third
derivatives and the semi-diagonal quartic derivatives. Applying vibra-
tional perturbation theory yields a new Hamiltonian:

A= H+hZ

W(aa+aa+2a aaa)

where H is the harmonic Hamiltonian and x;; are the perturbation-
theory coefficients.

Implementing this Hamiltonian requires interactions between
photons—a key challenge in quantum information processing.
Demonstrations of enhanced single-photon interactions have required,
for example, an artificial Kerr medium using superconducting
circuits*, fibre coupling a single atom and a microresonator*’, or
coupling to a single quantum dot in a micropillar cavity*®. Importantly,
the interactions that are required to implement perturbative models
such as F, can be weaker than the fully entangling operations and
controlled = phase gates that are used for universal quantum comput-
ing, with a potentmlly lower demand for reprogrammable nonlincar
optics.
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relaxation dynamics. Solid lines are theoretical curves. d, Spectrum of two
excitations in bunched (black) and anti-bunched (blue) local stretch
modes for a harmonic (dashed) and anharmonic (solid) model. e, The
anharmonic evolution is characterized by anharmonic potentials for single
oscillators (top inset, where R is the nuclear distance and V(R) is the
potential energy at R) and cross-mode coupling between oscillators
(bottom inset). These are implemented via a measurement-induced
nonlinearity using an ancillary photon and modes. f, Experimental results
for the simulated evolution of the probability for two excitations that are
initially bunched in local stretch modes to be found in the anti-bunched
state (left) and the bunched state (right) under both models (dashed,
harmonic; solid, anharmonic). All error bars represent 1-s.d. estimates
from Poissonian statistics.

Here, instead, we demonstrate an approach based on measure-
ment-induced nonlinearities, which are in principle scalable for
all-linear-optical quantum computing but involve a large overhead. It
is possible to implement a conditional w phase shift on a two-photon
Fock state using an ancillary photon and additional optical modes?’
Using newly derived nonlinear phase-shift gates, we are able to imple-
ment arbitrary phase shifts between the zero-, one- and two-photon
Fock states of an optical mode.

We simulate and compare harmonic and anharmonic models of
vibration for H,O, restricting to the subspace of stretch modes. Two
photons injected together into the top mode of the chip serves to sim-
ulate two excitations initialized in a superposition of the eigenstates of
the harmonic model that correspond to a local OH stretch. As shown
in Fig. 3e, when simulating the anharmonic model, this input state is
understood as the same superposition of the new energy cigenstates of
H_, while a third photon injected into the third optical mode serves as
the ancillary system.

In Fig. 3f we show the results of simulating the probabilities for these
two vibrational excitations to remain bunched or to anti-bunch, under
harmonic (H) and anharmonic (I:Ia) models. The difference in the
detection patterns between the two models is a function of their differ-
ent spectra (Fig. 3d). The probability of detecting a single excitation in
each of the modes (anti-bunched; Fig. 3f, left panel) acquires a simple
frequency shift for the anharmonic evolution that corresponds to the
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adjusted energy levels (Fig. 3d, top panel). By contrast, the probabilities
for the state to remain doubly occupied display markedly different
dynarnics between the harmonic and anharmonic cases (Fig. 3f, right
panel). This is a result of the three vibrational eigenstates no longer
being equally spaced in energy (Fig. 3d, bottom panel), which intro-
duces new frequencies in the evolution. For this set of experiments, the
average distances between the ideal and experimental distributions for
the harmonic and anharmonic cases are 0.02 & 0.01 and 0.06 £ 0.02,
respectively.

Quantum simulation with adaptive feedback

Adaptive feedback control (AFC) is a practical laboratory technique
for finding optimal control fields for molecules®. AFC naturally incor-
porates laboratory constraints to design control fields that would
not be found either analytically or through numerical simulation.
Nevertheless, models idealized for quantum simulation could help to
identify new possibilities for molecular control, could enable their com-
parison over a large number of molecules and could include quantum
control fields.

Our goal is to use our simulator with an adaptive feedback loop from
its quantum measurement statistics to design initial quantum states
for a molecule that maximally achieve a particular task over a period
of evolution. Our example molecule is ammonia (NH3), a prototype
for studying dissociation, including vibrationally mediated pathways,
in which the states of its products (NH; + H) depend on the prior
vibrational state in the ground electronic state'.

Our model (Fig. 4b) simulates the preparation of a vibrational
state in the electronic ground state of the molecule. We then obtain
the vibrational state that results from an electronic excitation by pro-
jecting the vibrational modes of the ground state onto the vibrational
modes of the excited state. We approximate this projection by a unitary

a b
NH f
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204
c 03
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transformation between the modes Ugg; however, this transformation
can in general be achieved via single-mode squeezing, displacement
and linear optical transformations*®. The evolution of the vibrational
state of the electronically excited molecule is simulated under the har-
monic Hamiltonian for the normal modes. By measuring the evolved
state in a localized basis we identify three local NH stretch modes.

The aim of this simulation, depicted in Fig. 4c, is o let an AFC algo-
rithm find the initial states of two vibrational excitations (in the mole-
cule in the electronic ground state) that result in a maximal total
probability of bunching in any of the three NH stretch modes (of the
electronically excited molecule) over the first 10 fs of evolution, which
we associate with a preferred dissociation pathway, while suppressing
other bunched events, which we associate with other pathways. The
algorithm begins with a trial state of two photons that simulates two
excitations superposed randomly over five of the normal vibrational
modes. State preparation, which is parameterized by the vector 8, is
optimized iteratively by programming the simulator to implement
U(8,t,) = U, exp( — iHt,/h)US U(8), where Ugg relates to the trans-
formation between the ground- and excited-state normal modes and
Uy relates to the transformation between the excited-state normal and
local modes.

An example experimental trial is shown in Fig. 4d. We used a Nelder-
Mead simplex method to minimize the cost function

C=—-a) wApel-11]

where Ap; is the difference between the probability of bunching in
the NH stretch modes and the remaining modes at time step i, w; are
weighting factors and « is a normalization factor. The final value in
Fig. 4d is C= —0.771, starting from a random initial state with
C=+40.337. We repeated this experiment with six random initial states;

exp(—il:lt/ﬁ)
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Fig. 4| AFC algorithm for a dissociation pathway in NH3. a, The spectral
decomposition of an NH streich mode in the electronic excited state of
NH;. b, A two-excitation vibrational state, parameterized by 6, is
initialized in the ground-state vibrational modes (lz,/vg((), 0))) of NH;. The

electronic state (|u:(8, £))) is excited and the localization of vibrational
energy is measured over time. These measurements are used to feedback
to the state preparation to increase energy localization in NH stretch
modes, promoting a particular dissociation pathway for this molecule

¢, This scenario is simulated via a parameterized unitary for state preparation
U(6), a transformation between the ground-state and excited-state modes

ool

o] 100 200 300 400
Iteration

Ul evolution under the excited-state modes (exp( — iFt/h)) and
measurement in a localized basis via Uy.. The resulting photon statistics are
fed back through an AFC algorithm to set 8 for the next iteration (after
calculating the cost function C). d, The left panel displays an example set
of experimental results that show the full distributions for bunching in the
NH stretcb modes (red), bunching in the remaining three localized modes
(blue) and detection in anti-bunched patterns (yellow) for five time steps
at iteration numbers 1 (bottom), 175 (middle) and 399 (top). The right
panel shows —C measured at every iteration.
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all resulted in similar final values of the cost function, with a mean of
C =—0.845,

Discussion

We have introduced photonics as a platform for simulating the vibra-
tional quantum dynamics of molecules within the harmonic, pertur-
batively anharmonic and Linblad models, with a photonic chip playing
the part of a programmable molecule. Scaling up and extending these
techniques to more involved Hamiltonians with highly anharmonic
atomic potentials and electronic degrees of freedom, and to realize an
advantage over classical simulation techniques®, presents important
and interesting research directions.

Device errors that must be addressed include inevitable flaws
in circuit fabrication and operation, photon distinguishability and
pho-ton loss. Although the precision that is required in the setting
of any individual circuit parameter increases with dimension®, linear
optical elements with extinction of more than 60dB have been
demonstrated®. Indistinguishability, or visibilities, between
independent photons have been reported at 95% for on-chip
sources® and at more than 90% for time bins of a solid-state
photon source**. Although ultralow-loss integrated circuitry has
been demonstrated®, photon loss is a funda-mental error in
photonics; basic methods that alleviate some of this error would
provide substantial improvements in rates for the class of
experiments  demonstrated here. The development  of
programmable nonlinear optics at the quantum level is a key
functionality for quantum technologies and remains an important
challenge for the field. With modest progress in these areas, our
approach could yield an early class of practical quantum simulations
that operate beyond current classical limits.
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In an earlier experiment'? using the original ALPHA apparatus'®,
we demonstrated microwave-induced spin flips in trapped
antihydrogen. The current work was carried out using the
second- generation ALPHA-2 device (Fig. 1), operating at
the CERN Antiproton Decelerator!’”. Unlike their matter
counterparts, antihydrogen atoms must be synthesized!® by
merging cold plasmas of antiprotons and positrons in specially
configured Penning~Malmberg traps. In the

ALPHA-2 device, we typically mix 90,000 antiprotons, slowed and
captured from the Antiproton Decelerator, with 1.6 million positrons
from a Surko-type accumulator!® to produce about 25,000 antihydrogen
atoms. These numbers are monitored in daily baseline measurements
that involve ejecting particles onto a multichannel plate detector.

Of the produced antihydrogen atoms, only a few will have low
enough kinetic energies (0.54 K in temperature units) to be trapped
in our superconducting, multipolar, magnetic-minimum trap. The
current state-of-the-art is that about 20 atoms can be trapped from
a single mixing sequence, and we have accumulated up to 74 atoms
by repetitive mixing (M.A. et al., submitted). A single mixing and
capture sequence takes approximately 4 min, the bulk of which is used
for preparation of plasmas of appropriate temperature, size and density
(M.A. et al., submitted). The actual mixing process takes less than 1s.
The trapped antimatter atoms can survive for at least 1,000s in the
cryo-pumped ultrahigh vacuum of ALPHA-2.

Referring to Fig. 1, the antiproton and positron plasmas are
merged in the central Penning trap (yellow electrodes) to produce
antihydrogen. An external solenoid magnet provides a uniform 1-T
field for the Penning trap. The production region is near the centre
of the magnetic-minimum trap, which comprises an octupole coil for
transverse confinement of neutral anti-atoms and five short solenoids
(“mirror coils’) that can shape the axial trapping well. The trapping
volume is cylindrical, with a diameter of 44.35mm and length of
280 mm. For the current experiment, only the outer two mirror coils
are used to create the axial well.

Antihydrogen atoms that leave the trap and annihilate on the
electrodes of the Penning trap are registered by the ALPHA-2
annihilation detector®’. This three-layer silicon vertex detector that
surrounds the trapping volume (Fig. 1) determines the vertex position
of the antiproton annihilation. The amount of trapped antihydrogen
can be determined destructively at any time by intentionally ramping
down the trapping magnets to release anti-atoms, while monitoring
their annihilations. The dominant background in our experiment
comes from cosmic rays, which trigger the detector at an average rate
0f10.024+0.02s7! (all errors herein are one standard deviation).

To distinguish antiproton annihilations from cosmic rays, we
use extended versions of our previously developed methods of
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Figure 1 | The ALPHA-2 central apparatus. A cut-away schematic of the
antihydrogen production and trapping region of ALPHA-2 is shown. For
clarity, the vacuum wail and the cryostat for the superconducting magnets
are not shown. Antiproton and positron plasmas are prepared on either
side of the production region before being mixed to form antihydrogen
at the centre of the minimum-B trap. All of the components shown are
immersed in a uniform, 1-T, axial magnetic field, which is provided by an
external solenoid (not illustrated).

multivariate analysis'? (Methods). The multivariate analysis used
for the current experiment yields a cosmic ray background rate
of 0.00559 + 0.00051 s~! and an overall detection efficiency for
annihilations of 0.596 & 0.002.

Figure 2 depicts the expected energy levels of ground-state anti-
hydrogen in a magnetic field B. Atoms in either of the two levels labelled
lc) and |d) have energies that increase with field strength B and can
thus be trapped in a minimum- B configuration. The other two states,
labelled |a) and |b), are expelled from the trap. The essential idea of the
experiment is to use microwaves at about 29 GHz to resonantly drive
transitions from trapped to un-trapped states as anti-atoms traverse
the bottom of the magnetic potential well. At 1T, the |¢) — |b) and
|d) — |a) transitions correspond to positron spin flips. Calculations
for hydrogen (Fig. 3, inset) show that the inhomogeneous magnetic
field produces asymmetric line shapes, with sharply defined onsets
corresponding to the resonant frequency of either transition at the
field minimum. The frequency difference between the two onsets
represents the ground-state hyperfine splitting and is independent of
the field strength and the number of anti-atoms that are trapped. It is
this splitting that we seek to measure in antihydrogen and compare to
that in hydrogen®'°.
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Figure 2 | Ground-state hyperfine energy levels. The energy levels are
calculated assuming they are identical to those of hydrogen. The ket
notation indicates the positron spin (left; | or ) and antiproton spin
(right; | or 1) states in the high-field limit. The shaded region illustrates
part of the range of fields in the ALPHA-2 antihydrogen trap, with the
minimum at 1.03 T. The full field map is shown in Fig. 3.
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Figure 3 | Magnetic field strength. The scalar magnitude of the total
magnetic field in the atom trap is plotted versus position. The radial
position is measured from the symmetry axis of the trap, and the axial
origin is the centre of the atom trap, defined by the outermost mirror

coils. Inset, the probability of an atom being resonant at a given frequency,
calculated for hydrogen; the two low-frequency onsets are separated by the
ground-state splitting.

In Fig. 3 we show the magnetic field strength in ALPHA-2 as a func-
tion of position in the trapping volume. The volume of interest is at
the centre of the trap, where fields, in the vicinity of the minimum, are
about 1 T. Microwaves enter the apparatus through a purpose-built
vacuum feed-through and are directed to the trapping volume
using a waveguide (Fig. 1). We use an Agilent 8257D PSG frequency
synthesizer and a Miteq AMF-4B amplifier to generate the microwave
power. We injected 160 mW and 320 mW at the lower and upper
transitions, respectively (see the discussion below); both are measured
at the feed-through.

The experimental procedure involves producing and trapping anti-
hydrogen atoms, removing any residual charged particles from the trap
using pulsed electric fields, and then introducing microwaves into the
trapping volume. The microwave frequency is stepped up in 300-kHz
increments, starting from below the expected onset frequency of the
|c) — |b) transition. The trapped antihydrogen atoms are exposed to
microwave fields at each frequency for 4s. After the first 16 steps, the
starting frequency is incremented by +1,420.4 MHz and the process
is repeated to scan through the onset of the |d) — |a) transition. The
silicon vertex detector continuously monitors for the annihilation of
antihydrogen atoms that are ejected following a resonant spin flip. The
total illumination cycle is 2 x 645 (16 points spanning the onset of each
transition), after which the trap is de-energized in 1.5s, releasing any
remaining antihydrogen.

For the dataset presented here, we repeated this measurement
sequence 22 times over a three-day period. A combination of single
and double mixing sequences was used, achieving an average trapping
rate of about 14 atoms per trial. Each day, before data acquisition, the
external solenoid field was reset and the minimum field strength at the
centre of the magnetic trap was determined by measuring the electron
cyclotron resonance frequency of an electron plasma?!. The precision
of this measurement is estimated to be £0.3 mT (equivalent to 8.4 MHz
in electron cyclotron resonance frequency).

The results of the 22 measurement trials are plotted in Fig. 4. Cosmic
background contributes 0.492 4 0.045 events to each 4-s measurement
bin. The sums of each day’s trials are combined by aligning the maxima
of the lower (|c) — [b}) transition, to account for day-to-day variations
in magnetic field. The responses observed should not be directly
compared to traditional spectral lines or to the calculated distributions
in the inset to Fig. 3, because the detailed shape is strongly influenced

& 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved
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Figure 4 | Data and simulation. The number of detected antihydrogen
annihilation events (filled blue squares), summed (see the text for
details) over 22 trials, is plotted as a function of frequency. Note the
discontinuous abscissa. The error bars represent counting statistics only.
The expectations from the simulation for hydrogen in the trap are also

by the rate at which the trap is depopulated as atoms undergo spin-flip
transitions.

Figure 4 reveals a qualitative difference between the shapes of the
responses for the two transitions. The lower transition features a
low-frequency onset and a narrow width; most of the anti-atoms are
removed in the first two resonant bins. The more gradual onset and
broader width of the upper transition are attributed to a lower ampli-
tude of the in situ microwave magnetic field (see simulation results
below). As illustrated in Fig. 1, the Penning-trap electrode stack in
ALPHA-2 represents a complicated boundary surface for the injected
electromagnetic radiation. It is unsurprising that disparate mixtures of
standing and travelling waves are established at different frequencies.
We can measure the strengths of the microwave electric fields in the
vicinity of the two transitions by studying electron cyclotron resonance
heating of electron plasmas stored in the trap centre?'. These meas-
urements lead to the conclusion that, for a given injected power, the
microwave electric field strength at the centre of the trap is about seven
times stronger at the lower transition frequency than at the higher one.
However, we do not know the precise in situ relationship between the
microwave electric and magnetic fields; and it is the latter that drives
transitions between hyperfine levels. To partially compensate for this
imbalance, we injected twice as much power at the upper transition,
relative to the lower transition. This reduces the ratio of microwave-field
amplitudes at the two transitions from seven to five. Our ability to
further balance these amplitudes is currently limited by adverse thermal
effects in the cryogenic, ultrahigh-vacuum environment.

Also shown in Fig. 4 are the results of a simulation (Methods) of the
expected behaviour of hydrogen atoms in the magnetic environment
of our trap. The inputs to this simulation include the trapping magnetic
fields that are calculated from measured currents, the amplitudes of the
microwave magnetic field that are inferred via electron cyclotron reso-
nance and assuming plane-wave propagation in vacuum, the starting
frequency for the microwave scan, the energy distribution of the
trapped atoms, and the expected temporal magnetic field fluctuations,
which are based on current-transformer monitoring of the currents in
the trapping magnets. The simulation result is scaled to give the same
total number of events as the experiment, integrated over both transi-
tions (194 detected events). The simulation explicitly accounts for the
removal of atoms from the trap as spin-flip events occur.

As described above, our experimental protocol was designed
to determine the difference between the onset frequencies for the
two transitions, profiting from the expected sharp increase in signal
asso-ciated with resonance at the magnetic-field minimum. The
slower increase that was observed in the | d) — | a) transition
complicates the determination of the frequency splitting, It is
tempting to extract a ‘best’ value for the hyperfine splitting by fitting
the hydrogen simulation to the experimental data, particularly
because the simulation reproduces the form of the data rather well.
Given the fundamental nature of the
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shown (open red squares). The simulation results are scaled to match the
total number (194) of observed events and are aligned to match the onset
of the lower transition. The simulation includes the effect of measured
fluctuations in the currents in the trapping magnets.

quantity that is to be extracted, however, we defer any such interpreta-
tion until more detailed systematic studies can be performed.

We determine the splitting from Fig. 4 to be 1,420.4 0.5 MHz,
which reflects the difference between the low-frequency onsets of
the two lines. The uncertainty includes contributions from drifts in
the magnetic field that were observed during the scan (0.3 MHz),
the procedure used for combining the data from separate days
(0.3 MHz), and the determination of the onset frequencies of the two
lines (0.3 MHz). This is the only available direct measurement of this
fundamental quantity. The precision of our technique can be improved
by reducing the step size in the frequency scan, by balancing the micro-
wave power at the two transitions and by more precise characterization
and stabilization of the magnetic fields in the atom trap. There are also
plans to measure the same quantity in zero magnetic field using a beam
of antihydrogen®,

The release of the antihydrogen atoms that remain in the trap after
the two transitions have been illuminated yielded 9 detected events for
the 22 trials. A different multivariate analysis is used for this determi-
nation (Methods); the overall efficiency is 0.726 and we expect 1.3 total
background events for the 22 trials. We conclude that about 96% of the
trapped anti-atoms were removed as a result of a spin flip. Independent
measurements using only the lower transition indicate that a micro-
wave power sufficient to remove all of the trapped atoms with a 1-s time
constant was injected without adverse thermal effects in the cryogenic,
ultrahigh-vacuum system. In addition to being a useful diagnostic for
optimizing antihydrogen trapping, the ability to selectively control the
populations of the trapped quantum states will be useful for future
microwave and optical spectroscopy of trapped antihydrogen.

The work described exemplifies a new approach in antimatter
physics: the observation of spectral line shapes in antihydrogen. The
ability to make a controlled frequency scan overan expected quantum
mechanical transition in an atom of antimatter points the way to
more precise tests of fundamental symmetries with antihydrogen.
Charge-parity-time invariance implies that the detailed shapes—not
just the resonance frequencies—of spectral lines for hydrogen and
antihydrogen in the same environment must be identical. We will soon
be able to use such precise measurements to subject antihydrogen to
previously unobtainable scrutiny.

Also of interest is the nuclear magnetic resonance (NMR)-type tran-
sition between the |c) and |d) states, which corresponds to an anti-
proton spin flip. Recent advances in trapping efficiency (M.A. et al.,
submitted) bode well for the feasibility of observing this transition in
trapped antihydrogen. The absolute energy scales for the positron and
antiproton spin-flip transitions in ALPHA-2 are respectively five and
eight orders of magnitude smaller than that of the laser transition that
was recently observed”. In addition to probing different interactions
in the antihydrogen Hamiltonian, these energy scales offer very high
sensitivity to potential new physics®.
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METHODS

Simulation of the microwave-atom interaction. Our simulation of the micro-
wave flip process uses quantum and classical ideas. The motion of antihydrogen
through the trap is determined by solving the classical equations of motion using a
fourth-order symplectic integrator. The force on the atom arises from the spatially
dependent magnetic field. Because the magnetic fields are always large, the state of
the antihydrogen is conserved unless the resonance condition is satisfied. While
trapped, the atoms are in either the |c) or |d) states (the low-field-seeking states).
These states have a magnetic moment that is approximately equal to that of the
positron, which leads to a potential energy of PE~ 1B/2, where = gup. Here, ppis
the Bohr magneton and g is the spin g-factor. The force is obtained by numerically
computing the gradient of the magnitude of the magnetic field.

The energies of the hyperfine states are solved using an effective Hamiltonian
with the hyperfine splitting and the magnetic moments of hydrogen as inputs.
A quadratic interpolation of the energies at three consecutive time steps is used
to determine whether the microwave resonance condition is met. Where in
space this condition is met depends on the currents in the various magnets and
on the microwave frequency. If the resonance condition occurs during the step,
then the Landau-Zener approximation is used to obtain a spin-flip probability.
The time derivative of the energy separation is calculated from the quadratic
interpolation. The matrix element V that couples the |} and |b) or |d) and |a)
states depends on the microwave magnetic field Byw perpendicular to the static
magnetic field at the position at which the antihydrogen is in resonance; it is well
approximated by V= Buw /4. To estimate Byw we use the electron-cyclotron-
resonance plasma-heating diagnostic discussed in the main text, which measures
the microwave electric field Eyw perpendicular to the static magnetic field. We
then assume Byw is uniform and given by Buw = Emw/c, where c is the speed of
light in vacuum. (The precise relationship between Exw and Byw is not known
because the boundary conditions imposed by the electrode stack support a complex
mixture of standing and travelling wave modes. Errors from making this assump-
tion are reduced by averaging.)

Resonance conditions are encountered in pairs as atoms pass through the centre
of the trap, and we account for the possibility that spins will flip more than once.
Simulations do not predict a simple exponential decay of trapped populations when

microwaves are present; the rate at which atoms encounter resonance conditions
and the probability that they undergo a spin flip as they pass through resonance
vary with trajectory. However, as an indication of scale, a microwave intensity
of 4mW c¢m ™2 (corresponding to Byw =0.6pT and V=h x (4 kHz), where h is
Planck’s constant) applied just above the onset of either transition will clear atoms
in the corresponding state from the trap with a time constant of order 1s.
Multivariate analysis of detector events. Differentiation of antihydrogen annihi-
lations and background events (primarily cosmic rays) is achieved by discerning
their distinctive topologies. A multivariate analysis package is used to distinguish
between these two populations™*#,

Two independent multivariate analyses were performed for this experiment: a
low-background analysis for identifying annihilations during the 128-s microwave
window and a high-signal-acceptance analysis to identify annihilations during the
1.5-s trap shutdown. The latter analysis has the same design as used in previous
experiments'>!6. The former analysis is modified to achieve a much lower back-
ground, through the addition of more variables that enhance the signal-to-back-
ground discrimination. The additional variables include: the asymmetry in hit
count between the two hemispheres defined by the plane perpendicular to the
event axis'? and passing through the centre of the trap; the minimum distance of
closest approach of any cosmic track candidate to the reconstructed vertex; the
polar angle of the vector describing the vertex position® relative to the centre of
the trap; and the average of the ratios between the axial and radial projections of
the tracks that originate from the reconstructed vertex.

The signal and background data used for multivariate-analysis training,
validation and testing (split equally) comprises a set of 305,706 annihilation events
and 236,969 background events.

Data availability. The datasets generated and analysed during this study are
available from corresponding author ].S.H. on reasonable request.

24. Narsky, |. StatPatternRecognition: a C++ package for statistical analysis of high
energy physics data. Preprint at http://arxiv.org/abs/physics/0507143 (2005).

25. Narsky, |. Optimization of signal significance by bagging decision trees.
Preprint at http://arxiv.org/abs/physics/0507157 (2005).

26. Amole, C. et al. Alternative method for reconstruction of antihydrogen
annihilation vertices. Hyperfine Interact 212, 101-107 (2012).
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Spontaneous  symmetry  breaking occurs when an
equilib-rium state exhibits a lower symmetry than the
corresponding Hamiltonian describing the system. The system
then spontane-ously picks one of the energetically degenerate
choices of the order parameter and due to the specific energy
landscape this process is accompanied by new collective modes.
The typical picture, which exemplifies spontaneous symmetry
breaking, uses a Mexican-hat-shaped energy potential (see Fig. 1a)
that suggests the emergence of two distinct collective modes: the
gapless ‘Goldstone mode, which is associated with long-
wavelength phase fluctuations of the order parameter, and an
orthogonal gapped mode, the ‘'Higgs mode, which describes
amplitude modulations of the order parameter. While
Goldstone modes, such as phonons, appear necessarily when
continuous symmetries are broken, stable Higgs modes are
scarce, since decay channels might be present. The best-known
example of a Higgs mode appears in the standard model of
particle physics where this mode gives elementary particles their
mass’.

In the non-relativistic  low-cnergy  regime  usually
encountered in condensed-matter physics, the existence of a
stable Higgs mode cannot be taken for granted". However, under
certain  conditions, other symmetries, such as particle-hole
symmetry, can play the role of Lorentz invariance and induce a
stable Higgs mode. A notable example of a low-energy particle-
hole symmetric theory hosting a stable Higgs mode is the famous
Bardeen-Cooper-Schrietfer (BCS)
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Hamiltonian describing weakly interacting superconductors=~.
Evidence for the Higgs mode has been found in conventional BCS
superconductors'”. However, experimental detections have been
solely indirect as the Higgs mode does not couple directly to elec-
tromagnetic fields owing to the gauge invariance required for its
existence. The far-reaching importance of the Higgs mode is further
illustrated by its observation in a variety of specially tuned systems
such as antiferromagnets’”, liquid *He (ref."), ultracold bosonic
atoms near the superfluid/Mott-insulator transition’*'*, spinor Bose
gases'” and Bose gases strongly coupled to optical fields*. In con-
trast, weakly interacting Bose-Einstein condensates (BECs) do not
exhibit a stable Higgs mode™ ",

In recent years, research has focused on advanced materials
exhibiting superconductivity far beyond the conventional BCS
description, such as cuprates, pnictides and the unitary Fermi gas.
Many of these materials are characterized by strong fermionic
correlations. Even though in this context the existence of a Higgs
mode has been the topic of theoretical debates™ ', experimental evi-
dence for the Higgs mode in systems exhibiting strong correlations
between fermions is still absent.

Here, we spectroscopically excite the Higgs mode in a superfluid
Fermi gas in the crossover between a weakly interacting BCS super-
fluid and a BEC of strongly coupled dimers (Fig. 1). We induce a
periodic modulation of the amplitude of the superconducting order
parameter A and find an excitation resonance near twice the super-
conducting gap value. On the BCS side, the spectroscopic feature
agrees with the theoretical expectation of the Higgs mode. On the
BEC side of the crossover, we find strong broadening beyond
the predictions of BCS theory and, eventually, the disappearance of
the mode as predicted for a weakly interacting BEC™'*!".

Our measurements are conducted in an ultracold quantum gas
of ~4x10°°Li atoms prepared in a balanced mixture of the two
lowest hyperfine states |1) and [2) of the electronic ground state.
The gas is trapped in a harmonic potential with frequencies of (w,,
w,, ®.) =21X(91, 151, 235) Hz and is subjected to a homogeneous
magnetic field, which is varied in the range of 740-1,000G to tune
the s-wave scattering length a near the Feshbach resonance located
at 834 G. This results in an adjustment of the interaction parameter
of the gas in the range of ~0.8 S 1/(k.a) < 1, (that s, across the whole
BCS/BEC crossover). The Fermi energy in the centre of the gas is
Ep~hx(34+3)kHz at each of the considered interaction strengths
and sets the Fermi wavevector kp = 87°mE . / h?, where m denotes
the mass of the atont and k is Planck’s constant.

Excitation of the Higgs mode requires a scheme that couples to
the amplitude of the order parameter rather than creating phase
fluctuations or strong single-particle excitations. Previous theoreti-
cal proposals™™>* for exciting the Higgs mode in uvltracold Fermi
gases have focused on a modulation of the interaction parameter

BY
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Fig. 1| Principle of the Higgs mode excitation. a, Mexican hat potential of the free energy as a function of the real and imaginary parts of the complex
order parameter A. The equilibrium state order parameter takes spontaneously one of the values at the energy minima. b, We employ rf dressing of
the paired superfiuid by off-resonant coupling to an unoccupied state [3). ¢d, This results in a periodic modulation of both the occupation of the state
13) (¢) and the superconducting gap (d). Here, N, is the number of atoms in state |3) and N, (t=0) is the initial number of atoms in state {1). Shown
are numerical simulations for a coupling constant 1/(k.a) = —0.6704, h§2, = 0.0353£; and hd=—0.3247E;. e, By adjusting the modulation frequency, we

achieve an excitation of the Higgs mode in the Mexican hat.

1/(ka); however, experimentally only single-particle excitations
have been observed from such a modulation”'. We have developed
a novel excitation scheme employing a radiofrequency (rf) field,
dressing the state |2) with the initially unoccupied hyperfine state
[3) thereby modulating the pairing between the |1) and |2) states
(see Fig. 1b.). Previous experiments investigating ultracold gases
with rf spectroscopy:*~** have focused on studying single-particle
excitations. To this end, there, the duration of the rf pulse r had
been chosen shorter than the inverse of the Rabi frequency £2,,
such that the spectra could be interpreted in the weak-excitation
limit using Fermis golden rule. In contrast, here, we employ an rf
drive far red-detuned from single-particle resonances in the inter-
acting many-body system and in the long-pulse limit £,z 1, to
couple to the amplitude of the order parameter. To illustrate this,
consider first an isolated two-level system of the |2) and the |3)
state coupled by a Rabi frequency £, with detuning § from the res-
onance. The occupation probability of the atoms in the |2) state
is p,=1-Q¢ /2. sin’ (¢ / 2); that is, the continuous rf dress-
ing leads to a time-periodic modulation of the occupation of the
|2) -state with the effective Rabi frequency £2; = 23 +°.

In the many-body problem of the BCS/BEC crossover, the situ-
ation is complicated by the dispersion of the (quasi) particles and
the presence of interactions. In particular, a continuum of excita-
tions typically occurs above the energy of the lowest single-particle
excitation to state |3) (see Fig. 2a). Deep in the BCS regime, the
continuum of excitations is related to the different momentum
states and the excitation scheme can be approximated by cou-
pling each occupied momentum state of the BCS quasiparticles in
level |2) to the corresponding momentum state in state |3) since
the rf dressing transfers negligible momentum. The effective Rabi
frequency £ = ,’Qé+5k2 and therefore the excitation prob-
ability becomes momentum dependent by the many-body detun-
ing hé,=hé—E,—¢&, where & is the single-particle dispersion,
and g, = /5,(24. |a]? is the quasiparticle dispersion and 4 is the
s-wave superconducting order parameter. A red-detuned rt drive,
as employed here, avoids resonant coupling to the single-particle
excitations, however, still modulates off-resonantly the occupation
of the excited states as shown in Fig. zb.

The off-resonant periodic modulation of the occupation of the
state |2) with controllable frequency §2; , induces a modulation of
the amplitude of the order parameter 4| (Fig. id.c, for details see

Methods) and hence couples directly to the Higgs mode. To illustrate
this mechanism, we numerically solve the minimal set of coupled
equations of motion describing the evolution of the order param-
eter in the presence of an rf coupling to state |3) (see Methods and
Supplementary Information). We see that the Fourier spectrum of
[4| for one modulation frequency displays—aside from a response
corresponding to the modulation frequencies £2; ,—a sharp peak at
the gap value 2 |4| (see Fig. 2¢ inset). By the momentum-resolved
representation (Fig. 2¢), we identity this peak to be dominated by the
Higgs excitation with a momentum-independent dispersion. The
amplitude of the Higgs peak is maximal when the averaged effec-
tive drive frequency #82_ 4~ 2 |4] in accordance with its expected
frequency. The Higgs mode is a collective mode of the system and
even for the harmonically trapped gas exhibits a unique frequency.
Numerical studies in the BCS limit have shown that in harmonically
trapped systems, the Higgs mode should occur at the frequency of
twice the superconducting gap evaluated at the maximum density of
the gas™~** and hence we use this as our reference for the value of
the gap to compare with theory and other experiments.

In the experiment, we search for the Higgs mode by measuring
the energy absorption spectrum of the fermionic superfluid in the
[1,2) states for different interactions. Using £2; and & as adjustable
parameters, we dress the |2) state by the |3) state with adjust-
able modulation frequency given by the effective Rabi frequency.
We choose a drive frequency in the single-particle excitation gap.
For our experiments, we measure the modulation frequency £,
and amplitude @ of the time-dependent population of the |3) state
(for calibration, see Methods and Supplementary Information).
We then use a constant excitation amplitude 5, 20-5% and apply
the modulation for a fixed period of 30 ms. After the excitation,
we conduct a rapid magnetic field sweep onto the molecular side
of the Feshbach resonance and convert Cooper pairs into dimers
and measure the condensate fraction of the molecular condensate
in time-of-flight imaging. The change in the condensate fraction
provides us with a sensitive measure of the excitation of modes
in the quantum gas. In Fig. 3a, we plot the measured spectra as
a function of the modulation frequency for different values of
1/(kpa). On the BCS side of the Feshbach resonance up to unitarity,
1/(k.a) <0, we observe clear resonances for which the condensate
fraction reduces, signalling the excitation of a well-defined mode.
For 1/(k.a) > 0, the energy absorption peak is gradually washed out
and broadens significantly. Far on the BEC side, for 1 /(kpa) =~ 1,
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Fig. 2 | llustration of the excitation scheme for one modulation frequency.
a, The rf field is red-detuned from the single-particle excitation of the
interacting system. it creates an off-resonant excitation to the state |3)
with a varying detuning for different momenta. b, Time evolution of the
momentum-resolved occupation of the |3) state with momentum k for a
fixed value of $= —0.63, a Rabi frequency h2, =0.038E; and a detuning
hd=-0.34E, Blue: k/kz= 0, red: k/ kg = 0.8, green: k/k:=1.1. ¢, Spectral
weight of the momentum-resolved gap A, (w) (see Methods). The circles
indicate the Higgs mode, the stars mark the response to the modulation
frequency and the crosses indicate the quasiparticle excitations at 2E,.
The position of the star at k=0 approximately represents the effective
modulation frequency for the chosen parameters. Inset: Fourier spectra
(momentum integrated) of the occupation of the |3) state (red) and |A|
(blue). The dashed line is the expected location of the Higgs mode

at 2)A]. Panels b, € and the inset of ¢ are for the same driving and
detuning parameters.

we cannot observe a resonance and conclude that the Higgs mode
is absent. The resonances generally exhibit an asymmetric line
shape, which we fit with a Gaussian to the high-frequency side to
extract the peak position and width. A contribution to the asym-
metric peak shape stems from the momentum-dependence of the
effective Rabi frequencies 2y ;. As indicated in Fig. 2a.b, the effec-
tive detuning (and hence the modulation frequency) varies with
increasing momentum k. Therefore, a resonant excitation at the
Higgs mode frequency can be achieved for high momenta k even
though for low momenta the modulation frequency is below the
resonant excitation.

To demonstrate the collective-mode nature of our resonance,
we perform a number of checks. First, we verify that the excitation

NATURE PHYSICS | worwe nature coir, natu ephiyeics

resonance frequency (to within 4%) and shape is independent of
the modulation strength in the range of 0.001 < a <0.2 and modula-
tion duration between r=0.5ms and 7==30 ms (for the definition of
a, see Methods and Supplementary Information). Second, we have
confirmed that the observed resonance peak is not caused by single-
particle excitations by measuring the excitation probability to the
|3) state versus modulation frequency §2,,,, and finding a feature-
less broad spectrum. This and the following checks have been per-
formed with a modulation amplitude of a=0.2 and a modulation
time of 0.5 ms, which is much shorter than the trap period of ~5ms,
Hence, the measurement is insensitive to thermalization effects
and/or density redistribution within the cloud. Third, we check the
momentum-dependence of the resonance. After the modulation,
we perform a time-of-flight expansion for a period of 15ms, which
is approximately a quarter period of the residual harmonic potential
during ballistic expansion. This procedure maps the initial momen-
tum states to positions in the absorption image™. We analyse the
detected condensate density in momentum intervals of 0.02 k. and
find that the excitation resonance is at the same frequency for all
momentum intervals (see Fig. 3b,c). Finally, we have searched for
possible quasiparticle excitations resulting from our interaction
modulation by employing standard rf spectroscopy*"** after the
interaction modulation. The spectra show only a very weak and
broad background independent of the modulation frequency. This
behaviour is not unexpected since the contribution of quasiparticle
excitations is smeared out in the presence of a trap as we confirmed
numerically using the local-density approximation.

In Fig. 4a, we plot the position of the fitted peak of the energy
absorption spectra versus the interaction parameter 1/(k,a) evalu-
ated at the centre of the sample. It has been suggested* that the
Higgs mode frequency is close to twice the superconducting gap
in the BCS/BEC crossover and can therefore be used as an approx-
imative measure of the gap. In the crossover regime, the exact
value of |4| is yet unknown and both experiments and numerical
calculations are challenging. We compare our data to gap mea-
surements using different methods*-* and several numerical cal-
culations'", As compared to the previous experimental results,
our extracted value is larger. We note that previous gap measure-
ments rely on fitting the onset of a spectral feature, whereas our
method is based on fitting a Gaussian to a slightly skewed spectral
feature, and both methodologies could be susceptible to small sys-
tematic uncertainties. An upper bound is provided by the theo-
retical result of mean-field theory (dashed line), which is known
to overestimate the superconducting gap.

In Fig. <4b, we plot the full-width at half-maximum of the
Gaussian fits to the energy absorption peaks. Utilizing the BCS
model for the momentum-dependent excitation discussed above,
we estimate the width of our excitation resonance to be of the
order A (see Supplementary Information). Hence, we cannot
directly interpret the linewidth of our spectra as the decay rate
of the Higgs mode but only as a lower limit of the lifetime. On
the BCS side of the resonance, we find good agreement with
our model and towards the BEC side the measured width far
exceeds the prediction, indicating that the Higgs mode becomes
strongly broadened, for example, due to the violation of particle-
hole symmetry resulting in a decay into Goldstone modes™"'"*.
Extending, in the future, our novel experimental scheme with a
better momentum resolution will provide a route to finally explore
the decay mechanisms of the Higgs mode, the understanding of
which is a cornerstone in both high-energy particle physics and
condensed-matter physics.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/ 10,1038/,
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in b for different modulation frequencies. The resonance occurs at the same
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Methods

Preparation. Using standard techniques of laser cooling and sympathetic cooling in
a mixture with sodium atoms in a magnetic trap, we prepare ~ 5 x 107 cold fermionic
lithium atoms in a crossed-beam optical dipole trap of wavelength 1,070 nm in an
equal mixture of the two lowest hypertine states |1) and |2). Using subsequent
evaporative cooling in a homogeneous magnetic field of 795G, in the immediate
vicinity of the Feshbach resonance at 834G, we produce a condensate in the BCS/
BEC crossover regime with a temperature of T/T,=0.07 +0.02. After preparation

of the fermionic superfluid, the magnetic offset field is adiabatically adjusted in the
range between 740G and 1,000G to control the interaction parameter 1/(kqa) in the
range of ~0.8 < 1/(ka) < 1 (that is, across the whole BCS/BEC crossover region).

Calibration of spectroscopy and analysis. We experimentally calibrate the
modulation frequency and amplitude to take into account energy shifts owing

to interaction effects of the initial and final states and the efficiency of the rf
antenna set-up. To this end, we drive Rabi oscillations with set values of detuning
&and power and measure the population P|3 as a function of time during the rf

drive Py, =asin’ *(Ruoat / D). This provides us with a direct measurement of the
modulation frequmcy and amplitude. To model the data, we assume a Lorentzian
ag
RF+ 65~ PR
the detuning § is corrected as compared to the Zeeman-energy resonance of the
free atom. The fit parameter d, absorbs the effects of interactions in the final state
of the spectroscopy, the condensation energy of the initial state and the averaging
of different momentum states and densities in the trap. Experimentally, the
calibration is performed at a value of a= 4% for which we obtain agreement with
the Lorentzian model to a few per cent.

We check for unpaired atoms in the |2} state for red- and blue-detuned rf
with respect to d, as a result of the modulation. This has been achieved by rapidly
ramping the field to 450 G with approximately 4G ps ™', which allows for the
detection of free atoms rather than paired atoms. In the case of a red-detuned rf
modulation, no enhancement of the signal of unpaired atoms could be observed
over the whole range of modulation frequencies. However, blue-detuned rf
modulation increases significantly the number of unpaired atoms due to single-
particle excitations to the continuum (see Supplementary Fig. 1).

We also vary the driving strength a and observe that the resonance position
of the peak with respect to the modulation frequency does not vary (see
Supplementary Fig. 2).

line shape a = however, we allow for a frequency shift 3,(kza) by which

Theoretical modelling. The experimental system can be described taking

three different fermionic levels into account. Initially the system is prepared in

a balanced mixture of states |1) and |2). Since we are mainly interested in the
excitation mechanism and for this mainly the presence of a difference in the
interaction strength between states ([1) and [2)) and ([1) and [3)) is needed, we
take here only the interaction between these two states into account and decouple
this term within the s-wave BCS channel. Using the rotating- wave approximation
for the coupling between the states |2) and |3), we obtain the [Hamiltonian

HeH - hsdy + +
= Hpes+ (ey=hé)my 5+ I (et iy
* «

with

Hyeg= Z ep(ny  +m,) + Z {8*c_0,+4ac] el ()
k

Here A= Zk (€t o€k 1) $2r is the Rabi frequency, g is the interaction >trength Vis| the
volume and thé momentum- independent detuning is id = hw,~ ey —¢;), wheree,) is
the bare energy for the state n=2, 3 and &, =/*k*/(2m) is the single-particle dxspersnon
We determine g from the scattering length using the expression provided in ref.

To determine the time evolution of the order parameter, we derive a closed set
of equations for the expectation values
(cstin)

F) . n
ff;(tszk& = ’{'2€k<f-kz"m)‘*’{

+4 (g +n, -1}

2
- (Coabien)

a
h—(c_ = i{—
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(26, ~h3) {e_y 60,y + ALl 0}

0 . .
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h$2
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where the number densities are defined asn , = (clzmckm) with m=1, 2, 3. We solve
these equations numerically discretizing both time ¢ and momentum k and using the
self-consistency condition 4 = % 2 {c_ia€k,1) at each time step ensuring both the
convergence for the time step df and the momentum spacing. Typical values taken are
dk/k; =5x 107", d¢=5X 10~"h/E; and the cutoff for the momentum sum is E, = 100E;

The momentum-resolved spectral weight of the gap shown in Fig. Zc is
computed as

uw)—v/g'fmk(m-—f de |4, H )

with the momentum-dependent order parameter 4, = (g/V){(C_,C, ). We use

T=400k/E; for the calculation.

Time evolution of the population of state |3). We compare the theoretical evolution
of the population of atoms in state {3) (see Fig. 1) during the application of the rf
dressing to the experimental results. Supplementary Fig. 3 shows the population

of the atoms in state |3) normalized to the initial atom number in state }1}.

The simulation and experiment were performed with the same effective modulation
frequency, £2, ., and maximum atom transfer. Both curves show damped
oscillations of the population of state {3) with time. The initial time behaviour up to
approximately three oscillations agrees well between theory and experiment, which
means that the dominant damping mechanism is due to a dephasing of the different
momentum components. Afterwards, the experimental results show a stronger
damping that we attribute to other damping mechanisms, such as, for example, the
presence of collisions, which are not considered in the theoretical description.

Time evolution of the condensate fraction. We show the evolution of the condensate
fraction during the application of the rf dressing in Supplementary Fig. 4. After
different durations of the drive, the rapid mapping to the BEC side was performed
and the condensate fraction was measured. The drive amplitude was chosen to be

5%. As a response, an oscillation of the condensate fraction close to the expected Rabi
frequency can be observed over several oscillation periods with an amplitude of the
order of 5%,

Comparison of the experimental and theoretical spectra. In Supplementary Fig. 5,
we show a comparison of the experimentally measured spectra with the theoretical
simulation. To gain insight into the structure expected from the excitation scheme,
we theoretically extract the weight of the Higgs excitation for different effective
modulation frequencies and plot these in the lower panel of Supplementary Fig. 5
for 1/(kya)=~0.63. To evaluate the area under the Higgs, for each momentum, we
integrate around the Higgs excitation peak (shown in Fig. Zc) and then sum over all
momenta along the Higgs excitation line. Let us note that this procedure leads to the
artefact that at high modulation frequencies still a non-vanishing contribution to the
weight is found, which, however, can be attributed to the excitation of quasiparticles
in a homogeneous system and would vanish in a trapped system as considered
experimentally. More importantly, we see that even though the Higgs mode has a
very sharp frequency (as shown in Fig. 2c) and therefore a long lifetime, the resulting
spectra show a much broader peak. The width of the peak is due to the excitation
procedure. In particular, a resonant excitation of the Higgs mode is already possible
if the effective modulation frequency lies below the sharp frequency of the Higgs
mode, since then already some of the Rabi frequencies of the higher momentum
components (compare stars in £ig. 2¢} can resonantly excite the Higgs mode. Thus,
the hroadening of the spectral feature is mainly due to the particular excitation
scheme and not a measurement of the lifetime of the Higgs mode. Let us conclude
by pointing out that the full-width at half-maximum in both the theoretical and the
experimental spectra is approximately |4|.

Local-density approximation for the quasiparticle excitations. To study the
effect of the harmonic trapping on the quasiparticle excitations, we performed
a calculation of the system dynamics within the local-density approximation.
Within the local-density approximation, we treat points of different density as
effectively homogeneous systems with rescaled interaction 1/[kg(r)a], Fermi
energy E,(r) and chemical potential consistent with the system’s density profile.
We assume the density profile to be the one for non-interacting fermions as
typically the profiles change only slightly for the considered interactions.

The time evolution of the superconducting order parameter of the homogeneous
system is performed locally for each point in the trap and rescaled to give

A(r, t)/ Ep(r=0). We then take the density-weighted average of its Fourier
transform. It is important to note that the Higgs mode—due to its collective
nature—cannot be treated in this formalism, so we remove the Higgs peak in
each Fourier transform by hand before we take the trap average. Integrating the
resulting spectrum gives the background excitation weight (see Supplementary
Fig. 6). In contrast to the peaked quasiparticle structure of a homogeneous
system, we find the trap-averaged background excitation weight to be
significantly broadened resulting in a featureless, broad background.

Data availability. The data that support the plots within this paper and other findings
of this study are available from the corresponding author upon reasonable request.
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Private and secure communication is of fundamental importance in
the modern world. Traditional public-key cryptography relies on the
computational intractability of certain mathematical functions. In
contrast, QKD'—which was proposed in the mid-1980s and is the best
known example of a task involving quantum cryptography—provides
an information-secure solution to the key exchange problem, ensured
by the laws of quantum physics. QKD enables two distant users who
do not initially share any information to produce a common, random
string of secret bits, called a secret key. Using one-time-pad encryption,
this key provides a provably secure? way of encrypting (and decrypting)
a message, which can then be transmitted over a standard commu-
nication channel. In QKD, the information is encoded in the super-
position states of physical carriers at the single-quantum level; as the
fastest-travelling qubits, and owing to their intrinsic robustness to deco-
herence and the ease with which they can be controlled, photons are
usually used as the physical carriers. Any eavesdropper on the quantum
channel attempting to gain information about the key will inevitably
introduce disturbances into the system, and so can be detected by the
communicating users.

Since the first table-top QKD experiment® in 1989, with a quantum
channel distance of 32 cm, much research has been devoted to
achieving secure QKD over long distances, with the ultimate aim being
global-scale secure QKD for practical use. The most straightforward
method of QKD is sending single photons through optical fibres or
terrestrial free-space directly. However, in both of these cases channel
loss causes a decrease in the number of transmitted photons that scales
exponentially with the length over which they are transmitted. Unlike
classical telecommunications, the quantum signal in QKD cannot be
noiselessly amplified, owing to the quantum non-cloning theorem?,
limiting the maximum distance for secure QKD to a few hundred

kilometres®. Beyond this length scale, quantum communications
become extremely challenging®.

One solution to this problem is to use quantum repeaters’ that
combine entanglement swapping®, entanglement purification® and
quantum memories'®, But despite remarkable progress in demonstra-
tions of the three building blocks'!~!* and even prototype quantum
repeater nodes!4~!8, these laboratory technologies are still far from
being applicable in practical long-distance quantum communications.

A more direct and promising solution for global-scale QKD
involves satellites in space. Compared with terrestrial channels, the
satellite-to-ground connection has greatly reduced losses'®. This is
mainly because the effective thickness of the atmosphere is only about
10km, and most of the propagation path of the photons is in empty
space with negligible absorption and turbulence. A ground test? in
2004 demonstrated the distribution of entangled photon pairs over a
noisy near-ground atmosphere of 13 km—greater than the effective
thickness of the atmosphere—and showed the survival of entanglement
and a violation of Bell’s inequality. Under the simulated conditions
of huge attenuation and various types of turbulence, the feasibility
of satellite-based QKD has been further verified over even longer
distances®'~?, on rapidly moving platforms®*?> and using satellite
corner-cube retroreflectors?>?’.

We developed a sophisticated satellite, “Micius, dedicated for
quantum science experiments, which was successfully launched on
16 August 2016 from Jiuquan, China, and now orbits at an altitude
of about 500 km (Fig. 1a; see Methods for the project timeline and
design details). Using one of the satellite payloads—a decoy-state
QKD transmitter at a wavelength of 850 nm—and cooperating with
Xinglong ground observatory station (near Beijing, 40° 23’ 45.12” N,
117° 34’ 38.85" E, altitude of 890 m), we establish decoy-state QKD with

'Department of Modern Physics and Hefei National Laboratory for Physical Sciences at the Microscale, University of Science and Technology of China, Hefei 230026, China. °Chinese Academy
of Sciences (CAS) Center for Excellence and Synergetic Innovation Center in Quantum Information and Quantum Physics, University of Science and Technology of China, Shanghai 201315,
China. 'Key Laboratary of Space Active Opto-Electronic Technology. Shanghai institute of Technical Physics, Chinese Academy of Sciences, Shanghai 200083, China. *Nationat Astronomical
Observatories, Chinese Academy of Sciences, Beijing 100012, China. *Key Laboratory of Optical Engineering, Institute of Optics and Electronics. Chinese Academy of Sciences, Chengdu 610209,
China. ®Shanghai Engineering Center for Microsatellites. Shanghai 201203, China. 'State Key Laboratory of Astronautic Dynamics. Xi'an Satellite Control Center. Xi'an 710061, China. 3Xinjiang
Astronomical Observatory, Chinese Academy of Sciences, Urumqi 830011, China. *National Space Science Center. Chinese Academy of Sciences, Beijing 100190, China.
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't‘ransm.tter

Figure 1 | Hlustration of the experimental set-up. a, Overview of the
satellite-to-ground quantum key distribution (QKD). The Micius satellite,
weighing 635 kg, flies along a Sun-synchronous orbit at an altitude of
around 500 km. It is equipped with three payloads, designed and tested

to be suitable for operation in low-Earth orbit and to enable a series of
space-to-ground-scale quantum experiments including QKD, a Bell test
and teleportation. b, Schematic of the decoy-state QKD transmitter, one of
the satellite’s payloads. Attenuated laser pulses (with wavelengths of about
850 nm) from eight separate laser diodes (LD1-LD8) pass through a BB84
encoding module, which consists of two polarizing beam splitters (PBSs),
a half-wave plate (HWP) and a beam splitter (BS). The resultant beam is
then co-aligned with a green laser beam (LA1; 532 nm) for system tracking
and time synchronization, and sent out through a 300-mm-aperture
Cassegrain telescope. After the BB84 module, an approximately 5-pW
laser is used as a polarization reference. A two-axis gimbal mirror (GM1)
in the output of the telescope and a large-field-of-view camera (CAM1)

polarization encoding from the satellite to the ground with a kilohertz
key rate over a distance of up to 1,200 km.

Experimental challenges and solutions

Robust and efficient satellite-to-ground QKD places a more stringent
requirement on the efficiency of the link than do conventional
satellite-based classical communication systems. To obtain a high
signal-to-noise ratio, one cannot increase the signal power, only reduce
the channel attenuation and background noise. In our experiment,
several effects contribute to channel loss, including beam diffraction,
pointing error, atmospheric turbulence and absorption.

In our QKD experiment, we adopt the downlink protocol—from the
satellite to the ground (see Fig. 1a). In the downlink, beam wandering
caused by atmospheric turbulence occurs at the very end of the
transmission path (near the surface of Earth), where the beam size
due to diffraction is typically much larger than the beam wandering.
Therefore, the downlink has reduced beam spreading compared to the
uplink and thus higher link efficiency.

The beam diffraction depends mainly on the size of the telescope.
To narrow the beam divergence, we use a 300-mm-aperture
Cassegrain telescope in the satellite (Fig. 1b), optimized to
eliminate chromatic and spherical aberrations; this telescope sends
the light beam with a near-diffraction-limited far-field divergence
of about 10 p rad. After travelling a distance of 1,200 km, we
expect that the beam diameter expands to about 12 m. At the
ground station, a Ritchey-Chretien telescope with an aperture of
1 m and a focal length of 10 m (Fig. 1¢) is

are combined to control the coarse-tracking loop. Two fast steering
mirrors (FSM1s) and a fast camera (CAM2) are used for fine tracking.
ATT, attenuator; POL, polarizer; RLD, polarization reference laser diode;
both cameras (CAM1 and CAM2) detect 671-nm light. ¢, Schematic of
the decoy-state QKD decoder at the Xinglong ground station, which is
equipped with a 1,000-mm-aperture telescope. The received 532-nm-
wavelength laser is separated by a dichromic mirror (DM) and split into
two paths: one is imaged by a camera (CAM3, which detects 532-nm
light) for tracking and the other is detected for time synchronization. The
850-nm-wavelength decoy-state photons are analysed by a BB84 decoder,
which consists of a beam splitter and two polarizing beam splitters, and
detected by four single-photon detectors (SPD1-SPD4). The ground
station sends a red laser (LA2; 671 nm) beam to the satellite for system
tracking. IF, interference filter; BE, beam expander; CPL, coupler; both
cameras (CAM3 and CAM4) detect 532-nm light. See Extended Data
Table 1 for more technical parameters.

used to receive the QKD photons (see Methods). The diffraction loss
is estimated to be 22 dB at 1,200km.

The narrow divergence beam from the fast-moving satellite (speed
of about 7.6 km s 1) necessitates a high-bandwidth and high-precision
acquiring, pointing and tracking (APT) system to establish a stable
link. We designed cascaded multi-stage APT systems in the transmitter
(Fig. 1b) and the receiver (Fig. lc). Initial coarse orientation of the
telescope is based on the forecasted orbital position of the satellite,
with an uncertainty of less than 200 m. The satellite’s attitude control
system ensures that the transmitter is pointing to the ground station
with a precision of approximately 0.5°. The satellite and the ground
station send beacon lasers to each other with a divergence of 1.25mrad
(satellite to ground) and 0.9 mrad (ground to satellite) (Fig. 2a). The
coarse pointing stage in the satellite transmitter consists of a two-axis
gimbal mirror (with a range of 10° in both azimuth and elevation)
and a complementary metal-oxide semiconductor (CMOS) camera
with a field-of-view of 2.3° x 2.3° and frame rates of 40 Hz. The fine
pointing stage uses a fast-steering mirror driven by piezo ceramics
(with a tracking range of 1.6 mrad) and a camera with a field-of-view
of 0.64mrad x 0.64 mrad and frame rates of 2 kHz. Similar coarse and
fine APT systems are also installed in the ground station (see Extended
Data Table 1 for details). Using closed-loop feedback, the transmitter
achieves a tracking accuracy of approximately 1.2 prad (Fig. 2b), much
smaller than the beam divergence. We estimate thatat 1,200km the loss
due to atmospheric absorption and turbulence is 3-8 dB and that due
to pointing error is less than 3 dB.

£ 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved
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Figure 2 | Establishing a reliable space-to-ground link for quantum
state transfer. a, Overlaid and time-lapse photographs of tracking laser
beams as the satellite flies over the Xinglong ground station. The red and
green lasers are sent from the ground and the satellite, respectively, with a
divergence of 0.9-1.25 mrad. b, Distribution of long-time tracking error

We use temporal and spectral filtering to suppress the background
noise. The beacon laser, with a pulse width of 0.9 ns and a repetition
rate of about 10 kHz, is used for both APT and synchronization. In
good co-alignment with the QKD photons, the beacon laser can be
separated by a dichroic mirror and detected by a single-photon detector
in the ground station to obtain timing information. We thus avoid the
space-ground clock drift, obtaining a synchronization jitter of 0.5 ns,
which is used to tag the received signal photons within a 2-ns time
window and filter out the background noise. In addition, we use a
bandwidth filter in the receiver to reduce the background scattering.
In the current experiment, we limit ourselves to night-time operation
to avoid sunlight.

Finally, the relative motion of the satellite and the ground station
induces a time-dependent rotation of the photon polarization seen by
the receiver. We predict theoretically that the polarization contrast ratio
would decrease from 150:1 to 0 during one orbit (Fig. 2¢). To solve this
problem, we calculate rotation angle offset by taking into account the
relative motion of the satellite and the ground station and all of the bire-
fringent elements in the optical path. Using a motorized half-wave plate
for dynamical polarization compensation during the satellite passage,
the average polarization contrast ratio increases to 280:1 (Fig. 2¢).

Experimental procedure and results
We use the decoy-state?®* Bennett-Brassard 1984 (BB84)! protocol
for QKD, which can detect photon-number-splitting eavesdropping
and thus enable secure QKD using weak coherent pulses over very
large distances and with very high key rates. The main idea is to use
multiple intensity levels at the source of the transmitter: one signal state
(the mean photon number ) and several randomly interspersed decoy
states {1i1, (12, ...). Here we use a protocol with three intensity levels:
high (4, moderate 4¢; and zero i, (vacuum), sent with probabilities of
50%, 25% and 25%, respectively. These intensity levels are optimized
by performing simulations to maximize the secret bit rate for the
satellite-to-ground channel.

For downlink QKD, a transmitter (designed and tested to be suita-
ble for operation in low-Earth orbit) is integrated in the satellite (see
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(shown as the number of detected events normalized by the maximum
count in each bin) of the X and Y axes extracted from the real-time
images read out from the fast camera. ¢, Polarization contrast ratio with
(corresponding to our experiment) and without (determined theoreticalty)
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Fig. 1b). Eight fibre-based laser diodes—four used as signal and four
as decoy states—emit laser pulses (848.6 nm, 100 MHz, 0.2 ns). The
output power of the eight laser didoes is monitored in real time by
internal integrated photodetectors and controlled remotely by closed-
loop systems, which precisely set the required intensity of the signal and
decoy states and stabilize with less than 5% variation. In-orbit meas-
urements show that with independent temperature tuning of the eight
{asers their wavelengths are matched to within 0.006 nm, much smaller
than their intrinsic bandwidth (about 0.1 nm). The lasers are synchro-
nized to be within <10 ps, much smaller than their pulse duration of
around 200 ps. The output beams are coaligned to ensure that both
concentricity and coaxiality are better than 95%.

The light beams are then sent to a BB84-encoding module consisting
of a half-wave plate, two polarizing beam splitters and a beam splitter,
which randomly prepares the emitted photons in one of the four polari-
zation states: horizontal, vertical, linear +45° or linear —45°. A physical
thermal noise device generates a 4-bit random number for each run
that drives the eight lasers and determines the output polarization and
intensity levels. Independent electric control of the eight lasers and
adjustment of the attenuation allow us to accurately obtain the average
photon number in the output of the telescope: 11s=0.8, ; =0.1 and
2 ="0. In the ground station, a compact decoding set-up consisting of
a beam splitter, two polarizing beam splitters and four single-photon
detectors (efficiency, 50%; dark counts, <25 Hz; timing jitter, 350 ps)
is used for polarization-state analysis (see Fig. 1¢ and Methods). The
overall optical efficiency, including the receiving telescope and the fibre
coupling on the ground station, is approximately 16%. The satellite
uses a radio-frequency channel for classical communication with the
ground station (with an uplink and downlink bandwidth of 1 Mbit s~!
and 4 Mbit s, respectively), and its experimental control-box payload
to perform the sifting, error correction and privacy amplification.

The satellite passes Xinglong ground station along a Sun-
synchronous orbit once every night starting at around 00:50 local time,
for a duration of about 5 min. About 10 min before the satellite enters
the shadow zone, its attitude is adjusted to point at the ground station.
When the satellite exceeds an elevation angle of 5° from the horizon
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plane of the ground station, a pointing accuracy of better than 0.5°
is achieved. The APT systems then start bidirectional tracking and
pointing to guarantee that the transmitter and receiver are robustly
locked throughout the orbit. From an elevation angle of about 15°, the
QKD transmitter sends randomly modulated signal and decoy photons,
together with the beacon laser for timing synchronization, which are
received and detected by the ground station. A single-orbit experiment
ends when the satellite again reaches an elevation angle of 10°, this time
on its descent (see Methods).

Since September 2016, we have routinely been able to successfully
perform QKD under good atmospheric conditions. In Fig. 3a we show
the data for the orbit on 19 December 2016, with a minimal (maximal)
separation of 645km (1,200 km). Within a duration of 273 s for the
QKD data collection, the ground station collected 3,551,136 detection
events, corresponding to 1,671,072 bits of sifted keys (see Fig. 3b). The
sifted key rate decreases from about 12kbit s™" at 645km to 1 kbit s~*
at 1,200 km, owing to the increase both in the physical separation
distance and in the effective thickness of the atmosphere near Earth
at smaller elevation angles. The time trace of the sifted key rate in
Fig. 3b demonstrates that we are reliably able to obtain the keys
throughout the duration of the data collection. However, more pro-
nounced fluctuation in the key rate is observed near the central points
of the orbit, when the satellite passes directly over the ground station
and its effective angular velocity reaches its maximum (about 1°s7}),
thus placing stringent demands on the APT system. In Fig. 3¢ we show
the observed quantum bit error rate, with an average of 1.1%, consistent
with the expected error rate due to background noise and polarization
visibility. The quantum bit error rates are slightly higher in the second
half of the orbit, when the ground telescope faces towards Beijing and
so there is more background light from the city.

We then perform error correction and privacy amplification
to obtain the final keys. After randomly shuffling the sifted key, a
hamming algorithm is used for error correction. We perform
privacy amplification to reduce the possible knowledge of an
eavesdropper by applying a random matrix over the corrected
keys. Moreover, we take into account the intensity fluctuations for
the signal and decoy states (< 5%) and, when the statistical failure
probability is set to 107%, calculate a secure final key of 300,939 bits,
corresponding to a key rate of approximately 1.1 kbit s~ 1.

As in previous experiments®*?%, here the key analysis does not
consider information leakage due to possible side channels from the
imperfect spatial, temporal and spectral overlap of the quantum light
sources. The use of multiple laser diodes for different (signal and decoy)
states and intensities can cause smail (a few per cent here), non-ideal
state overlap, which can be straightforwardly mitigated in future work
by using narrowband spectral filtering or by adopting decoy-state QKD
transmitters with only a single laser diode and modulating the created
state externally.

The QKD experiments performed on 23 different days, with different
physical distances between the satellite and the ground station, are
summarized in Extended Data Table 2 and Extended Data Fig. 1. The
shortest satellite-to-station distance depends on the highest altitude
angle of the day, and varies from 507.0km at 85.7° to 1,034.7 km at
25.0°. The sifted key that is obtained has a peak key rate of 40.2 kbits !
at 530km and decreases for larger distances, for instance to 1.2kbit s
at 1,034.7km. From Extended Data Fig. 1, we also observe the fluctua-
tion in the key rate due to different weather conditions. The quantum
bit error rates are measured to be 1%-3%.

We compare the performance of our satellite-based QKD with that
expected from the conventional method of direct transmission through
optical telecommunication fibres. In Fig. 4 we show the link efficiency
over distances of 645-1,200km extracted from the observed count
rate, together with theoretically calculated link efficiency assuming
fibres with loss of 0.2 dB km L. Despite the short coverage time
using the Micius satellite (273 s per day) and the need for reasonably
good weather conditions, we observe an enhancement in efficiency
compared to telecommunication fibres, which increases for larger
distances; at 1,200 km, the channel efficiency of the satellite-based
QKD over the 273-s coverage time is 20 orders of magnitudes higher
than that achieved using the optical fibre. As a comparison with our
data in Fig. 3b, over a distance of 1,200km, even with a perfect 10-GHz
single-photon source and ideal single-photon detectors with no dark
count, transmission through optical fibres would result in only a 1-bit
sifted key over six million years.

Discussion and outlook
We have reported satellite-to-ground quantum communication over
a distance scale of 1,200 km. Qur satellite can be further used as a
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Figure 4 | QKD link efficiencies. Link efficiencies are shown for direct
transmission through telecommunication optical fibres (red) and

the satellite-to-ground approach (blue). The link efficiencies for the
fatter were calculated by dividing the photon intensity that arrived in
front of the detectors at the ground station by that at the output of the
satellite’s transmitter. At a distance of 1,200 km, the satellite-to-ground
approach (within the satellite coverage time) is more efficient than direct
transmission by 20 orders of magnitude.

reliable relay to conveniently connect any two points on Earth for high-
security key exchange. For example, we can first implement QKD in
Xinglong, after which the key is stored in the satellite for 2 h until it
reaches Nanshan station near Urumgj, a distance of about 2,500 km
from Beijing. By performing another QKD between the satellite and
the Nanshan station and using one-time-pad encoding, a secure key
between Xinglong and Nanshan can be established. Future experimental
plans include intercontinental secure-key exchanges between China
and Austria, Italy and Germany.

Thus far, the shortcomings of the low-Earth-orbit satellite are limited
coverage area and amount of time spent within range of each ground
station. To increase the coverage, we plan to launch satellites with
higher orbits and to construct a satellite constellation, requiring the
development of new techniques to increase the link efficiency, including
larger telescopes, better APT systems and wave-front correction
through adaptive optics. However, higher-orbit satellites will spend
less time in Earth’s shadow; daytime QKD can be implemented using
telecommunication-wavelength photons and improved spatial and
spectral filtering™®.

The satellite-based QKD can be linked to metropolitan quantum
networks, in which fibres are sufficient and convenient to connect
numerous users in a city over distance scales of approximately 100km
(ref. 31). We thus envision a space-ground integrated quantum
network, enabling useful quantum cryptography—probably the first
commercial application of quantum information—at the global scale.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Timeline and details of China’s Micius project. 2003: A pre-study project, ‘free-
space quantum communications, was assigned by the Chinese Academy of Sciences
(CAS) to test the feasibility of satellite-based quantum communications.

2004: Distribution of entangled photons over 13km through a noisy near-
ground atmosphere over Hefei city was achieved, reaching a distance of more
than the effective thickness of the aerosphere!.

2007: The ‘Quantum Experiments at Space Scale’ project, aimed at developing
important techniques for performing quantum experiments at the space scale,
was supported by CAS.

2007: Quantum teleportation? over the Great Wall in Beijing, a distance of
16 km, was achieved.

2010: Direct and full-scale experimental verifications towards ground-satetlite
QKD were implemented near Qinghai Lake in western China, on a moving
platform (using a turntable), on a tloating platform (using a hot-air balloon) and
with a high-loss channel (96 km, about 50 dB)°.

2011: Quantum teleportation and bidirectional entanglement distribution
over an approximately 100-km free-space channel were achieved over Qinghai
Lake®. These results demonstrated the technical ability of handling the high-loss
ground-to-satellite uplink channel and satellite-to-ground two-downlink channel.

2011: The ‘Quantum Science Satellite’ project was officially approved by CAS.

2012: Construction of the first prototype satellite began.

2014: The first prototype satellite was completed. The observatory station in
Xinglong was completed.

2015: The flight model of the satellite was completed. The observatory stations
in Nanshan and Delingha were completed. QKD and entanglement distribution
experiments were conducted between the payloads of the first prototype satellite
and the Delingha observatory station, over a distance of 17 km. A quantum telepor-
tation experiment was also conducted between the payloads of the first prototype
satellite and a transmitter placed in the Delingha station.

2016: The satellite passed through a series of environmental tests, including
thermal vacuum, thermal cycling, shock, vibration and electromagnetic
compatibility. The observatory stations in Lijiang and Ngari were completed.

2016: The Micius satellite, weighing 635 kg, was launched at 01:40 Beijing time

on 16 August 2016 by a Long March 2D rocket from the Jiuquan Satellite Launch
Centre, China. (A full view of the satellite before being assembled in the rocket is
shown in Extended Data Fig. 2a).
The satellite’s payloads. The satellite’s payloads for the QKD experiment are
composed of an experimental control box (with a weight of 7.56 kg, Extended
Data Fig. 2b), an APT control box (9.9 kg, Extended Data Fig. 2¢) and an optical
transmitter (115 kg, Extended Data Fig. 2d).

The experimental control box has six functions: experimental process
management, random-number generation and storage, modulation for the decoy-
state photon source, synchronization-pulse recording, QKD post-processing
(including raw-key sifting, error correction and privacy amplification to obtain
the secure final keys) and encryption management.

The optical transmitter is composed of eight laser diodes with their drivers,
a BB84 polarization-encoding module (Extended Data Fig. 2e, f), a telescope and
an APT system (including a beacon laser, a coarse camera, a two-axis mirror, a fine
camera, a fast-steering mirror (FSM), and so on). The QKD photons are generated
and transmitted to the ground station by the optical transmitter.

The APT control box contains mainly the control electronics for the coarse-tracking
loop and the fine-tracking loop. The specific functions include motor driver, FSM
driver, coarse-feedback-loop controller and fine-feedback-loop controller.
Ground station in Xinglong. The Xinglong observatory is located about 110km to
the northeast of Beijing. The observatory station in Xinglong consists of a Ritchey-
Chretien telescope (aperture of 1 m, focal length of 10 m) mounted on a two-axis
gimbal (Extended Data Fig. 3a), a red beacon laser (671 nm, 2.7 W, 0.9 mrad), a
coarse camera (field-of-view (FOV) of 0.33° x 0.33°, 512 x 512 pixels, frame rate
of 56 Hz; Extended Data Fig. 3b) and an optical receiver box located on the arm of
the gimbal (Extended Data Fig. 3a).

The coarse-tracking system consists of a two-axis gimbal in a control loop with
a coarse camera. The coarse camera is used to detect the 532-nm beacon laser
coming from the satellite. Guided by the 532-nm beacon laser, the 671-nm beacon
laser installed on the ground telescope can point to the satellite precisely.

The fine-tracking system and the 850-nm photon receiver are mounted in
the receiver box (part of the receiver box is shown in Extended Data Fig. 3c).
The fine-tracking system consists mainly of a FSM based on a voice-coil and a
fine camera (FOV of 1.3 mrad x 1.3mrad, 128 x 128 pixels, frame rate of 212 Hz).
A dichromic mirror is used to separate the 850-nm photons from the 532-nm
beam. A beam splitter is used to divide the 532-nm beam into two parts. One is
sent to the fine camera for tracking and the other is sent to an optical coupler linked
to a single-photon detector for synchronization.

After passing through a beam expander, a motorized half-wave plate (HWP)
and an interference filter, the 850-nm photons are received by a customized BB84
polarization-analysis module. Four multimode tibres with core diameters of 105m
are used to connect the receiver module with four single-photon detectors. The
electric output pulses from ali five single-photon detectors and a global positioning
system (GPS) pulse-per-second (PPS) signal are fed into a time-to-digital convertor
(TDC), which records the detecting time and the channel numbers of the detectors.
The acquired data are stored in the computer for further processing.

APT systems. The optical transmitter in the satellite and the receiver in the ground
station both have cascaded multistage APT systems (Extended Data Fig. 4).

In the transmitter, there is a three-stage APT system. The first stage is the satellite
attitude control system, which keeps the QKD photons pointing to the ground
station with an error of less than 0.5°. The second stage is the coarse-control loop,
which includes a two-axis gimbal mirror (azimuth and elevation rotation ranges
of 10°) and a CMOS camera (FOV of 2.3° x 2.3° frame rate of 40 Hz). The third
stage is the fine-control loop, which is composed of a FSM driven by piezo ceramics
(tracking range of 1.6 mrad) and a camera (FOV of 0.64 mrad x 0.64 mrad, frame
rate of 2kHz).

In the receiver, a two-stage APT system is used. The first stage is the coarse-
control loop, including a two-axis gimbal telescope (azimuth rotation range of
about —270° to +270°, elevation rotation range of about —5° to +95°) and a
CCD camera (FOV of 0.33° x 0.33°, frame rate of 56 Hz). The second stage is
the fine-control loop, including a FSM driven by a voice-coil (tracking range of
+35mrad) and a CCD camera (FOV of 1.3mrad x 1.3 mrad, frame rate of 212 Hz).

At the beginning, on the basis of the predicted orbit of the satellite, the receiver
points a 671-nm beacon laser (2.7 W) towards the satellite in real time. The coarse
camera in the satellite detects the 671-nm beacon laser to obtain the tracking error
of the line-of-sight. With the feedback control of the two-axis gimbal mirror and
the coarse camera, the coarse tracking error is less than 10rad, much smaller than
the FOV of the fine camera. The fine tracking error is less than 2 prad, owing to the
feedback control of the FSM and the fine camera.

The optical transmitter in the satellite simultaneously points a beacon laser
(wavelength of 532 nm, optical power of 160 mW, divergence angle of 1.25 mrad)
towards the ground station. The ground station uses this beacon laser to correct
its pointing direction, with an error of about 1-2prad. Finally, the link is locked
onto the transmitter and the receiver in a closed-loop tracking.

The optical transmitter sends the QKD photons with a ‘point-ahead angle’ to the
receiver. The ‘point-ahead angle’ is a series of angles to compensate for the trans-
verse velocity of the two terminals and the speed of light, achieved by adjusting the
tracking reference of the transmitter’ fine-tracking loop in real time.
Synchronization. Because the transmitter and the receiver are separated by a large
distance and have independent reference clocks, time synchronization is used to
label QKD photon pulse sequences by their arrival time, which can be used to
distinguish the QKD photons from the background noise. Because the distance
between the transmitter and the receiver changes as the satellite passes over the
ground station, we use both the GPS PPS signal and an assistant pulse laser in our
synchronization scheme,

In the transmilter, the 532-nm beacon laser is designed as a pulse laser to per-
form synchronization, which is a passive Q-switching-type laser with about 10-kHz
repetition frequency and 0.88-ns optical pulse width. Part of the laser is guided
into a fast photodiode to convert it into an electrical pulse signal. This pulse signal
and the GPS PPS signal from the satellite are fed into the TDC module of the
transmitter. The acquired data are stored in the memory for further processing.
Note that the time base of the TDC module is synchronized with that of the QKD
photon-modulation module because they share a common clock.

In the receiver, part of the 532-nm laser beam is sent to a single-photon detector.
The output signal of the single-photon detector, together with the electrical output
pulses of the four single-photon detectors and the GPS PPS signal, is fed into a
TDC. The acquired data are stored in the computer for further processing.

The time synchronization between the satellite and the ground can be divided

into two steps. First, according to the predicted flight time of the light and the GPS
PPS signal, the synchronization laser pulse sequence that is received on the ground
can be matched with the satellite. Second, on the basis of the result of the first step,
the time between the satellite and the ground is synchronized. We observe a typical
temporal distribution of QKD photons with a standard deviation around 500 ps
(Extended Data Fig. 5). A signal time window of 2 ns is used. Only events in the
time window are valid.
Measuring the far-field pattern. Before the launch of the satellite, we measured
the far-field pattern of the 850-nm laser in a thermal-vacuum test to simulate the
in-orbit environment. Using a beam analyser, the divergence is measured to be
8prad x 11yrad. The result is shown as Extended Data Fig. 5.

After the launch of the satellite, we could not measure the far-field profile
directly as in the ground test. Alternatively, we adopted a scanning method,
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measuring the intensity distribution of the 850-nm photons as a function of
the pointing angle of the transmitter. The profile that we obtained is shown in
Extended Data Fig. 5. Such a complete scan usually took a few minutes. Because
the satellite is fast-moving, the satellite-to-ground distance and the atmospheric
conditions vary with time, Atmospheric turbulence can be fast and can occur
within a scanning cycle, which can distort the scanning plot. We observe that the
result of the in-orbit test are qualitatively consistent with those from the ground
test (Extended Data Fig. 5).

Experimental procedure. The experimental instruction and data process of
satellite-to-ground QKD is shown in Extended Data Fig. 6. Six systems work
together to implement the QKD experiment, including the scientific experiment
planning centre, the ground support centre, the ground tracking telemetry and
command centre, the optical ground station and the satellite platform with the
payloads.

The satellite-to-ground QKD procedure is as follows (Extended Data Fig. 6).
First, the experiment planning centre arranged the experiment, if the following
conditions are guaranteed: (a) the calculated maximum elevation angle of the
satellite to the ground station is greater than 25° (on the basis of predicted satellite
orbits); and (b) the weather is forecasted to be clear and sunny. If so, instruction
sequence files for the satellite are made and sent to the ground support centre. The
instruction sequence file, the predicted curve data file and the polarization base
compensation curve file for the motorized HWP are sent to the optical ground
stations.

Second, the instruction file is translated to a coding file at the ground support
centre and then sent to the ground tracking telemetry and command centre for
upload to the satellite.

Third, the satellite platform and the payloads along with the optical ground
station execute the instructions to transmit QKD photons from satellite to ground
as follows:

(a) The satellite starts to change the pointing mode from geocentric to
ground-station centric 10 min before entering the shadow zone. When the satellite
exceeds an elevation angle of 5° from the horizon plane of the ground station,
a pointing accuracy of better than 0.5° is achieved. At the same time, system
initialization of the payloads is set.

(b) Before the satellite appears above the horizon, the telescope at the ground
station activates its beacon laser at an elevation angle of 10° above the horizon to
wait for the satellite. Once the elevation angle of the satellite to the ground station
is more than 10°, open-loop pointing according to the predicted orbit is auto-
matically executed. Meanwhile, the receiver at the ground station initiates data
recording and starts to rotate the motorized HWP according to the polarization
base compensation curve file.

(c) After reaching an elevation angle of 10° above the horizon, the satellite
is fully covered by the beacon laser (671 nm) at the ground station. When the
coarse-tracking camera of the optical transmitter obtains an image of the ground
beacon laser, the APT is initiated to precisely track the ground beacon laser. At
the same time, the beacon laser of the optical transmitter (532 nm) points towards
the ground station.

(d) When the ground station receives the beacon laser from the optical
transmitter, the APT control begins to precisely track the satellite beacon laser.
Bidirectional tracking and locking between the transmitter and receiver is then
achieved.

(e) At an elevation angle of about 15°, the satellite begins to read the random
numbers and modulate the lasers for the decoy-state protocol. Both the satellite and
the ground station record the GPS PPS signals and detect the 532-nm synchronous
laser pulse for timing information. At the same time, the ground station records
the output signals of the four single-photon detectors for the QKD measurement.
All of the data are stored.

(f) When the satellite reaches an elevation angle of approximately 10° on its
descent, the transmission of QKD photons and the tracking loop are terminated.

(g) After the transmission of the photons, experiment data are stored for further

processing.
Decoy-state protocol and key rates. In practical QKD with a lossy channel, the
security can be undermined by a photon-number-splitting attack if an imper-
fect single-photon source is used. For security, we need to use the decoy-state
method®®?, which verifies the lower bound on the single-photon counts.

The main idea of the decoy-state method is to change intensities randomly
among several different values when sending out each pulse. Equivalently, we
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can regard pulses of different intensities as pulses from different sources. In this
experiment, we use three different intensities: 12 =0 for vacuum, and y and p,
for the decoy and signal states, respectively. In photon-number space, the state of
the pulse from a non-vacuum source can be written as

=" ailk) (k]

k

where

e
k!

is the photon-number (k) distribution of the source of phase-randomized weak
coherent states, with intensity p= 1, =0, = p) and ;= p; for vacuum, decoy
and signal sources.

In practice, the number of pulses is finite and we have to consider the possible
statistical fluctuations®®. In such a case, we introduce an average value {s;) for the
counting rate of a k-photon state in a certain basis and use the constraints

Si=3" ailse)

k

!
ap =

Siis the directly observed value for the counting rate of source / in experiments and
is regarded as a known value, but we need the average values (S;) to calculate the
secure final key rate. In general, any average value (A) can be related to its observed
value A, with a fixed failure probability £ by

(Ay=A(1+8)
de[=64(8), 6:(8)]
{4)=A[l-84A,9)]
(&Y= A1 +6,(4,8)]

where the under- and overbars indicate upper and lower bounds, respectively. With
these preparations, we can determine a lower bound on the counting rate of a
single-photon pulse s), given the observed values of S, in each basis. Simitarly, given
the observed values of error E, we can determine an upper bound on bit-flip error
rate of a single-photon pulse in each basis and hence an upper bound on the phase-

flip error rate e‘l’h. Finally, we can calculate the secure final key rate per emissive
pulse:

R=p, {aisy(1 — H(e™)] — f5,H(E,.)}

where fis the error correction inefficiency, H(x) = —xloga(x) — (1 ~ x)loga(1 — x)
is the binary Shannon entropy function,a) = p.e~#*and E,,, is the observed error
rate for source intensity .

The values of the parameters used in the experiment are listed in Extended
Data Table 3. We send out 1.36 x 10'? pulses in the whole experiment. The results
of the experiment are listed in Extended Data Table 4; all data listed except Yy are
results after basis correction.

Setting the failure probability to £=10° and the error correction inefficiency
to f=1.4742, as in our actual key-distillation system, we find a secure final key
rate of R=1.38 x 107>, corresponding to 377,100 final keys if we had used the
Chernoff bound*.

We can also consider higher-level security by taking into consideration the
uncertainties of the intensity of the source light*>. Here we have both the light-
intensity uncertainties and the statistical fluctuation. According to the experimental
data, we know that o < 5%, and we set the failure probability to 10~% with a
Chernoff bound for the statistical fluctuation. We obtain a secure final key rate of
R=1.10 x 107%, corresponding to 300,939 final keys.

Data availability. The data that support the findings of this study are available
from the corresponding authors on reasonable request.

32. Curty, M. et al. Finite-key analysis for measurement-device-independent
quantum key distribution. Nat Commun. 5, 3732 (2014).

33. Wang, X.-B, Yang, L. Peng, C.-Z & Pan, J.-W. Decoy-state quantum key
distribution with both source errors and statistical fluctuations. New J. Phys.
11, 075006 (2009).
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Extended Data Figure I | Summary of the QKD data obtained for
23 different days. The x axis is the shortest satellite-to-station distance,
which occurs at the highest elevation angle and varies for different days.
The y axis is the average sifted key rate that is obtained over the 273-s
orbit. The inset shows the quantum bit error rate.
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Extended Data Figure 2 | The Micius satellite and the payloads. a, A full view of the Micius satellite before being assembled into the rocket. b, The
experimental control box. ¢, The APT control box. d, The optical transmitter. e, Left side view of the optical transmitter optics head. f, Top side view of
the optical transmitter optics head.
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Extended Data Figure 3 | Hardware at Xinglong ground station. a, The
two-axis gimbal telescope. b, Beacon laser and coarse camera. ¢, One of the
two layers of the optical receiver box.
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Extended Data Figure 4 | Sketch of the tracking systems on the satellite and at the ground station. DM1: dichroic mirror transmitting 671-nm light
and reflecting 850-nm light. DM2: transmitting 532-nm light; reflecting 671-nm light. DM3: transmitting 532-nm light; reflecting 850-nm light.
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Extended Data Figure 5 | A typical temporal distribution of 850-nm
photons and the measured far-field pattern. a, A typical temporal
distribution of 850-nm photons after the time synchronization process.
The data measurement time is 1 s. Each time bin is 100 ps. The counts are
normalized and a variance of § = 0.5 ns is obtained with Gaussian fitting.

b, Far-field pattern measured from the thermal-vacuum test on the
ground. The divergence angles (full angle at 1/e* maximum) are 8 prad for
the X axis and 11 urad for the Y axis. ¢, Far-field pattern measured from
the satellite-to-ground scanning test. The divergence angles (full angle at
1/€? maximum) are 9 urad for the X axis and 11 prad for the Y axis,

i€, 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 6 | The experimental procedure. a, Instruction and data processes. b, Tracking and QKD processes during an orbit.
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Extended Data Table 1 | Performance of the APT systems

Components

Transmitter terminal

Receiver terminal

Type
Coarse pointing mechanism

Tracking range

Type

Field of view
Coarse camera

Pixels & frame rates
Type

Fine pointing mechanism
Tracking range

Field of view

Fine camera
Pixels & frame rates
Power

Beacon laser Wavelength
Divergence

Tracking error {18)

Two-axis gimbal
mirror
Azimuth:5 °
Elevation: 5 °
CMOS
23°x23°
1024 x 1024 & 11 Hz

512 x512 &40 Hz

PZT fast steering mirror

0.8 mrad

0.64 mrad x 0.64 mrad

60 x 60 & 2000 Hz
160 mwW
531.9nm
1.25 mrad

0.6~1.5 prad

Two-axis gimbal
mount
Azimuth:-270 °~+270 °
Elevation:-5 °~+95 °
CCh

0.33°x0.33°

512 x 512 & 56 Hz

Voice-oit fast steering mirror
+17.5 mrad
1.3 mrad x 1.3 mrad
128 x 128 & 212 Hz
27TW
671 nm
0.9 mrad

1~2 prad

i€ 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved
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Extended Data Table 2 | QKD data of 23 different orbits from 23 September 2016 to 22 May 2017

Date Highest altitude angle Shortest distance Peak sifted key rate Average sifted key rate Quantum bit erfor rate
) (km) (kHz) (kHz)
23/09/2016 67.35 527.07 221 53 1.39 %
29/09/2016 54.25 591.56 241 7.7 1.67 %
09/10/2016 28.67 930.2 27 0.9 2.16 %
10/10/2016 28.87 926.82 21 1.0 1.41%
19/12/2016 47.79 645.08 14.1 6.1 1.14 %
04/01/2017 434 685.04 10.8 46 1.21%
06/01/2017 71.68 513.46 11.1 38 1.40 %
12/01/2017 35.8 788.19 21 0.8 282%
01/12/2016 24.99 1034.66 1.2 0.7 218 %
13/02/2017 445 695.76 13.9 26 1.85 %
14/02/2017 85.7 507.00 13.6 4.5 1.39 %
21/02/2017 29.64 929.67 9.0 59 117 %
08/03/2017 796 511.35 214 9.9 1.08 %
11/03/2017 42.69 711.94 15.6 6.6 1.1 %
20/04/2017 82.85 491.92 11.5 5.8 248 %
27/04/2017 40.04 728.20 6.1 1.4 1.00 %
07/05/2017 68.24 530.33 40.2 121 1.39%
11/05/2017 54.85 598.09 17.2 25 2.30 %
14/05/2017 49.45 641.65 79 29 1.19%
17/05/2017 65.24 548.41 11.4 29 1.27 %
18/05/2017 31.49 883.23 1.9 0.9 168 %
20/05/2017 70.34 531.05 17.8 5.9 231%
22/05/2017 31.31 887.84 6.5 38 1.58 %

& 2017 Macmillan Publishers Limited, part of Springer Nature, All rights reserved.
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Extended Data Table 3 | Performance of the transmitter and receiver

Components Data
Telescope diameter 300 mm
Wavelength 848.62 nm
Offset of wavelength <0.006 nm
Linewidth (3 dB) ~0.1 nm
Pulse width (FWHM) ~200 ps
Polarization contrast ratio >225:1
Transmitter Divergence ~10 prad
(weak coherent pulses) Frequency 100 MHz
Signal 0.8
Mean photon number Decoy 0.1
Vacuum 0
Signal 0.5
Probability Decoy 0.25
Vacuum 0.25
Telescope diameter 1m
Receiver Optical efficiency @850nm ~16%
Detector efficiency @850nm ~50%
Laser pulse (FWHM) 0.88 ns
Synchronization
Laser frequency 10.7 kHz
Synchronization jitter of transmitter and receiver (18) ~0.5ns

€1 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Table 4 | Observed data for a single orbit at Xinglong station

7 (s) Y, S S E E R

g 10 g ™ puise total

273 5.89x107 1.22x10™ 152x107° 1.1% 1.8 % 1.10x10°° 300939

Tis the effective time for QKD, Y is the yield for the vacuum states, s, is the counting rate for a source of intensity ., £;is the quantum bit error rate of the states of intensity 1, Rouise s final key rate per
clock cycle and Ryqi) is the total final key size of the experiment.

€1 2017 Macmillan Publishers Limited, part of Springer Nature, Al rights reserved.
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CHEMICAL PHYSICS

n the Copenhagen interpretation of quantum

mechanics, a particle is fully described by its

complex wave function ¥, which is charac-

terized by both an amplitude and phase. [How-

ever, only the square modulus of the wave
function, |*¥|?, can be directly observed (I, 2). Re-
cent developments in attosecond technology
based on electron-ion recollision (3) have pro-
vided experimental tools for the imaging of the
electronic wave function (not its square) in bound
states or ionization continua. High-harmonic spec-
troscopy on aligned molecules was used to re-
construct the highest-occupied molecular orbital
of nitrogen (4, 5) and to observe charge migra-
tion (6). Strong-field tunneling was used to mea-
sure the square modulus of the highest-occupied
molecular orbital for selected molecules (7). Fur-
thermore, recollision holography (8, 9) permitted
a measurement of the phase and amplitude of
a continuum electron generated in an intense
laser field.

Complementary to recollision-based measure-
ments, photoelectron spectroscopy with atto-
second extreme ultraviolet (XUV) pulses has
also measured photoelectron wave packets in
continuum states (10-16) by exploiting quantum
interferences (17-19). However, decomposition
of the wave function of an ejected photoelec-
tron into angular momentum eigenstates with
a fully characterized amplitude and phase is
more difficult. First, in general, a one-photon

transition with linearly polarized light gener-
ates two orbital angular momentum (¢) states,
according to the selection rule A{ = £1. Second,
because the initial state has a {2¢ + 1)-fold de-
generacy (labeled by m, the magnetic quan-
tum number) and because m is conserved for
interactions with linearly polarized light, photo-
electron waves with a range of m are produced.
I1ence, the photoelectron momentum distribution
contains a sum of contributions from different
initial states, each of which is a coherent sum
of different angular mnomentum components,
making it difficult to decompose the continuum
state into individual angular momentum com-
ponents (20-22).

Here we preferentially create an almost pure
f-wave continuum wave function with m = 0 in
neon by using an attosecond XUV pulse train
synchronized with an infrared (IR) laser pulse
through the process of high-harmonic genera-
tion. The isolation of the f-wave with m = 0 is
attributed to the XUV excitation to a resonant
bound state that is Stark-shifted by the IR field.
By adding an additional coherent pathway that
produces an isotropic electron wave, we create
a hologram and reveal the alternating sign of
the lobes of the f-wave, By controlling the phase
of the interfering pathways with attosecond
precision, we are able to determine the am-
plitudes and phases of all six partial-wave com-
ponents that contribute to the continuum wave
function.

The experimental setup is described in detail
in the supplementary materials (SM). An 800-nin
wavelength laser pulse with a 35-fs duration is
focused onto an argon gas jet, producing high-
harmonic emission that we label “XUV.” In the
frequency doinain, the emission has peaks at odd-
integer multiples of the driving laser frequency.
In the time domain, the XUV pulse is composed
of a train of attosecond pulses. The high-harmonic
emission is focused onto a second gas jet con-

taining neon gas. The neon atoms are excited and
photoionized by different high-harmonic orders,
and the resulting photoelectrons are recorded by a
velocity map-imaging (VMI) spectrometer, which
measures their two-dimensional (2D) projection
onto a detection plane (23). For the phase-resolved
measurements, we generate an XUV spectrum
that contains both even and odd harmonics, using
both 800~ and 400-nm driving laser pulses (24). In
both cases, part of the 800-nm pulse (called “IR”)
is also focused onto the neon gas, permitting res-
onant (1 + 1%-photon, XUV + IR ionization and
Stark-shifting of the resonant bound states (25).
The two-color temporal control and stability of
the experiment is <50 as.

We first consider the situation where the XUV
is generated by 800 nm only (i.e., no 400-nm
contribution). The XUV spectrum then consists
of a comb of odd harmonics of the IR driver laser
frequency (i.e., no even harmonics). Figure 1A
shows the XUV + IR photoelectron momentum
distribution for the ionization of neon that is
measured under these conditions. At very low
momentum, i.e., close to the ionization threshold,
a six-fold angular structure is clearly observed.
For comparison, an image recorded for helium
under the same conditions is shown in Fig. 1B.
This experiment may be viewed as the angular-
resolved version of a previous study in helium by
Swoboda et al. (26), in which the phase shift due
to an intermediate resonance was mapped out.
For neon, in Fig. 14, the outer ring is produced
through direct ionization by harmonic 15 (I115),
whereas the inner structure results from (1 + 1)-
photon, H13 + IR ionization through the 3d
intermediate resonance. The widths in the radial
direction of all observed features are a conse-
quence of the frequency bandwidth of the XUV
and IR pulses (27).

Figure 1C shows an energy level diagram that
rationalizes the experimental observations in
neon. The XUV photon energy and the IR inten-
sity create a resonance condition for H13 with
the Stark-shifted 3d level (see SM). The addition
of an IR photon enables (1 + 1')-photon ioniza-
tion, producing the central feature seen in Fig.
1A. In Fig. 1C, the atomic eigenstates are labeled
with the usual atomic physics notation, i.e., with
principal quantum number n and with the or-
bital angular momentum labeled as s (¢ = 0),
p¢ =1),d (¢ = 2), and f (¢ = 3). A dipole tran-
sition between states changes ¢ by +1. For neon
(15”25*2p%, the 2p—3d transition is dipole-allowed,
and in the dipole approximation, the continuum
electron resulting from XUV + IR ionization must
have either p- or f-wave character. We show that
the experiinental results are consistent with a
continuuin electron wave function that is pre-
dominantly an f-wave with m = 0.

The amiplitude of the six-fold structure is mod-
ulated when the relative delay between the XUV
and the IR laser pulses is varied. This modulation
is due to the interference between the resonant
H13 + [R pathway and the nonresonant H15 - IR
pathway (we use the notation H13 + IR and H15 -
IR to denote two-photon pathways composed of
one harmonic order plus or minus one infrared

1o0f4
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Fig. 1. Experimentai
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tron images. The
observed photo-
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distributions result
from the ionization of
(A) neon and

(B) helium by an
attosecond pulse
train synchronized
with the fundamental
IR laser pulse. Both
pulses were polarized

Z Momentum (10'24 Nm)

0.6

0.4

0.2

along the vertical (2)
axis. In both images,
the outer rings are

due to direct ioniza-

-0.5

0

X Momentum {10°%* Nm)

Cc
s+d
f+p —
L o o o
Ip
3d
H13 H15 Hi4
2p

0.5 -0.5 9

0.5

X Momentum {10°%* Nm}

tion by harmonics 15 (neon) and 17 (helium). The central feature in the neon image results from (1 + 1')-photon, XUV + R ionization via the 3d state.
The slight left-right asymmetry arises from imperfections in the microchannel plate detector. An energy level diagram in (C) shows the levels that are
relevant for understanding the neon experiment. The green line labels the six-fold low-energy teature seen in (A).

photon). The SM shows that the phase of the six-
fold structure is different from that of the higher-
order sidebands, consistent with the occurrence of
a phase shift due to the 3d resonance. This result
is consistent with the observations of Swoboda e al.
(26) in helium.

Experimentally, the resonant excitation to
the Stark-shifted 3d state can be confirmed by
measurements of the photoelectron momen-
tum distribution as a function of both the pho-
ton energy of the XUV and the IR laser intensity
(0 to 4 x 10" W/cm?; see SM). At a given XUV
photon energy, the six-fold structure is ob-
served when the 1113 photon energy matches
the 2p--3d resonant energy plus the pondero-
motive shift resulting from the IR laser inten-
sity (see SM). However, when the XUV photon
energy is larger than the Stark-shifted 2p—3d
transition, the six-fold structure disappears into
a broad distribution.

The initial 2p state of neon has three orthog-
onal orbitals, p,, py, and p, (we consider that in
the experiment the laser is polarized along the
=z direction, and the photoelectron is detected in
the zz plane). lonization from each initial state
should contribute to the final angular distributions.
The three components of a continuum f-wave
resulting from (1+1')-photon ionization from the
three p orbitals are illustrated in Fig. 2, along
with their simulated VMI projections. It is clear
that the six-fold structure of Fig. 1A corresponds
only to the /n = 0 case, which is the only orbital
that displays the experimentally observed node
in the horizontal direction (v direction). The dom-
inance of the m = 0 channel is both notable and
unexpected. Like the ground state, in the absence
of the laser field, the m == 0 and m = 1 com-
ponents of the 3d resonance are degenerate. Our
experiment thus suggests that a Stark shift of the
3d resonant state may be responsible for the se-
lection of the m = 0 component. We show in the
SM that the Stark shift and ionization rate may
be different for m = 0 and m = *1, causing only

13,0). -

L.
v

13: 1), £,

Fig. 2. Calculated continuum wave functions and predicted VMI projections. The individuai
wave functions for the possible f-wave components are shown to the left of the corresponding
projections of the square of the wave function on a 20D plane. Quantization axis is along the vertical
(z) axis. Only the m = O case (left) is consistent with the experiment, which always exhibits a

node along the horizontal axis. The radial part of the wave functions was simuiated with a Gaussian
width to correspond to the experimental energy width of the VMI images: the radial information

in the experiment is not used—only the anguiar distributions are used. f, = Im(|3,1 + {3, ~1)/v2 and

fo = Re(]3,1 - 13. - 1)/V2.

the m = 0 channel to be shifted into resonance.
Figure S5 shows that, for a particular combina-
tion of XUV frequency and IR intensity, the con-
tribution of photoelectrons produced through the
m = 0 channel exceeds by an order of magnitude
the contributions from the m == +1 channels.
This calculation was performed with a 3D time-
dependent Schridinger equation (TDSE) solver
by using an effective potential for argon, not
neon. As discussed in the SM, this calculation
demonstrates the plausibility of m = 0 selection
by the Stark shift, but the calculation must be
done for a benchmarked neon potential.

We next modified the experiment by introduc-
ing a third, XUV-only, one-photon pathway to
the final continuum state as a homodyne phase
reference. Experimentally, this was done by add-
ing the second harmonic of the 800-nm laser pulse
to the high-harmonic generation process, result-
ing in the creation of both even and odd har-
monics (24). Even-order harmonic 1114 creates
photoelectrons with the same energy as the 1113 +
IR and I115 - IR pathways (see Fig. 1C). Direct

ionization from the 2p ground state by H14 pro-
duces s- and d-waves, which interfere with the
predominant f-wave that is created by both (1 +
1")-photon processes. By varying the relative delay
between the XUV and IR pulses, the phases of the
XUV + IR, (1+ 1')-photon processes are altered,
whereas the s- and d-waves are unaffected by the
delay, providing a constant phase reference for
the other channels.

Figure 3 shows measured photoelectron mo-
mentum distributions from neon at three differ-
ent XUV-IR time delays. Compared with Fig. 1A,
the lobes in the six-fold angular pattern alternate
in intensity, and the intensity distribution is con-
trolled by the XUV-IR delay. The alternating three-
fold features can be rationalized in a simple
picture by coherently adding an f-wave to an
s-wave, or taking their difference, as illustrated in
Fig. 3, while neglecting the p- and d-wave
components.

The three VMI images shown in Fig. 3A are
taken from a series of 100 images recorded at
different XUV-IR time delays. These images were

2 of 4
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binned into 8° angular sectors, and the counts in
each sector were integrated to extract the angular
distribution for each image. In Fig. 4A, we plot
the observed electron angular distributions of the

Z {pixels})
Z {pixels)

central structure as a function of the XUV-IR
delay. The experimental results are compared
to a model in which six possible spherical har-
monics are added coherently and then projected

1.33fs
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X {pixeis} X {pixels) X {pixels)
0 radians 1.57 radians 3.14 radians
40 40 40

230 230 230

ju] s ©

z £ £

5] © 20 © 20

€ 20 £ 2 £

£ E E

> > >

0 10 n 10 0 10

10 20 30 40 10

20 30 40 10 20 30 40

Fig. 3. Electron momentum angular distributions with three pathways. (Top) Experimental
electron momentum distributions resulting from the ionization of neon via the three

pathways (H13, H14, H15) shown in Fig. 1C. The polarization direction is vertical. (Bottom)
Calculated images for a pure s-wave added to a pure f-wave (m = 0) with equal amplitudes,
squared and projected onto a plane, to show that the experimental results are dominated

by these two components. For simplicity (and as supported by the data in Table 1). the p- and
d-wave contributions are not included. The s-wave component is produced by direct one-photon
ionization with H14 and provides a phase reference for the other two interfering pathways.

As the phase of the IR pulse is advanced by the times shown above each figure, the phase of
the f-wave component is varied. The resulting interference introduces an up-down asymmetry in
the momentum distribution that can be controlled by the IR phase.

Experiment
240 ‘

Angle (deg)

0 1 2 3
Delay (rad/=)

onto the xz plane to simulate the VMI images.
The total continuum wave function is writ-
ten as

w(0,9) = AsYoo + Aae® Yoo +
(Ap136™ V1o + Agr3e™ Va0 )€™ +

(Apise3 Vip + Apise®s Vag)e ™8 (1)

where the A’s represent amplitudes of each par-
tial wave contribution, ¢ are the corresponding
phases,  is the IR laser frequency, t is the XUV-IR
delay time, and Y;,,,(8. ¢) are spherical harmonics.
The first two terms of the right side of the equa-
tion describe the one-photon ionization by 1114
producing s- and d-waves, whereas the latter
two terms (containing the dependence on the
XUV-IR delay <) result from the pathway through
the 3d resonant state involving [113, and the
direct ionization channel involving H15, both
producing p- and f-waves. A fit of this model to
the experimental data yields the results shown
in Fig. 4B; the fitting parameters are listed in
Table 1. To ensure that a global optimum was
found, we employed a particle swarm optimiza-
tion algorithm with 107 initial conditions. The
amplitudes in Table 1 confirm the dominance of
the f- and s-wave components over the respective
p- and d-wave components that we have used in
the discussion of Fig. 3.

As an additional check, we show in the SM
that the partial-wave amplitudes and phases in
Table 1 are consistent with several further ex-
periments. One is the series of experiments that
produced the data shown in Fig. 1A, which were
recorded without H14 present; here the equal
intensities of all six lobes can only be reproduced
when the f- and p-waves are added with the rel-
ative phase and amplitude shown in Table 1. In a

2 3 4 5
Delay (rad/=)

Fig. 4. Angular distribution of the centrai feature of the VMI images versus XUV-IR delay. Angle zero is defined as the upward direction in the
VMI images. paraliel to the polarization (z) axis. A delay of r radians corresponds to a delay of half an IR optical period (1.33 fs). (Left) Experimental
data. (Right) Caiculated angular distribution based on fitting a 12-parameter model (see Eq. 1) to the experimental data. The amplitudes and phases
of each partiai wave are listed in Table 1. The dominant pattern is reproduced: Alternating lobes at 0° and 180° with minor lobes at —60° 60° 1207,
and 240° This pattern is associated with the six-fold structure of the dominant f-wave contribution.
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Table L Parameters of the model fit. The experimental photoelectron anguiar distributions as a
function of XUV-iR delay. shown in Fig. 4A, are fitted to a model composed of six partial waves
(see Eg. 1). The amplitudes and phases of each partial wave are listed. The ampiitudes are
normalized so that the sum of their squares equals one. The phase of the s-wave is defined as
zero. ¢g represents an arbitrary common phase that determines time zero. The column labeled
"Amplitude®” is the square of the values in the "Amplitude” column. Errors shown are the range

of each parameter such that the residual least-squares error between the model and the experiment

increases by 10%.

Fitting parameter Amplitude

Amplitude? Phase (rad)

A L0835

..0897

0.022

LA6To5 ¢+ o

further experiment, no IR was present, and the
inner structure was produced by H14 alone; here
the observed angular distribution is in approxi-
mate agreement with the relative phase and am-
plitude of the s- and d-waves in Table 1.

We have shown that, by combining coherent
photoionization pathways through a Stark-shifted
resonant state, we can create almost pure f-waves
with a single magnetic quantum number m = 0.
The addition of a direct photoionization path-
way producing predominantly an s-wave pro-
vides a constant phase reference that allows a
determination of the phase of the f-wave lobes.
By varying the relative phase of the pathways,
we can control the direction in which the electrons
emanate from the atomn, and we can verify the
quantum phase of the lobes of the f-wave. We
have spatially imaged the angular structure of
the continuum wave function and coherently in-
terfered it using a holographic reference com-
posed largely of an isotropic s-wave, leading to
the determination of the sign of the quantum wave
function. This is a form of coherent control, in
which the parity and direction of the electrons
can be controlled (13, 19).

In addition, the fitting of a model to the com-
plete experimental data set allows us to deter-

S04 .g.{g, : %

mine the exact makeup of the total continuum
wave function. In particular, we can determine
the amplitude and phase of each partial-wave
component. In photoionization parlance, this is a
“complete” experiment (20).

We have implemented a number of novel ap-
proaches, such as a sophisticated two-color inter-
ference experiment with careful use of both even
and odd harmonics and the use of Stark-tuning
to include or exclude desired quantum pathways.
These new tools in the attosecond toolbox may
allow us to study more complex systems. For exam-
ple, can we apply a similar approach to a mole-
cule? By exploiting rotational wave packets, will
it be possible to determine both the amplitude
and phase of transition moments in the molec-
ular frame?

If the photon energy of the XUV can be tuned
widely to select a particular intermediate quan-
tum state, our method allows the measurement
of phase-resolved orbital images of other states
and in different atoms. For instance, if the elec-
tron is excited from a lower-lying level to a doubly
excited state, dynamical changes in the ampli-
tude and phase resulting from electron correla-
tion can be imaged directly with attosecond time
resolution,
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In classical electromagnetism, the Lorentz force for a particle of
charge g moving with velocity v in a magnetic field B is v X ¢B. In the
Hamiltonian formulation of quantum mechanics, where potentials
play a more central role than fields, the single-particle Hamiltonian is

; h alg
M=tk ZA L] [2m, where A is the vector potential giving rise to

mass. In both formalisms, only the products gB and gA are import-
ant. To generate a synthetic magnetic field B* for neutral atoms, we
engineered a Hamiltonian with a spatially dependent vector potential
A” producing B* = V X A™.

The quantum mechanical phase is the relevant and signiticant
quantity for charged particles in magnetic fields. A particle of charge
q travelling along a closed loop acquires a phase ¢ = 2nP /P, due to
the presence of magnetic field B, where @y is the enclosed magnetic
flux and @, = i/q is the flux quantum. A similar path-dependent
phase, the Berry’s phase', is the geometric phase acquired by a slowly
moving particle adiabatically traversing a closed path in a
Hamiltonian with position-dependent parameters. The Berry’s phase
depends only on the geometry of the parameters along the path, and
is distinct from the dynamic contribution to the phase, which
depends upon the speed of the motion.

The close analogy with the Berry’s phase implies that properly
designed position-dependent Hamiltonians for neutral particles
can simulate the effect of magnetic fields on charged particles. We

created such a spatially varying Hamiltonian for ultracold atoms by
dressing them in an optical field that couples different spin states. The
appropriate spatial dependence can originate from the laser beams’
profile'™** or, as here, from a spatially dependent laser-atom
detuning'®. An advantage of this optical approach over rotating gases
is that the synthetic field exists at rest in the laboratory frame, allow-
ing all trapping potentials to be time-independent.

The large synthetic magnetic fields accessible by this approach
make possible the study of unexplored bosonic quantum-Hall states,
labelled by the filling factor v = @4/, the ratio of atom number to
the number of flux quanta. The outstanding open questions in
quantum-Hall physics centre on systems whose elementary quasi-
particle excitations are anyons: neither bosons nor fermions. In some
cases these anyons may be non-abelian, meaning that moving them
about each other can implement quantum gates, which makes non-
abelian anyons of great interest for this ‘topological’ quantum com-
putation'”. In electronic systems, the observed v = 5/2 quantum-Hall
state may be such a system, but its true nature is still uncertain'. In
contrast, the v = 1 bosonic quantum-Hall state with contact interac-
tions has the same non-abelian anyonic excitations as the v =5/2
state in electronic systems is hoped to have'’.

To engineer a vector potential A* =A%, we illuminated a *Rb
Bose-Einstein condensate (BEC) with a pair of Raman laser beams
with momentum difference along x (Fig. la). These coupled together
the three spin states, mp =0 and *1, of the 55,,,, F=1 electronic
ground state (Fig. 1b), producing three dressed states whose energy—
momentum dispersion relations Ej(k,) are experimentally tunable.
Example dispersions are illustrated in Fig. lc. The lowest of
these, with minimum at k,;, corresponds to a term in the
Hamlltoman associated w1th the motion along X, namely
H’~h (kx — kmin)* /2m =h (k —q 4*/ h) /2m”, where A! is an
Lngmeered vector potential that depends on an externally controlled
Zeeman shift for the atom with synthetic charge ¢, and m* is the
effective mass along x. To produce the desired spatially dependent
AL{y) (see Fig. 1d), generating — B*2=V x A", we applied a Zeeman
shift that varied linearly along y. The resulting B* was approximately
uniform near y = (}, at which point A] = B*y. (Here, the microscopic
origin of the synthetic Lorentz force®® was optical along ¥, depending
upon the velocity along ; the force along y was magnetic, depending
upon the x velocity.) In this way, we engineered a Hamiltonian for
ultracold atoms that explicitly contained a synthetic magnetic field,
with vortices in the ground state of a BEC. This is distinctly different
from all existing experiments, where vortices are generated by phase
imprinting®#, rotation™, or a combination thereof**, Each of these
carlier works presents a different means of imparting angular
momentum to the system yielding rotatlon Figure le shows an
cxpenmenta] image of the atoms with B" =0. Figure 1f, with
B* > 0, shows vortices. This demonstrates an observation of an optic-
ally induced synthetic magnetic field.

We created a "’Rb BEC in a 1,064-nm crossed dipole trap, loaded
into the lowest-energy dressed state’’ with atom number N up to
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Figure 1| Experiment summary for synthesizing magnetic fields. a, The
BEC is in a crossed dipole trap in a magnetic field B= (B, —b'y}p. Two
Raman beams propagating along y T x (linearly polarized along j + x) have
frequencies oy and wy + Awy. b, Raman coupling scheme within the F = 1
manifold: vz and ¢ are the linear and quadratic Zeeman shifts, and J is the
Raman detuning. ¢, Energy-momentum dispersion relations. The grey
curves represent the states without Raman coupling; the three coloured

25X 10°, and a Zeeman shift /21 = gugB/h=~2.71 MHz, pro-
duced by a real magnetic bias field By. The A= 801.7 nm Raman
beams propagated along » + x and differed in frequency by a constant
Awp =~ wz, where a small Raman detuning 0 = Aw; — wz largely
determined the vector potential A%. The scalar light shift from the
Raman beams, combined with the dipole trap, gave an approximately
symmetric three-dimensional potential, with frequencies f,, f,, f, =
70 Hz. Here, hk, =h/(/24) and E =#"k} /2m are the appropriate
units for the momentum and energy.

The spin and momentum states |n1;; k) coupled by the Raman
beams can be grouped into families of states labelled by the
momentum fik,. Each family P(k) = {i—1, kt+2k)]0, k), +1,
k.— 2k )} is composed of states that differ in linear momentum
along x by *2hk, and are Raman-coupled with strength £Q. For
each k,, the three dressed states are the eigenstates in the presence of
the Raman coupling, with energies™ Ej(k,). The resulting vector
potential is tunable within the range — 2k, < q"A}/# < 2k In addi-
tion, Ej(k,) includes a scalar potential'® V'. A%, V', and m" are func-
tions of Raman coupling 2y and detuning J, and for our typical
parameters m*= 2.5/, reducing f, from about 70Hz to about
40 Hz. The BEC's chemical potential y/h=1kHz is much smaller
than the ~h X 10 kHz energy separation between dressed states, so
the BEC only occupies the lowest-energy dressed state. Further, it
justifies the harmonic expansion around q* A}, /5, valid at low energy.
Hepce, the complete single-atom Hamiltonian is H="H+
" (kf + 1\2> /2m+ V(r), where V(1) is the external potential includ-
ing V'(Qg, 0).

The dressed BEC starts in a unitorm bias field B= Byy, at Raman
resonance (& = 0), corresponding to A= 0. To create a synthetic
field B*, we applied a field gradient b" such that B=(By—b'y)y,

0
Momentum, k /k,

-2 0

Momentum, k,/k;

curves represent Ej(k,) of the dressed states. The arrow indicates the
minimum at kp;,. d, Vector potential 4" A’ = fiky,, versus Raman detuning
. The insets show the dispersion E,(k,) for 40 = 0 (top inset) and —2E;
(bottom inset). e, f, Dressed BEC imaged after a 25.1-ms TOF without

(e) and with (f) a gradient. The spin components g = 0 and *1 separate
along y owing to the Stern-Gerlach effect.

1

r

ramping in 0.3s from &' = 0 to a variable value up to 0.055Tm
and then held it constant for #, to allow the system to equilibrate. The
detuning gradient &' = g, b’/ generates a spatial gradient in A7. For
the detuning range in our experiment, ¢A%/@d is approximately
constant, leading to an approximately uniform synthetic field B*
givenby B* =A% /8y =¥ 3A%/30 (see Fig. 1d). To probe the dressed
state, we switched off the dipole trap and the Raman beams in less
than 1 s, projecting each atom into spin and momentum compo-
nents. We absorption-imaged the atoms after a time-of-flight (TOF)
ranging from 10.1 ms to 30.1 ms (Fig. le, ).

For a dilute BEC in low synthetic fields, we expect to observe
vortices. In this regime, the BEC is described by a macroscopic wave-
function ¥ (r) = [y(r)|e”"', which obeys the Gross-Pitaevskii equa-
tion (GPE). The phase ¢ winds by 2r around each vortex, with
amplitude | = 0 at the vortex centre. The magnetic flux ®ps results
in N, vortices and for an infinite, zero-temperature system, the vor-
tices are arrayed in a lattice” with density g*B*/h. For finite systemns
vortices are energetically less favourable, and their areal density is
below this asymptotic value, decreasing to zero at a critical field B!,
For a cylindrically symmetric BEC, B! is given by q'B;/h=
5/(2nR*)In(0.67R/ &) where R is the Thomas—Fermi radius and ¢
is the healing length®. BY is larger for smaller systems. For our
non-cylindrically symmetric system, we nunierically solve the GPE
to determine B! for our experimental parameters (see Methods).

For synthetic fields greater than the critical value, we observed
vortices that enter the condensate and reach an equilibrium vortex
number N, after about 0.5 s. Owing to a shear force along x when the
Ramuan beams are turned off, the nearly symmetric in situ atom cloud
tilts during TOF. Although the vortices’ positions may rearrange, any
initial order is not lost. During the time of our experiment, the

©2009 Macmillan Publishers Limited. All rights reserved
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b ¢/2r = 0.13 kHz pm-!

d ¢'/2r=0.31 kHz ym™!

e 0'/2rn=0.34 kHz pm™’
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Figure 2 | Appearance of vortices at different detuning gradients. Data was
taken for N = 1.4 X 10° atoms at hold time t, = 0.57 s. a—f, Images of the
Img = 0) component of the dressed state after a 25.1-ms TOF with detuning
gradient §'/2n from 0 to 0.43 kHz um~ ! at Raman coupling /#1Qx = 8.20F;.
g, Vortex number N, versus &' at /iQg = 5.85F; (bluecircles) and 8.20F; (red
circles). Each data point is averaged over at least 20 experimental

vortices did not form a lattice and the positions of the vortices were
irreproducible between different experimental realizations, consist-
ent with our GPE simulations. We measured N, as a function of
detuning gradient &' at two couplings, /iQy = 5.85E; and 8.20F,
(Fig. 2). For each Qg, vortices appeared above a minimum gradient
when the corresponding field (B*) =0'(A}/#3) exceeded the crit-
ical field B;. (For our coupling, B* is only approximately uniform
over the system and (B*) is the field averaged over the area of the
BEC.) The inset shows N, for both values of £y plotted versus
®p /Py=Aq*{B*)/h, the vortex number for a system of area
A=nR,R, with the asymptotic vortex density, where R, (or R)) is
the Thomas—Fermi radius along x (or p). The system size, and thus
B;, are approximately independent of g, so we expected this plot to
be nearly independent of Raman coupling. Indeed, the data for
h2x = 5.85E and 8.20E only deviated for N, <5, probably owing
to the intricate dynamics of vortex nucleation”.

a t,=-0019s b t,=0.15s

-100
d t =103s

e t,=14s f
100

Y position after TOF {pm)

-100 0 100 -100 0 100

X position after TOF (um)

Figure 3 | Vortex formation. a—f, Images of the |m; = 0) component of the
dressed state after a 30.1-ms TOF for hold times ¢, between —0.019 s and
2.2s. The detuning gradient '/2r is ramped to 0.31 kHz jun " at the
coupling #Qy = 5.85E;. g, Top panel shows time sequence of ¢'. (a.u.,
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realizations, and the uncertainties represent one standard deviation o. The
inset displays N, versus the synthetic magnetic flux ®g. /Py = Aq" (B*}/hin
the BEC. The dashed lines indicate &', below which vortices become
energetically unfavourable according to our GPE computation, and the
shaded regions show the 1o uncertainty from experimental parameters.

Figure 3 illustrates a progression of images showing that vortices
nucleate at the system’s edge, fully enter to an equilibrium density
and then decay along with the atom number. The timescale for vortex
nucleation depends weakly on B*, and is more rapid for larger B with
more vortices. It is about 0.3s for vortex number N, =8, and
increases to about 0.5 s for N, = 3. For N, = | (B" near B), the single
vortex always remains near the edge of the BEC. In the dressed state,
spontaneous emission from the Raman beams removes atoms from
the trap, causing the population to decay with a 1.4(2)-s lifetime, and
the equilibrium vortex number decreases along with the area of the
BEC.

To verify that the dressed BEC has reached equilibrium, we pre-
pared nominally identical systems in two different ways. First, we
varied the initial atom number and measured N, as a function of
atom number N at a fixed hold time of 4, = 0.57 s. Second, starting
with a large atom number, we measured both N, and N, as they

€ t,=057s g
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t,=22s 2> S
3 g
-g‘]O“ 3
g g
3 z
5 =
> 5 3
\ =z

{

0 & 0

0.0 0.5 1.0 1.5 2.0
Hold time, t, (s)

0 100

arbitrary units.) Bottom panel shows vortex number N, (solid symbols) and
atom number N (open symbols) versus ¢, with a population lifetime of
1.4(2) s. The number in parentheses is the uncorrelated combination of
statistical and systematic 1o uncertainties.
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Figure 4 | Equilibrium vortex number. Vortex number N, versus atom
number N at detuning gradient J; /27 =0.26 kHz pm ™! (red circles) and
03/2m=0.31 kHz pm " (black circles), corresponding to synthetic fields
B} < B}, at Raman coupling /12, = 5.85E;. The two data points with the
largest N show representative 1o uncertainties, estimated from data in

Fig. 2g. We vary N by its initial value with a fixed hold time #, = 0.57 s (solid
symbols), and by #, with a fixed initial N (open symbols). The vertical dashed
lines indicate N, below which vortices become energetically unfavourable
computed using our GPE simulation. The shaded regions reflect the 1¢
uncertainties from the experimental parameters.

decrease with 1, (Fig. 3). Figure 4 compares N, versus N measured
with both methods, each at two detuning gradients corresponding to
fields B; < By. The data show that N, as a function of Nis the same for
these preparation methods, providing evidence that for f, = 0.57s,
N, has reached equilibrium. As the atom number N falls, the last
vortex departs the system when the critical field—increasing with
decreasing N—surpasses the actual field.

In conclusion, we have demonstrated optically synthesized mag-
netic fields for neutral atoms resulting from the Berry’s phase, a
fundamental concept in physics. This novel approach differs from
experiments with rotating gases, in which it is difficult to add optical
lattices and rotation is limited by heating, metastability, and the
difficulty of adding large angular momentum, preventing access to
the quantum-Hall regime. A standout feature in our approach is the
ease of adding optical lattices. For example, the addition of a two-
dimensional (2D) lattice makes it immediately feasible to study the
fractal energy levels of the Hofstadter buttertly’. Further, a one-
dimensional lattice can divide the BEC into an array of 2D systems
normal to the field. A suitable lattice configuration allows access to
the v = I quantum-Hall regime, with an ensemble of 2D systems each
with approximately 200 atoms, and with a realistic interaction energy
of about kg X 20 nK.

METHODS SUMMARY

Dressed state preparation. We created a ""Rb BEC in a crossed dipole trap®,
with N~ 4.7 X 10” atoms in |F = 1, mp = —1). The quadratic Zeeman shitt was
he=0.61F for w,/2n = gugBih==2.71 MHz, where g is the Landé g-factor. To
maintain 6 = ) at the BEC’s centre as we ramped the field gradient #', we changed
gusBo by as much as 7E;. Simultaneously, we decreased the dipole beam power
by 20%, producing our approximately 40-Hz trap frequency along x.
Additionally, the detuning gradient ' made the scalar potential V' anti-trap-
ping along ¥, reducing £, from 70 Hz to 50 Hz for our largest . Spontaneous
emission from the Raman beams decreased the atom number to N == 2.5 X 10°
for # = 0, with a condensate fraction of 0.85.

Numerical method. We compared our data to a finite temperature 2I) stochastic
GPE™ simulation including the dressed state dispersion E(k,, ) that depends on y
through the detuning gradient &'. We evolved the time-dependent projected GPE:

LX) o0 nool ) ,
=] El ~th—.y)} - —am—+n B wi(x,
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P projects onto a set of significantly occupied modes, and gy, parameterizes the
2D interaction strength. The stochastic GPE models interactions between the
highly occupied modes described by V and sparsely occupied thermal modes
with dissipation and an associated noise term. We approximately accounted for
the finite extent along z by making g,ry depend on the local 2D density. For low
temperatures this 21D model correctly recovers the three-dimensional Thomas—
Fermi radii, and gives the expected 2D density profile. These quantitative details
are required to compute correctly the critical field or number for the first vortex
to enter the system, which are directly tied to the 2D condensate area.
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With the advent of quantum technologies, scientists are now trying
to build quantum networks that are expected to be much more
powerful than the simple sum of their constituents'. Pioneering
experiments in this line of research include the photonic coupling of
identical quantum nodes, such as atomic ensembles**?, single
trapped atoms'®!! and ions', and solid-state devices"*"'. Each
platform comes with individual

1,569 nm pump

]
i ®
R §

QFCD1

functionalities, for example in terms of processing and storage. Hence, a
hybrid quantum network, which benefits from the strengths of different
platforms, would offer more capabilities than a network consisting of
identical quantum systems. Although great efforts have been devoted
to building hybrid quantum systems, for example devices combining
different quantum systems on a single chip'® or different species of
closely spaced trapped ions'”!3, interactions between these systems
are typically mediated by microwave photons or Coulomb interactions,
which are not favourable for long-distance quantum communication.

Photonic interconnections between different quantum systems have
so far been realized in very few experiments!*-?2, but these have neither
demonstrated quantum state transfer nor interfaced two different long-
lived quantum memory systems, which are both crucial requirements
for quantum network applications. A photonic quantum interconnec-
tion between different platforms has been demonstrated previously?,
but only using a single atomic species. The main challenge in efficiently
interfacing two different quantum systems via a photonic link is to
obtain strong light—matter interaction between a single mediating
photon and the two matter systems, whose atomic transitions can differ
considerably in wavelength and linewidth.

Here, we demonstrate quantum state transfer between two funda-
mentally different quantum memory systems by means of a single
photon at telecommunication wavelength. On the one hand, we use a
laser-cooled ensemble of #Rb atoms, which, besides being an excellent
quantum memory and single-photon source??, also gives access to
tunable nonlinear interactions enabling quantum processing through
Rydberg excitations®. On the other hand, we use a rare-earth-ion-
doped crystal (Pr*+:Y,Si05) that exhibits outstanding properties for
multiplexed long-lived quantum state storage®%-?%, To overcome the

994 nm pump
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Figure 1 | Schematic set-up and relevant level schemes. At site A, a cold
cloud of ¥Rb atoms is held inside a MOT. Foliowing the DLCZ protocol,
non-classically correlated photon pairs are produced by first sending
classical write pulses (1), generating a spin-wave inside the atomic cloud
heralded by a write photon (2), which is spectrally filtered by a monolithic
Fabry-Perot cavity (not shown). Upon a write-photon detection at D1, the
spin-wave is read out by sending a classical read pulse (3), generating the
read photon (4). QFCDI consists of a periodically poled lithium niobate
(PPLN) crystal with an integrated proton exchange waveguide that is
continuously pumped by a strong pump laser at 1,569 nm. 1t converts

the read photon from 780 nm to 1,552 nm (5). The converted photon is
then separated from the strong pump light by dielectric bandpass filters
(not shown) before it is sent through a telecommunication fibre to site B
where QFCD2 (consisting of a PPLN ridge waveguide pumped by strong
994 nm laser radiation) converts it to 606 nm by means of SFG (6), before
the photon is again spectrally filtered by several elements (not shown; see
Methods). The Pr**:Y,8iOs crystal was initially prepared with an AFC (0)
using a strong preparation beam at 606 nm, to store the converted read
photon (7). The inset shows the optical depth of a typical AFC structure.
After retrieval, the photon is finally detected at D2 (8).
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wavelength gap between the two systems, we use quantum frequency-
conversion techniques to convert photons emitted by the ’Rb quantum
memory from 780nm to the telecommunication C-band at 1,552nm and
then back to 606 nm to resonantly interact with the Pr**:Y,SiOs crystal.
We show that a single collective spin excitation (spin-wave) stored in the
cold atomic quantum memory can be optically transferred to a long-
lived collective optical excitation inside the crystal. By transmitting cor-
related single photons and qubsits, we demonstrate quantum correlation
preserving and coherent quantum state transfer between the disparate
quantum nodes.

The basic concept of our experiment can be understood in terms of
the scheme depicted in Fig. 1, which is separated into two main sites A
and B (for a detailed description and figure see Methods and Extended
Data Fig. 1). At site A, we operate a Rb magneto-optical trap (MOT)
to generate synchronizable single photons of controllable bandwidth
and temporal shape (see Methods) which are later frequency-converted
from 780 nm to 1,552 nm in an all-solid-state quantum frequency-
conversion device (QFCD). Following the Duan-Lukin-Cirac~Zoller
{DLCZ) protocol®, we send a series of classical write pulses onto the
Rb atoms to create Raman-scattered write photons with intrinsic excita-
tion probability p. per optical mode and trial. A single optical mode of
the isotropically emitted write photons is collected and sent to
single-photon detector (SPD) D1. A detection event at D1 heralds the
generation of a spin-wave involving long-lived ground states of the ¥’Rb
ensemble. After a programmable storage time, we apply a classical read
pulse, to deterministically read out the spin-wave and generate a read
photon in a well-defined spatio-temporal mode, with a fibre-coupled
retrieval efficiency of n‘; .~ 30%. Depending on the temporal shape of
the read pulse, we generate single read photons with Gaussian envelope
or time-bin envelope exhibiting a sub-natural linewidth of about 2 MHz
(see Methods). The read single photon is then sent to the first QFCD,
which converts it from 780nm to 1,552 nm via difference frequency gene-
ration (DFG)* with an internal conversion efficiency of n,QfCDl = 56%.
After noise filtering, the converted photon is then coupleg intoa 10m
telecommunication fibre and sent to site B in another laboratory.

At site B, the telecommunication read photon is first up-converted to
606nm (nSIf €D2 _ 60%) via sum frequency generation (SFG) in QECD2.
After noise filtering, the single photon is sent to the Pr**:Y,SiOs crystal
inside a cryostat at a temperature of 3.5 K. We use the atomic frequency
comb (AFC) scheme? to store, analyse and retrieve the converted single
photon. We create an AFC of 4-MHz width with absorption peaks
spaced by A=400kHz on the optical transition of Pr** at 606 nm.
Then, the converted single photon is stored by the AFC and collectively
re-emitted with an efficiency of 8= 30% after a pre-defined storage
time of 7 = 1/A = 2.5ps before being detected by SPD D2. The
probability of obtaining an emitted, converted, stored and retrieved
photon after the crystal, conditioned on a write photon detection at D1,
is approximately 1073, This includes 1.2% total conversion efficiency
(with all optical losses) from 780 nm to 606 nm.

An important experimental requirement to successfully achieve
quantum state transfer is to precisely match the central frequencies of
the converted read photon and the prepared AFC. Also, the linewidths
of all the lasers involved must be minimized to ensure efficient storage
and stable interference conditions for the qubit analysis. We estimate
that the frequency stability of the converted photon needs to be
better than 1 MHz (see Methods). This is done by active frequency
stabilization and a chopped beat-note lock between classical 780 nm
light converted in the QFCDs and the 606 nm preparation laser as
reference (see Methods).

Before interfacing the two quantum systems, we characterized the
read photons generated at site A. Figure 2a shows the heralded auto-
correlation function & = gif)r ., (see Methods) for different p, measured
via a Hanbury Brown-Twiss set-up inserted directly after the MOT.
We obtain strongly anti-bunched read photons in the single-
photon regime (a < 0.5) for low p, (less than about 11%) and in
the non- classical regime (o < 1) for p. less than about 25%, before
surpassing
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Figure 2 | Photon generation, conversion and storage. a, Anti-bunching
parameter ¢ of the read photon after the MOT, plotted against excitation
probability p.. The dashed line indicates the threshold for classical states
(cr > 1) and the dotted line the threshold for a two-photon Fock state
(a¢=0.5). b, Time histogram of detections at D2 if the spin-wave

(pe = 35%) is read out from the cold atomic Rb quantum memory, the
photons are frequency-converted in the QFCDs, and stored at ¢t =0 in the
crystal. During storage (at t = 1.2 ys), the pump of QFCD2 is gated off, and
the re-emitted photons are detected as a pronounced AFC echo at
t=2.5ps (red trace, detected coincidence rate approximately 90 per hour
in a 400 ns window around the echo). The green trace corresponds to the
noise level, that is, if no read photon is sent. To improve clarity, the counts
on the right-hand side have been multiplied by 10. ¢, Normalized cross-
correlation gif’m between the write photons from the cold atomic quantum

memory and the converted, stored and retrieved read photons from the

crystal for different p.. The green area corresponds to the expected gfj)r as
-TB

deduced from a model similar to that used in previous work’. The dashed

line represents the classical upper bound gf)r = 2. The inset shows a

B

typical g histogram of coincidence detections for several read-out trials

separated by the trial period of about 13 us obtained at p. = 11%. Error

bars correspond to +1s.d. of the photon counting statistics.

the classical threshold for higher p, owing to multiple spin-wave
excitations.

We now present photon generation, conversion and storage involv-
ing the whole experimental set-up. We first verify that photons emit-
ted by the atomic quantum memory can be successfully converted
and stored in the crystal. At site A, we create heralded 220-ns-long
(full-width at half-maximum, FWHM) Gaussian read photons at
Pe~35%. Figure 2b shows the histogram of detection events at D2.
The photons arrive at the crystal at t =0, but no leakage is visible
here, as the photons are buried in the noise generated by the QFCDs.
The noise is suppressed at t = 1.2 s by gating off the pump of QFCD2.
At t=2.5ns we detect a pronounced echo signature from the retrieved
read photons with a signal-to-noise ratio of 17 = 2, mostly limited by
the dark counts of D2. The echo shows a similar Gaussian temporal

1 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Figure 3 | Coherence preservation. a, Detected echo of Gaussian-shaped
read photons which were created (p. = 35%) at either an early time t=0
(red) or at a later time t = 0.5 s (blue) at site A and stored for Ty =2.5ps at
site B. b, Time-bin photons stored and retrieved after either a short storage
time, 7, = 2 ps (top), or a long one, 73, = 2.5 us (bottom). ¢, Time-bin
interference fringe: coincidence counts between initial write-photon
detections at D1 and detection events during the time-bin overlap at D2 if
a time-bin read photon is stored and retrieved from the crystal prepared
with two AFCs. Error bars correspond to +1s.d. of the photon-counting
statistics. On the right, two examples of time histograms between detection
events at D1 and D2 are shown for ¢ =0° (top) and ¢ = 180° (bottom).
The 400 ns coincidence window where the time bins overlap is indicated by
dashed lines.

shape to the initial read photons, with a slightly larger FWHM of
approximately 260 ns.

To investigate the non-classicality of the slate transfer, we measured
the normalized cross-correlation function g ) (see Methods) of the
converted, stored and retrieved photons with "the initial write photons
for different p. by comparing coincidences in different storage trials
(see Fig. 2¢). At p.=2 5% (with a coincidence rate of approximately
20 counts per hour) we obtain g =114%24, demons[rating
quantum-correlation-preserving state ‘transfer, as the g
well above the classical bound of g'? =2 assuming thermal statistics
for the write and read photons (see Methods). The same holds true for
a broad range of p. and for storage times 75 up to 10 s (see Methods).
The experimental data in Fig. 2c match well with the expected
behaviour (green area) calculated through a simple model that takes
into account the measured cross-correlation g(z) after the MOT and

) value stays

the total 51gnal to-noise ratio of the read photon after conversion and
storage®.

Next, we studied the coherence properties of the state transfer
between the two different quantum systems. We use time-bin qubits,
which offer advantages for long-distance quantum communication due
to their robustness against external perturbations. If a heralding write
photon is detected at D1, we shape the read pulse in a way that the
spin-wave stored in the Rb quantum memory is mapped onto a pho-
tonic time-bin qubit|%) = ¢))e) + c,e?|l), where|e) and|l) represent
early and late time bins, ¢ is their relative phase, controlled by the phase
of the second read-out peak, and ¢ 4 ¢3 = 1 (see Methods). To store the
photonic time-bin qubit, we take advantage of the intrinsic temporal
multimodality of the AFC scheme®.
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Figure 4 | Single-photon qubit transfer a, Interference fringes from a
single time-bin read photon |¥, ) = (| e) + e'?|])) generated at site A

(pe = 5% corresponding to . = 0.26) 1f the second AFC is prepared with
zero detuning (red dots, V=70% £ 6%) or shifted by 200 kHz (blue open
squares, V=76% * 3%). Error bars correspond to £1s.d. of the photon-
counting statistics. b, Real and imaginary parts of the reconstructed
density matrices measured after the crystal at site B if the qubits|E), |+), |R)
are generated at site A, converted in the QFCDs and stored at B. Open
boxes indicate the target state.

Figure 3a shows the time histogram of detection events at D2 of the
early and late time bins (created at p.~ 35%) sent through the QFCDs,
and stored and retrieved from the crystal prepared with a single AFC
of 75 = 2.5s storage time. The two echoes represent the polar states of
a time-bin qubit and exhibit an average signal-to-noise ratio of 19+ 2.
If a delocalized time-bin photon (c;=¢; = l/ﬁ) is created in the Rb
quantum memory, converted in the QFCDs and stored in the crystal
for either 75, = 2 ps or 7, = 2.5 ps, we detect the histograms shown in
Fig. 3b. To analyse the qubit, we use the crystal as an interferometer by
preparing two overlapping AFCs with storage times 7, and 7,
(nP=10% each)”. In that case, we obtain the histograms shown in the
right panels of Fig. 3c. These two histograms were recorded with a
phase shift of o =0° (top) and = 180° (bottom) between the early and
late time bins. Strong interference between the two temporal modes
can be seen in the central region where the time bins overlap. Measuring
the coincidences in that time window versus ¢ gives the interference
fringe depicted in Fig. 3¢ with a fitted visibility of V=60% + 9.9%,
confirming the high degree of coherence preservation between the two
disparate quantum systems.

Finally, to demonstrate qubit transfer between the cold atomic cloud
and the crystal via telecommunication photons, we decreased pe to 5%,
generating true single time-bin read photons at site A with an
anti-bunching parameter of « =0.26 £ 0.02 (see Fig. 2a). Following the
same approach as above, we show in Fig. 4a that with converted and
stored single time-bin photons, we obtain interference between over-
lapping bins with visibilities around 70%. Moreover, we show that, by
changing the central frequency of the second AFC by 200kHz, the
phase of the interference fringe can be shifted by 180°, verifying the
intrinsic phase-analysing capabilities of the AFC (see Methods). This
capability permits the measurement of time-bin qubits in different

€ 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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bases and hence a full analysis of the stored qubits by quantum state
tomography. Figure 4b shows the reconstructed density matrices p of
the retrieved states after the crystal at site B when three orthogonal
time-bin qubits|E) = le), [+) = 7=(Je) + |1)) and [R) = -7=(le) +ill))

are generated in the cold atomic quantum memory at site A, afterwards
converted in the QFCDs, and stored at site B. The state reconstruction
is based on maximum likelihood estimation. The qubit fidelity condi-
tioned on a successful detection of the photon after retrieval from the
crystal (conditional fidelity) is calculated as 75, = (¥ p|¥) with|¥)
denoting the target state. From Fig. 4b, it is evident that we obtain a
high overlap between the reconstructed qubits and the target states with
conditional fidelities of ]:‘i/ =85.4% 1+ 6.6%, ]:‘CR> =78.2%+6.9%

and F;, = 93.8% =+ 2.8%, where the errors were estimated via Monte

Carlo simulations taking into account the uncertainty of the photon-
counting statistics. Despite the low total efficiency of the state transfer,
we demonstrate an average conditional fidelity of 7 =85.8%+3.3%
for the generated and transferred qubit, which is consistent with results
inferred at higher p, and surpasses the classical threshold of 66.7% by
more than five standard deviations (5s.d.). Overall, the conditional
fidelities are limited by the signal-to-noise ratio of the retrieved
photons, and thus by the efficiencies of all the involved processes.
However, for the equatorial states, the main limitation is the finite line-
width of the combined laser system, which we estimate to be around
600 kHz (see Methods). This large sensitivity to frequency fluctuations
is due to the large separation between the two time bins (500 ns)
imposed by the AFC bandwidth.

For potential applications in hybrid quantum networks, the transfer
efficiency (currently 10~2) will need to be greatly increased. The largest
part of the inefficiency is due to technical optical loss in the various
elements (7,5 = 0.04). This could be greatly improved by using, for
example, fibre-pigtailed waveguide converters. The combined quantum
memory efficiency (ngm = 0.09) could also be increased with state-of-
the-art techniques®*!, Increased efficiencies would also enable spin-
wave storage in the crystal, leading to on-demand read-out and longer
storage times®. Although all efficiencies could in principle be pushed
towards unity (except fibre transmission), an interesting direction to
alleviate optical losses would be to implement a non-destructive detec-
tion of the time-bin qubit with the AFC, as recently proposed>?.

Our work represents a demonstration of quantum communica-
tion between heterogeneous quantum nodes and opens up prospects
for combining quantum nodes with different capabilities. Moreover,
it gives a perspective on how the distance between the nodes can be
extended by back and forth conversion of photonic qubits into the
telecommunication C-band. The technique could also be extended
to connect other physical platforms, for example single ions or
nitrogen-vacancy centres for which heralded absorption is possible.
Our results hold promise for the realization of large-scale hybrid
quantum networks.

Online Content Methods, along with any additional Extended Data display items and
Source Data. are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

In the following, we give a detailed description of the experimental procedures
and the experimental set-up as shown in Extended Data Fig. 1. We also present
additional measurements and discuss limitations. It is convenient to divide
the experiment into three sections: the cold atomic gas quantum memory; the
solid-state storage device; and the quantum frequency-conversion (QFC) interface.
We first discuss these three sections separately, before addressing additional
measurements in the final section.

Cold atomic gas quantum memory. Set-up. The cold atomic quantum memory
at site A consists of a cloud of Rb atoms, kept in an ultrahigh-vacuum chamber
and cooled by magneto-optical trapping. The cooling and repumping beams (not
shown in Extended Data Fig. 1) are derived from the write and read diode lasers
which are locked through Doppler-free absorption spectroscopy to Rb reference
cells to be resonant with the D; line of #Rb at 780 nm. After passing through
acousto-optic modulators (AOMs) in double-pass configuration, the cooling beam
is red-detuned by 20 MHz to the|F = 2) ++ | F’ = 3)transition, and the repumping
beam is resonant to the|F = 1) — |F’ = 2) transition. They are combined with a
magpnetic gradient of 20 G cm™ to load N = 10% Rb atoms into the MOT. After a
2-ms-long optical molasses phase, the temperature of the atoms is about
T~ 100 pK. Next, all population is prepared in the|g, } = |58 /3, F = 2, mp = 2}
Zeeman sublevel by applying the repumping light and o* polarized optical pump-
ing light on the|F = 2) -+ | F/ = 2} transition (not shown in Extended Data Fig. 1).

To generate the spin-wave inside the atomic cloud, we send write pulses (derived
from the write laser and a subsequent double-pass AOM) which are 40 MHz
red-detuned from the|g, } — [ex) = [5P3;,, F = 2, mp = 1) transition and exhibit
a duration of 20 ns (full-width at half-maximum, FWHM). The write pulses pass
a polarizing beam splitter (PBS) and a quarter-wave plate to set their polarization
to o~ in the frame of the atoms. The quantization axis is set by a bias magnetic field
of B=110mG along the write/read photon direction. The write pulses generate
Raman-scattered write photons, which are emitted on transition
|ea) = [sa) =581 2, F = 1, mp = 0). A small fraction of the isotropically emitted
write photons is collected at an angle of 3.4° with respect to the write/read pulse
axis. The write photons pass a combination of quarter-wave plate, half-wave plate
and PBS to couple just the ones with the correct o polarization into a
polarization-maintaining optical fibre. The write photons are then spectrally
filtered by a monolithic Fabry-Perot cavity with about 50 MHz linewidth and 24%
total transmission (including subsequent fibre coupling) before finally being
detected by SPD D1 with 41% efficiency and a dark count rate of 130 Hz.

To read out the atomic spin-wave, after a storage time of 74 = 1.6 us we send
read pulses (derived from the read laser and a subsequent double-pass AOM)
which are resonant with the|sy) — |ea) transition. They propagate in the same
optical mode but opposite direction to the write pulses, and their polarization is
set to o by a PBS and a quarter-wave plate. The intensity and temporal wave shape
of the read pulses are tailored to efficiently generate read photons with tunable
waveform®.

The read photons are emitted on the|ey) — |g, ) transition and leave the atomic
cloud in the opposite direction to the write photons owing to the phase-matching
condition k, = kg + kw — k., where ki, k, (kr, kw) represent the wave vectors
of the photonic (pulse) modes. The polarization of the read photons is 0~ when
leaving the atomic cloud and is subsequently changed to linear by a quarter-wave
plate. The read photons are filtered by a combination of half-wave plate and PBS
before they are coupled with an efficiency of approximately 60% into a polarization-
maintaining fibre. The fibre is connected to a micro-electromechanical single-
mode fibre-optic switch (FS1) which directs the read photons or classical lock light
to the QFC interface (see below).

To generate sub-natural-linewidth single photons in the cold atomic quantum
memory that exhibit a temporally delocalized wave shape suitable for encoding
photonic time-bin qubits, we follow the approach described in earlier work**. If a
heralding write photon is detected at D1, we map the spin-wave in the Rb quantum
memory onto a photonic time-bin qubit depending on the temporal shape of the
read pulse. Instead of sending a simple Gaussian-shaped read-out pulse to the cold
atomic ensemble, we apply an appropriately imbalanced doubly peaked read-out
pulse. The first (early) peak reads out the stored spin-wave with half the retrieval
efficiency r]:[/Z, and the second (late) peak with full retrieval efficiency 17:‘. This
creates the desired time-bin read photon with equal photon detection probabilities
in both time bins (¢ = ¢ = 1/+/2). By controlling the phase ,» between the read-out
peaks, we can thus create a time-bin photon representing an equatorial qubsit state
[¥eq) = (€} + € |1) /2.

Moreover, by changing the duration of the read-out peaks, we are able to
precisely tune the duration of the whole phaton or both time bins individually.
We are thereby able to create single photons which exhibit sub-natural linewidths
in the range of 2 MHz, matching the spectral requirements of the AFC memory.
This also allows us to generate two time bins with identical shape, as needed for
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high-visibility interference for the coherence preservation and qubit analysis
experiments.

Extended Data Fig. 2 shows an example histogram of a time-bin read photon
generated at p, = 5% in the cold atomic quantum memory detected right after the
MOT at site A. Characterization of that photon by a Hanbury Brown-Twiss set-up

after the MOT yields a heralded autocorrelation value Ofg(ri)m\w =0.26+0.02,

confirming the single-photon nature of that time-bin read photon.

Solid-state storage device. Set-up. The solid-state storage device at site B is a bulk
Pr’*:Y,Si0s crystal (Scientific Materials) cooled to 3.5K in a cryostat (Cryostation,
Montana Instruments). With a Pr** ion concentration of 0.05% and a length of Smm,
the crystal features a total optical depth of about 10 at the frequency of the *H,, — ‘DZ
transition (see Fig, 1). The laser used to address this transition at 606 nm is a Toptica
DL SHG pro, stabilized through the Pound-Drever-Hall technique to a home-made
Fabry-Perot cavity in vacuum. From that laser we derive the reference beam for the
QFC frequency locking (see below) and the beam necessary to prepare and operate
the solid-state memory. The latter beam is modulated in amplitude and frequency by
means of a double-pass AOM and is guided to the cryostat through a polariza-
tion-maintaining single-mode fibre. It finally arrives at the crystal with a waist of 300
mand an angle of about 4° with respect to the direction of the converted single pho-
tons. These, instead, have a waist at the crystal of 40um.

The chosen technique to store the converted single photons is the AFC
protocol™. It relies on the preparation of a periodic absorptive structure within the
inhomogeneously broadened absorption profile of Pr’* which is able to maintain
the coherence of the absorbed photons. In fact, a photon absorbed by an AFC with
periodicity A is mapped into a coherent superposition of atomic excitations that,
after a time 78 = 1/ A, experiences a rephasing and gives rise to a collective re-
emission in forward direction.

To reshape the absorption profile of the Pr**:Y,SiOs crystal into an AFC, we
follow a procedure similar to that described elsewhere®, We first sweep the laser
by 12 MHz with a power of 24 mW. This empties the[+1/2)g and|+3/2), hyper-
fine states of a certain class of atoms and creates an 18-MHz-wide transparency
window. We then send 4-MHz-wide burn-back pulses resonant with the transition
14:5/2)g < |£5/2)c to pump back atoms in the state| +:1/2),. Subsequent 5-MHz-
wide pulses resonant to the|+3/2); — |+3/2). transition clean the| +3/2), state
which was also repopulated by the burn-back pulses. Moreover, the cleaning pulses
have the secondary effect of removing from the frequency range of interest any
absorption feature associated with other atomic classes. At this stage, we have a
4-MHz-wide, single-class absorption feature resonant to the transition
| £1/2)g — |£3/2)., where we finally prepare the AFC. This is done by burning
spectral holes with repetitions of low power pulses whose frequency is changed by
a fixed amount A. For the storage of time-bin qubits, we repeat the latter operation
twice with two different periodicities, 4, and A,, such that the AFC gives access
to two different storage times, 73, and 7y,. Extended Data Fig. 3 shows the comb
structures and their corresponding echoes for the different storage times used in
the experiment.

To protect the SPD from the leakage of the preparation beam, we use a
mechanical shutter after the cryostat which remains closed during the whole AFC
preparation. Also, the retrieved photons pass through a bandpass filter (Semrock,
centred at 600 nm, linewidth 10 nm) before reaching the detection stage, imple-
mented with the SPD D2 (PicoQuant, 45% detection efficiency and 15 Hz dark-
count rate).

Qubit analysis. To analyse the phase of the qubit, we use the AFC as an interfero-
metric device®. By preparing two AFCs with different periodicities 2}, and A,
leading to storage times of ry, = 2 ps and 7, = 2.5 ps{corresponding to the short
and long path of the interferometer), the early echo of the late time bin and late
echo of the early time bin overlap and interfere. To control the phase of one arm
of the interferometer, we exploit the fact that the emitted echo from an AFC
acquires a phase shift of e/2™/=, where ¢ is the frequency detuning between the
centre of the AFC and the input photon, and A the periodicity of the comb™,
Hence, shifting & for one of the two AFCs allows full control of the interferometer
phase and permits us to set the measurement basis.

Density matrices. Here, we provide the numerical result of the quantum-state
tomography?® in the form of density matrices of the three investigated states,
estimated by maximum likelihood estimation. On the basis of a Monte Carlo sim-
ulation we obtain a 5s.d. violation of the 66.7% classical threshold””:

| oser 0.040 — i0.284

Pr=10.040 + i0.284 0.434

b =] 0505 0.352 + i0.067
+10.352 — 10.067 0.495

o] 0041 0.063 — 10.001
£ 0.063 + i0.001 0.059
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AFC versus photon detuning. The AFC storage efficiency as a function of the
frequency detuning 8 of the input light from the centre of the comb is investigated
in Extended Data Fig. 4. The blue dots show the storage efficiency of 606 nm
single classical pulses with 200ns FWHM, on a 4-MHz-wide comb for a storage
time of 7y = 2.5ps. As expected, the storage efficiency drops when the input light
is no longer resonant with the prepared AFC.

Next, double Gaussian pulses separated by 500 ns, mimicking a time-bin qubit
with zero relative phase, are stored on two superimposed combs with 2 s and 2.5ps
storage times, such that the late echo of the early bin and the early echo of the late
bin overlap in time and interfere. The green squares show the area of the interfer-
ing peak relative to the total input pulse, as a function of the frequency detuning &
of the input light. It shows an oscillating behaviour corresponding to constructive
and destructive interferences caused by the frequency detuning of the input light
pulses to the centre of the combs, inducing a relative phase shift of
1218/ 21-8/32) = ¢i276(11=2) between the two interfering echoes. As expected, a
2m phase shift is observed for an input frequency detuning 8 of 2 MHz
corresponding to the 500 ns separation between the early and late bin.

This measurement highlights the importance of laser stabilization in order to
achieve high storage efficiency and strong coherence conservation (see below).
The interface. Quantum frequency conversion set-up. The interface between the
cold atomic ensemble, emitting read photons at 780 nm, and the crystal, storing
photons at 606 nm, is based on two QECDs*. The first QFCD shifts the frequency
of 780 nm light to the telecommunication C-band by difference frequency gener-
ation (DFG). It is based on a proton exchange waveguide inside a PPLN chip, where
780 nm light is coupled together with 1,569 nm pump light derived from an
erbium-doped fibre amplifier fed by an external cavity diode laser. Both light fields
are combined on a dichroic mirror and coupled into the waveguide by an
aspheric lens with efficiencies of 11/80 M= 44% and 17’ 369 MM _ 3696 Inside the
temperature-stabilized waveguide, 290 mW of pump llghl converts 780 nm light
to 1,552nm through DFG, with an internal conversion efficiency of ngfcm = 56%.
After collimating the waveguide output, a combination of two bandpass filters,
each with a transmission bandwidth of 7 nm around 1,552 nm and a maximum
optical depth of approximately 12 at 1,569 nm, separates the converted light from
the pump light. The combined transmission of the bandpass filters and the subse-
quent coupling into a single-mode telecommunication fibre is 68%, giving a total
device efficiency of QFCD1 ofr]?LCD' =17%.

After passing FS1, the converted light is then sent to a second laboratory via a
10m telecommunication fibre, where the second QFCD shifts the frequency of
1,552nm light to 606 nm by SFG. QFCD2 is based on a temperature-stabilized
ridge-waveguide made of PPLN. The waveguide is pumped by 994 nm radiation,
derived from an external cavity diode laser locked via the Pound-Drever-Hall
technique to an external reference cavity with 690 kHz linewidth and a free spectral
range (FSR) of 1 GHz to reduce its linewidth. The pump light is amplified by a
tapered amplifier, sent through a gating AOM and an optical fibre to clean the
spatial mode. After its polarization is adjusted by a half-wave plate, the pump light
is combined with the 1,552 nm telecommunication light on a dichroic mirror and
coupled into the waveguide by an aspheric lens with efficiencies of ;7994 "M =62%
and :71 3520m _ 5194, respectively. Inside the waveguide, a 450 mW pump field
converts the 1,552 nm light to 606 nm by means of SFG with an internal conversion
efficiency oanFCD2 = 60%. After collimating the waveguide output, several opti-
cal elements are used to filter the converted light at 606 nm from the pump radia-
tion, the Raman noise from the first QFCD, and the pump spontaneous
parametric down-conversion (SPDC) noise generated and converted in the second
QFCD. First, a dichroic mirror (transmission T'3;% "™ = 94%) is used, before the
light is sent to a diffraction grating (diffraction etﬁaency 1/606 "M =75%) and an
etalon (1]606 M = 95%, FSR=60 GHg, finesse F = 6). In between, a half-wave plate
and an anamorphic prism pair adjust the polarization for the grating and the spa-
tial mode of the 606 nm light to couple it efficiently into the second fibre switch
(FS2), which directs the converted light to the solid-state storage device. The com-
bined transmission of the filtering elements and the subsequent coupling into the
sin Clgzmode fibre of FS2 is 48%, giving a total device efficiency for QFCD2 of
1] = 15%.

dei"he probability for a 780 nm photon at the input of FSI to exit the second fibre
switch F§2 at 606 nm is about 1.2%. This includes all possible losses: conversion
efficiencies, waveguide coupling, fibre coupling, optical filtering and transmissions
(see Extended Data Table 1).
Frequency locking scheme. Active stabilization of the involved laser frequencies is
necessary to ensure that the converted read photons emitted by the cold atomic
quantum memory are resonant to the AFC structure prepared in the crystal.
Therefore, the conversion interface is used in two different configurations: a ‘QFC’
mode in which the read photons are converted and sent to the AFC memory, and a
‘lock’ mode in which 780 nm continuous-wave light, derived from the write laser, is
converted and used to stabilize the frequency of the converted read photons. Two

single-mode fibre switches (FS1 and FS2) placed before and atter the interface are
used to swap between the two modes.

The first FS placed before the interface has two inputs and one output and the
second one after the interface has one input and two outputs. In the QFC mode,
the first fibre switch couples the 780 nm read photons to the frequency converters
and the second switch directs the converted 606 nm photons to the solid-state
storage device. In the lock mode, FS1 couples 2 mW of 780 nm continuous-wave
light to the interface and FS2 sends the converted light to the lock system. An
optical beat note between the converted ‘lock’ light and the reference 606 nm laser
(used to prepare the AFC structure in the crystal) is measured using a photodiode.
The beat note is stabilized at 104 MHz using a frequency comparator (based on a
phase-locked loop referenced to an internal clock} which feeds back an error signal
to the 1,569 nm pump laser. Any drift of the involved lasers inducing a frequency
shift of the converted photons is then compensated by acting on the current of the
1,569 nm pump laser, thus ensuring that the converted 606 nm read photons are
resonant to the AFC structure in the crystal.

Experimental time sequence. The time sequence for the experiments presented in
the main text is shown in Extended Data Fig. 5. Synchronized on the cryostat cycle
of 1Hg, it starts by preparing the AFC in the crystal for up to 200 ms. Once
completed, the master computer sends a trigger to the slave computer that controls
the rest of the experiment (see also Extended Data Fig. 1). The main experiment
is then performed during the next 290 ms, corresponding to the low vibration time
window of the cryostat cycle. The Rb atoms are cooled at site A inside the MOT
for 17 ms while the frequency-conversion interface is in the lock mode. The inter-
face is then switched to the QFC mode, and 20-ns-long write pulses are sent to the
atomic memory. If a write photon is detected at detector D1, the atomic ensemble
is read out after a DLCZ storage time 74 by sending a 340-ns-long read pulse. The
emitted read photon is converted in the QFCDs and afterwards stored for 73 in the
AFC. During the storage, the 994 nm pump is gated off*® for 5us by the AOM
behind the tapered amplifier in order to retrieve the read photon in a noiseless time
window. The write/read process lasts for 1 ms until the Rb atoms are recaptured by
anew MOT and the interface is switched to the lock mode for the next 17 ms. After
15MOT captures and the corresponding write/read trials, the sequence restarts at
the next cryostat cycle, preparing a new AFC in the crystal.

Additional characterizations. Cross- and autocorrelation measurements. To gain
information about the non-classicality of the generated quantum states, we assess
their normalized cross- and autocorretation functions. In particular, we measure
the normalized cross-correlation between the write and read photons

@ _ Pu.e
PP,

where p, _is the probability of detecting a coincidence between the write and read
photon, and p,, (p.) is the probability of detecting a write (read) photon. Moreover,
we can measure the heralded autocorrelation of a read photon

g(z) - prl,rZ\ w
rh,r2{w
‘ Prl\wprz\w

via a Hanbury Brown-Twiss set-up. Here, Pr1.c21we denotes the probability of
measuring a coincidence between both read photon detections conditioned on a
write photon detection, and p, w (Prajw ) 18 the probability of detecting a read
photon on the first (second) detector conditioned on a write photon detection.

The non-classicality of the correlations between write and converted read
photons is assessed by the Cauchy-Schwarz inequality, which states that for
classical tields the correlation function is bounded by

(2)
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where g and g are the unheralded autocorrelation functions of the write
and read photons, respectlvely The values that we measure to assess the inequality
are shown in Extended Data Table 2. The unheralded write photon autocorrelation
shows a value of gm =2 as expected for the ideal two-mode squeezed state
generated by the atomic cloud. The unheralded autocorrelation function gmrB of

the read photons at the output of the crystal was not taken because of unfeasible
integration times. Instead, we measured its value at the output of the Rb cloud at
site A and at the output of the second frequency-conversion stage QFCD?2 at
site B. The values shown in Extended Data Table 2 indicate that the read photons
generated by the atomic cloud exhibit some bunching with | < g(z) <2.The
(2)

TQFCD2TQFCD2
added by the QFCDs has Poissonian statistics. Hence, the read photon

autocorrelation at the output of the crystal should not have a value higher than 2,
indicating that g(Z) > 2 is a strong sign of non-classicality.

values after the frequency conversion of g ~ Lindicate that the noise
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Weak coherent state conversion and storage. The QFC interface, the storage in
the crystal and the locking system were first tested and characterized with weak
coherent states of light mimicking the single read photons and time-bin qubits
obtainable from the cold atomic quantum memory.

Using light from the 780 nm write laser which is sent through another AOM
beam line and a set of neutral density filters (not shown in Extended Data Fig. 1),
we generated attenuated laser pulses of Gaussian shape and 200 ns duration, at the
same optical frequency of the read photons from the cold atomic quantum
memory. The weak laser pulses are converted through the QFCDs, then stored for
73 = 2.5 psin the crystal and eventually retrieved and detected at D2. The obtained
signal-to-noise ratio of the retrieved echo is shown in Extended Data Fig. 6a, asa
function of the average input photon number per pulse. The linear fit highlights
the performance in terms of signal-to-noise ratio of our system, showing
pt, = 0.022+0.001 with g being the minimum number of photons per pulse at
the input necessary to achieve a signal-to-noise ratio of 1 for the detected echo.
The echo then shows a signal-to-noise ratio of 14 for an average photon number
of 0.3 per pulse at 780 nm, corresponding to the expected number of read photons
at the input of the first QFCD per heralded excitation in the cold atomic quantum
memory (fibre-coupled DLCZ retrieval efficiency n;: 2 30%).

Next, weak coherent time-bin qubits (attenuated doubly-peaked Gaussian
pulses, separated by 500 ns and with tunable phase ditference > between the early
and late bins) were sent through the QFCDs and the solid-state storage device. The
memory is prepared with two AFCs offering simultaneous storage for 7, = 2 ps
and 73, = 2.5 ps. The early and late bins are overlapped and the interference
between the early and late pulses is measured as a function of the relative phase .
The visibility of this interference is shown in Extended Data Fig. 6b as a function
of the photon number per time-bin qubit ,,. With strong coherent pulses, the
visibility of this interference is measured to be Vy = 67%. The decrease of visibility
for lower input photon number 1, is due to a decrease in signal-to-noise ratio.
Taking this effect into account, the visibility becomes®

m
Vipg) = o—2—
T 200

where V; is the maximum visibility, and 3 the correcting factor for the reduced effi-
ciency of a double AFC compared with a single one. The simple mode! reproduces
our data well, using the signal-to-noise ratio measured in Extended Data Fig. 6a and
Vo measured with strong light pulses (see following section). The visibilities in the
single-photon regime, presented in the main text correspond here to a regime where
#y, 2= 0.3 (mimicking the retrieval efficiency 772[ of the atomic memory).

Fidelity limitation. In this section, we discuss the limitations of the fidelity measured
and presented in the main paper. The fidelity of the polar states is limited by the
signal-to-noise ratio (SNR) of the detected photons: F, = (SNR+ 1) /(SNR + 2).
The fidelity of the equatorial states is mainly limited by the visibility of the interfer-
ence between early and late time bins: %y = (1 4+ V))/2. The visibility V depends
on background noise (as shown in the previous section) and the overall frequency
jitter of the lasers involved in the experiment.

Because of our relatively high signal-to-noise ratio, the main limitation in our case
is most likely given by laser jitter, which stochastically shifts the central frequency of
the read photon. As seen in the section ‘Solid-state storage device, a frequency shift
& induces a relative phase 2w4(7 — 73) between the two interferometer arms, thus
reducing the measured visibility over several experimental trials.

All the lasers involved in the experiment contribute to this effect—the 780 nm
read laser generating the time-bin photon, the two pump lasers of the QFCDs
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converting the time-bin photon, the 780 nm write laser generating the lock light,
and the 606 nm laser preparing the AFCs and acting as the reterence for the beat-
note lock.

Considering a Gaussian global laser linewidth of o, the visibility V; of the
interference between the two time bins separated by At can be expressed as™

[ (ZTrUAr)Z]
Vo= exp| ~————

2

Depending on laser stability, maximum visibilities Vp, measured with strong
coherent pulses, between 65% and 75% have been observed. This corresponds to
aglobal linewidth of the lasers between 570 and 700 kHz FWHM (approximately
2.350). Extended Data Fig. 7 shows the calculated visibility as a function of the
FWHM of the Gaussian linewidth. When the pump laser at 394 nm was not
stabilized on a Fabry-Perot cavity, we observed a lower maximum visibility, around
60% (corresponding to a visibility of around 50% in the single-photon regime).
Storage time in the crystal. The preservation of non-classical correlations between
the write photons (detected at D1 at site A) and the converted, stored and retrieved
read photons (detected at D2 at site B) depending on the storage time T in the
crystal is investigated in Extended Data Fig. 8.

First, we show in Extended Data Fig,. 8a the total detection probability at D2 of
aconverted and stored read photon when a heralding write photon is detected at
D1. For small 75 we obtain total efficiencies up to 0.02% matching the expected
range determined by individual optical losses. The decrease of the total efficiency
over storage time follows the drop of the AFC memory etficiency due to the change
in finesse and effective optical depth of the prepared AFC at different ms caused by
the finite laser linewidth>%,

In Extended Data Fig. 8b, the normalized cross-correlation g(‘j)re between the
write and read photons depending on y is shown. We observe a relatively constant
g(‘j)r 2 6 up to a storage time of 7y = 8 ps, after which it finally drops below the
classical threshold of g‘j)r =2 at 1y~ 10 ps, where the AFC efticiency is low and
its echo detection is limited by dark counts of the detector D2. The green area
shows the expected correlations, taking into account the signal-to-noise ratio of
the AFC echo, inferred from the AFC efficiencies of Extended Data Fig. 8a, using
the same model as in previous work®’.

Data availability. The data that support the findings of this study are available
from the corresponding author on reasonable request.
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Extended Data Figure 1| Experimental set-up. On the left, a cold *’Rb analysed in a crystal before being retrieved and detected. AOM, acousto-
quantum memory is operated to generate non-classically correlated optic modulator; BF, bandpass filter; DM, dichroic mirror; Et, etalon;
photon pairs. In the centre, the single read photons are frequency- ES, fibre switch; Gr, diffraction grating; A/2 (A\/4) half (quarter)-wave
converted from 780 nm to 1,550 nm in QFCD! and afterwards to 606 nm plate; PBS, polarizing beam splitter; PC, polarization controller; PP,
in QFCD2. On the right, the converted read photons are stored and anamorphic prism pair; QM, quantum memory; S, mechanical shutter.
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Extended Data Figure 2 | Time-bin read photon. Conditional histogram of a time-bin read photon, taken at p. = 5% after the MOT at site A.
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Extended Data Figure 3 | AFC storage characterization. Absorption
spectra of AFCs with different periodicities A are shown on the left side.
Input pulses (200 ns FHWM) derived from the 606 nm preparation laser
are sent to the different AFC structures at O ps, and their corresponding
echoes are shown on the right side. a, A = 500 kHz. b, A = 400 kHz.

¢, Double periodicity with 4, = 500 kHz and A; = 400 kHz leading to a
double echo at 2 ps and 2.5ps. OD, optical depth.
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Extended Data Figure 4 | AFC efficiency and interference versus photon
detuning. Relative storage efficiency of classical light (derived from the
606 nm preparation laser) versus its frequency detuning é with respect

to the centre of the prepared AFC. For the blue dots, the input is a single
Gaussian shaped pulse stored in a single AFC. For the green squares, the
input is a doubly peaked pulse (mimicking a time-bin input photon) stored
on two superimposed AFCs.
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D1 and converted, stored and restored read photons at D2 are indicated
by stars,
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Extended Data Figure 6 | Weak coherent-state measurements. a, Signal-
to-noise ratio of the echo retrieved from the crystal, if a weak coherent
state is frequency-converted in the QFCDs and stored in the memory
depending on the mean input photon number per pulse y,, before the
interface. The green line is a fit with the expected linear behaviour.

b, Visibility of interfering weak coherent time-bin pulses depending on
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their mean input photon number g, after the pulses were frequency
converted and stored for g, = 2 ps and 73, = 2.5 ps in the AFC memory.
The green line is the predicted behaviour of the visibility, taking into
account the measured signal-to-noise ratio. The inset shows as an example
the interference fringe taken at y, ~ 5.
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Extended Data Figure 7 | Interference visibility. Calculated visibility V; as a function of the laser linewidth FWHM (2.350). The shaded area shows the
typical operating range of the experiment.
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Extended Data Figure 8 | Storage efficiency and cross-correlation versus storage time. a, Total storage efficiency and b, normalized cross-correlation
function g of the initial write photon at site A and the converted, stored and retrieved read photon at site B depending on the storage time 73 in the

W,T

crystal, taken’at p, =~ 10%.
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Extended Data Table 1 | System losses

Element Type of loss T,n (%)
Cold Gas Read retrieval (in fibre) 30
Fs1 Transmission 72
Waveguide coupling 44
QFCD1 Conversion 56 Ndevice = 17 %
Filtering & fibre coupling 68
Waveguide coupling 51
Conversion 60 g
QFCD2 Filtering 75 Ndevice= 15 %
Fibre coupling 64
Fs2 Transmission 70
AFC storage 29
Crystal Optical transmission 52
Detection 45

Detailed optical transmissions and efficiencies of the experiment are shown,

1€ 2017 Macmillan Publishers Limited, part of Springer Nature. Al rights reserved
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Extended Data Table 2 | Unheralded autocorrelation measurements

2)

Pe [%] gg?w gl('i),r,\ glEQFCDZ.l'Qpch
35 1.87(0.10) 1.36(0.05) 1.06(0.05)
10 1.81(0.10) 1.48(0.06) 0.96(0.04)
5 2.13(0.20) 1.35(0.07) 1.00{0.04)

Normalized autocorrelation values for the write and read photon fieids. g‘f’ 'S measured after the
write photons are filtered with the Fabry-Perot cavity. gff"‘ is measured at the output of the fibre
that collects the read photons from the atomic cloud. g‘fl’ . measured at the output of
QFCD2 at site 8. erarees

< 2017 Macmillan Publishers Limited, part of Springer Nature, All rights reserved.
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C3

Cavities play a fundamental role in wave phenomena from
quan-tum mechanics to electromagnetism and dictate the
spatiotemporal  physics of lasers. In general, they are
constructed by closing all channels through which waves can
escape. We report, at room

e X
Boedbodos
ke ad LSS

e Pbd
GOBPH G

temperature (295K), a BIC laser that harnesses optical modes resid-
ing in the radiation continuum but, nonetheless, possess arbitrarily
high quality factors, Q. These counterintuitive cavities are based on
resonance-trapped, symmetry-compatible modes that destructively
interfere.

Generally, open systems are described by non-Hermitian effective
Hamiltonians that have multivariate and complex eigenvalues describ-
ing modes of the system. These eigenvalues exist in a multidimensional
hyperspace but, in a given frequency range, the investigation can be
reduced to a finite number of variables, thus limiting the complexity of
the effective Hamiltonian’. When eigenvalues come close to crossing as
a function of a geometrical parameter that modifies the system, avoided
resonance crossing occurs, that is, eigenvalues repel each other in the
entire complex plane'®~2". Friedrich and Wintgen showed that resonance-
trapped BICs represent a particular type of avoided resonance crossing
for which coupling occurs predominantly in the far-field.

Our system consists of a thin membrane of semiconductor material
suspended in air. We subsequently structure the membrane at the nano-
metre scale. The field in the air is a superposition of independent waves,
which are interpreted as decay channels, and can be either propagating
or evanescent. The field in the membrane, which becomes a superpo-
sition of coupled waves owing to structuring, is also coupled to the
field in air. In the resulting open system described by a non-Hermitian
Hamiltonian, the imaginary part of the complex eigenfrequency serves
to quantify the decay of modes via the resonance lifetime. This lifetime
is governed by coupling amongst different waves within the membrane
through the Fourier coefficients of the periodic permittivity. A pre-
cise engineering of coupling among relevant waves in reciprocal space
can lead to total destructive interference, that is, an infinite lifetime
(see section A of Supplementary Information). BICs arise in the limit
when a complex eigenfrequency mode tends towards a purely real eigen-
frequency mode. They are very peculiar discrete modes in that they are
actually embedded within the continuous spectrum but intrinsically
possess an infinitely high radiation quality factor as a result of their

Figure 1 | BIC laser. a, Tilted electron micrograph
of InGaAsP multiple quantum wells cylindrical
nanoresonator array suspended in air. All
structures are fabricated using electron beam
lithography followed by reactive ion etching to
form the cylinders. We subsequently use wet
etching to suspend the structure (see section B of
Supplementary Information). b, Top view of an
8-by-8 array with supporting bridges, which are
used for the mechanical stability of the membrane.
The dimensions of the structure are the period
(1,200 nm), the thickness (300 nm) and the bridge
width (200 nm). ¢, Schematic of the fabricated
system illustrating the pump beam (blue) and
lasing from the BIC mode (red). The radius of the
cylindrical nanoresonators is the key parameter in
our BIC design.

! Department of Electrical and Computer Engineering, University of California San Diego. La Jolla, California 92093-0407, USA.

*These authors contributed equally to this work.
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non-decaying nature. BICs are thus ideally suited for the design of
perfect nanophotonic cavities.

As shown in Fig. 1, our BIC cavity is composed of a periodic
array of nanoresonators of radius R interconnected by a network of
supporting bridges used for the mechanical stability of the system.
The membrane consists of several In,Ga, _  As,P, ., multiple quantum
wells, specially designed to operate around the telecommunication
wavelength (A= 1.55pum). The radius of the cylindrical nanoresonators
is the only parameter we use to tune the modes of the membrane and
alter the effective Hamiltonian. The structure is fabricated using
electron-beam lithography and reactive ion etching to define the
cylindrical nanoresonators, followed by a wet etching step to create the
membrane (see section B of Supplementary Information). It is worth
noting that the radii of the fabricated nanoresonators are always smaller
than their nominal design values, a consequence of reactive ion etching.
As a result, the maximum achievable radius is strictly smaller than a/2
where a is the period of our structure.

To analyse our system, we calculate the quality factors at normal
incidence around 1.55 pum, that is, within the gain bandwidth of the
material. The system was modelled using a three-dimensional finite-
element-method eigenfrequency solver. We restrict the discussion to
odd modes (transverse-magnetic-like) as they have much higher quality
factors than even modes (transverse-electric-like) in the wavelength
range of interest (see section C of Supplementary Information).
We find three modes around 1.55 pm with appreciable quality factors,
one doubly degenerate mode (modes 1 and 2) and one singly degener-
ate mode (mode 3). Figure 2a shows their quality factor as a function
of the radius (522 nm < R <534 nm). The quality factor of mode 3
is independent of the radius and remains high throughout the

LETTER

calculated range. This mode corresponds to a symmetry-protected
mode??, In contrast, the quality factor of modes 1 and 2 depends
strongly on the radius and reaches a maximum at an optimum radius
of Rypy = 528.4 nm. At this optimum radius, modes 1 and 2 completely
decouple from the radiation continuum and thus become BICs. This
mode corresponds to a resonance-trapped mode (see section D of
Supplementary Information).

The quality factor can diverge in two different situations. In the first
situation (mode 3), coupling to the outside vanishes solely as a result of
symmetry mismatch. Any perturbation that preserves symmetry, such
as a modification of the radius, has no impact on its quality factor. This
type of mode has been extensively studied before?. In the second situa-
tion (modes 1 and 2), coupling to the outside vanishes as a result of total
destructive interference'»**. This BIC mode {resonance-trapped) is
fundamentally different from previous works on band-edge lasers®>-%’
(symmetry-protected) that are restricted to high symmetry points of
the reciprocal lattice (see section E of Supplementary Information).
Resonance-trapped BICs achieve an infinite quality factor at the singu-
lar radius Rop but the quality factor remains very high for radii around
Ropr. Figure 2b shows the transmission spectrum at normal incidence
of our structure, in which the quality factor of modes 1 and 2 can be
seen to tend slowly to infinity from its vanishing linewidth.

Figure 2c shows the dispersion relation of the BIC structure at R= Ry
along the MI" and I'X directions. Here I', X, and M are high-symmetry
points of the first Brillouin zone for a square lattice. We also plot the
complex dispersion relation of modes 1 and 2 (Fig. 2d, e) and mode 3
(Fig. 2f). Figure 2f shows that mode 3 is extremely sensitive to sym-
metry-breaking perturbations as its quality factor drops sharply away
from the I" point. Quality factors of modes 1 and 2, which are no longer
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Figure 2 | Design and complex dispersion relation of the BIC

cavity. a, Quality factor of high-Q modes at the [" point around the
telecommunication wavelength for different nanoresonator radii. The
quality factors of modes 1 and 2, which are doubly degenerate at the

[ point, are strongly dependent on the radius R. For R = R,y at 528.4nm,
this quality factor approaches infinity to form a resonance-trapped BIC.
For radii around R, the quality factor remains very high. b, Transmission
spectrum at normal incidence showing the vanishing linewidth of modes 1
and 2 when the radius approaches R,. The wavelength of the modes is

a function of the radius and it continuously varies between the smallest
radius (R= 522 nm) and the largest radius (R =534 nm). ¢, Dispersion
relation around 1.55 um for high-Q modes (1, 2 and 3) in both MF and
"X directions as a function of k{(a/27). The inset shows the first Brillouin

zone of the square lattice and irreducible contour for cylindrical
nanoresonators (shaded area). The contour connects high-symmetry
points I, X, and M. d-f, Quality factor of high-Q modes in both the

MTI and the I'X direction for mode 1 (d), mode 2 (e), and mode 3 (f).
Insets represent the normalized electric field on the surface of a unit

cell. Modes 1 and 2 are identical under 90-degree rotation. Mode 3 isa
symmetry-protected mode and is thus not affected by geometrical changes
that preserve symmetry, such as the change of radius. The quality factor of
mode 3, however, drops rapidly away from the high-symmetry point I'. It
drops more rapidly compared to the quality factor of modes 1 and 2. The
sharper drop of the quality factor of mode 3 away from [" implies that the
integrated quality factor of this mode will be smaller than those of modes 1
and 2 in the case of finite-sized samples.

'€ 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved



R TLER LETTER

Figure 3 | Experimental characterization of the

-

BIC laser. a, Evolution of the normalized output

P, (normalized)
o

P g = 158 uW power as a function of wavelength and pump
power for a 16-by-16 array with a nanoresonator
radius of 525 nm. We observe the transition from

a broad spontaneous emission to a single lasing

0
0.2 1548 1,550
0.15

0.1

Output power (normalized)
Qutput power (arbitrary units)

0.05

A {nm)

1,552 1,554

peak at 1,551.4 nm. b, Output power as a function
of the average pump power (light-light curve)
around the lasing wavelength. We observe the
onset of lasing at a threshold power of 56 uW. The
red lines are linear fits to the data, indicating the
regions of spontaneous and stimulated emission.
The blue dots correspond to measurements and
numbers (1) to (5) denote the spectra plotted in

a. Here the standard error in arbitrary units is less
than 0.01. The inset shows the lasing spectrum at a

50

Pump power (uW)

degenerate away from the I" point (as seen in Fig. 2¢), do not drop as
sharply as that of mode 3. Modes 1 and 2 are thus much less sensitive to
symmetry-breaking perturbations. Additionally, the resonance-trapped
BIC is robust because a variation in radius only induces its displacement in
k-space (reciprocal space, where k is the wavevector), whereas a symmetry-
breaking perturbation destroys the symmetry-protected mode**. This is
of utmost importance in device design as fabrication tolerances will have
less impact on resonance-trapped BICs than on modes that rely on sym-
metry protection. Moreover, designing a mode with a high quality factor
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Figure 4 | Scaling of the BIC lasers. a, Electron micrographs of fabricated
BIC lasers of size 8-by-8, 10-by-10, 16-by-16, and 20-by-20. b, Lasing
wavelength as a function of nanoresonator radius, from 500 nm to

550 nm, with array sizes of 8-by-8 (cross), 10-by-10 (circle), 16-by-16
(square}, and 20-by-20 (diamond). Each point corresponds to a device
with a specific radius, bridge width and array size. Error bars indicate the
standard deviation of radii measured from fabricated devices. The

lines represent the theoretical resonant wavelength of modes 1 and 2
(solid line) and 3 (dashed line) for different radii of nanoresonators, for
the infinite array. The good agreement between the experimental lasing
wavelengths and the theoretical resonant wavelengths of the resonance-
trapped BIC mode (modes 1 and 2) confirms that lasing action is indeed

liuwvvvvvv«vvvvvvw

[

pump power of 158 uW with a measured linewidth
of about 0.33 nm (detection-limited).

100 150 200

in a large region of k-space is of practical importance because fabricated
devices, which are never spatially infinite, always sample the dispersion
relation in a finite neighbourhood in k-space”®. Therefore, for a given
quality factor, we can achieve a much smaller device footprint with a
resonance-trapped BIC mode than with symmetry-protected modes.
To experimentally demonstrate lasing from our BIC cavity, we
optically pump the membrane at room temperature with a pulsed
laser (A== 1,064 nm, T= 12 ns pulse at a repetition rate f=300kHz)
and record the spectral emission (see section F of Supplementary
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from the BIC mode. ¢, Additionally, measured threshold powerasa
function of radii for the lasers clearly shows a minimum (56 . W) close to
R.pi (about 525 nm) reflecting the maximum quality factor around the
BIC singularity and offers further proof of lasing action from the BIC mode
(modes I and 2). The inverse relationship between quality factor and
threshold is evident (see section G of Supplementary Information). Mode
3 has no variation in quality factor with radii. The vertical error bars

are the standard error in the threshold power estimated over multiple
measurements (varying pump power) repeated more than three times
whereas the horizontal error bars represent the standard deviation of
measured radii. The green shaded area is a guide to the eye.
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Information). Figure 3a shows the evolution of the output power as a
function of both the pump power and the wavelength. At low pump
power, we observe a spectrally broad photoluminescence spectrum,
while at high pump power, we observe a drastic overall suppression of
the photoluminescence in favour of one extremely narrow peak, that
is, lasing. As depicted in Fig. 3a, three modes show amplification at
first (Ppymp~ 48 W) but, ultimately, only one remains. Lasing action
occurs at a wavelength of 1,551.4 nm with a detection-limited linewidth
of about 0.33 nm (see inset of Fig. 3b). Figure 3b shows the evolution of
the output power as a function of the pump power around this lasing
wavelength. We observe a clear threshold behaviour with a threshold
power of 56 LW or a density of 140 mW mm™2.

To further demonstrate the robustness and scalability?® of our BIC
laser, we fabricated several devices (36 devices) with a range of radii and
array sizes as seen in Fig. 4a. Figure 4b shows the measured lasing wave-
length of devices of different array size (8-by-8, 10-by-10, 16-by-16 and
20-by-20), and different radii of nanoresonators. The solid and dashed
lines represent, respectively, the theoretical resonant wavelength of
modes 1 and 2 and mode 3 for different radii of nanoresonators in the
infinite array. We observe a very good agreement between the exper-
imental lasing wavelengths and the theoretical resonant wavelengths
of the resonance-trapped BIC mode (modes 1 and 2). This agreement
confirms that lasing action is indeed from the BIC mode over the entire
range of radii. Moreover, the persistence of lasing for all array sizes
down to as few as 8-by-8 nanoresonators shows the scalability of our
BIC laser, thanks to the large quality factor of the resonance-trapped
BIC mode in a wide region of k-space. Further evidence of lasing from
the BIC mode can directly be observed in the measured threshold
power of the lasers. The threshold power has a clear minimum close
to Rop (about 525 nm), reflecting a maximum quality factor at the BIC
singularity as seen in Fig. 4c. Also see section G of Supplementary
Information for a discussion on the influence of quality factor for a
finite cavity on the lasing threshold. Additional characterization such as
far-field profiles and polarization measurements of these lasing devices
are provided in section H of Supplementary Information.

We have thus reported a BIC laser from a cavity mode that can, sur-
prisingly, have arbitrarily high quality factors despite being embedded
in the continuum of radiation modes. This cavity, made of an array of
suspended cylindrical nanoresonators, shows persistent single-mode
lasing for various radii and array sizes. The lasing wavelength follows
the theoretical prediction of the BIC mode and the inverse relationship
between quality factor and lasing threshold is experimentally demon-
strated. These results demonstrate the robustness and scalability of the
system. The ability to confine light within the radiation continuum
opens up the study of the intriguing topological physics of BICs and
the realization of non-standard photonic devices, sensors and sources.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.

Data Availability The data that support the findings of this study are available from
the corresponding author upon reasonable request.
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