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Deterministic quantum teleportation between

distant atomic objects

H. Krauter!, D. Salart', C. A. Muschik?, J. M. Petersen', Heng Shen', T. Fernholz? and E. S. Polzik'*

Quantum teleportation is a key ingredient in quantum
networks? and one of the building blocks for quantum
computation3*. Teleportation between distant material objects
using light as the quantum-information carrier has been a
particularly exciting goal. Here we propose and demonstrate
the deterministic continuous-variable teleportation between
distant material objects. The objects are macroscopic atomic
ensembles at room temperature. Entanglement required for
teleportation is distributed by light propagating from one
ensemble to the other. We demonstrate that the experimental
fidelity of the quantum teleportation is higher than that achiev-
able by any classical process. Furthermore, we demonstrate
the benefits of deterministic teleportation by teleporting a
sequence of spin states evolving in time from one distant object
onto another. The teleportation protocol is applicable to other
important systems, such as mechanical oscillators coupled to
light or cold spin ensembles coupled to microwaves.

Quantum teleportation of discrete® and continuous® variables
is the transfer of a quantum-mechanical state without the trans-
mission of a physical system carrying this state. The first exper-
imental teleportation protocols employed light as the carrier of
quantum states”®. Teleportation of atomic states over micrometre
distances has been realized in two experiments using short-range
interactions between trapped ions®'’. Interspecies teleportation
from light onto atoms has been achieved both deterministically for
continuous variables'! and probabilistically for discrete variables'?.
Recently, probabilistic teleportation between two ions'’, atoms'*
and atomic ensembles' over a macroscopic distance has been
demonstrated. Whereas probabilistic teleportation, in which en-
tanglement is distributed by photon counting”'®, is capable of
reaching distances of many kilometres (refs 2,17), the power of
continuous-variable teleportation is that it succeeds deterministi-
cally in every attempt®!!, that it is capable of teleporting complex
quantum states'® and that it can be used in universal quantum
computation®. Here, we propose and experimentally demonstrate
the deterministic continuous-variable teleportation between two
distant material objects, thus extending the powerful continuous-
variable teleportation®!"!® onto atomic memory states. The proto-
col that succeeds in every attempt allows us to teleport dynamically
changing quantum states of collective atomic spins with the band-
width of tens of hertz.

A quantum teleportation process begins with the creation
of a pair of entangled objects. In our experiment these two
objects are an atomic ensemble at site B and a photonic wave
packet generated by interaction of this ensemble with a driving
light pulse (Fig.1la). The wave packet travels to site A, the

location of the atomic ensemble whose state is to be teleported.
This step establishes a quantum link between the two locations.
Following the interaction of ensemble A and the wave packet, a
measurement is performed on the transmitted light. The results of
this measurement are communicated through a classical channel
to site B, where they are fed back through local operations on the
second entangled object, that is, ensemble B, thus completing the
process of teleportation.

Continuous-variable teleportation is described in the language
of canonical operators x, p for atoms and y, g for light that obey
the usual commutation relations [x, p] = [y,q] =i. A generic
condition for a continuous-variable entangled state for Gaussian
states'® is Var(x — y) + Var(p + q) < 2. For atomic ensembles,
fully spin polarized along the x axis, canonical operators are
scaled dimensionless Cartesian components of the collective spin:
X :]y/\/ |(]x>| and p :]z/\/ |(]x>| (ref. 19)) where ]x,y,z = Zij}ic,y,z
(summed over all atoms i) is the collective angular momentum
of the ensemble. Here, we employ '**Cs atoms initiated in a fully
polarized |F = 4, my = 4) ground state. The usual link between the
ladder operator b for collective atomic excitations'® of the state
mg =3 (Fig. 1b) and canonical variables is b' = (x —ip)/ /2. Atoms
are placed in a bias magnetic field along the x axis, so that in the
laboratory frame the observables x o J, and p o J, rotate at the
Larmor frequency {2 (Fig. la) according to the atomic Hamiltonian
Hatomic = —82(x* + p*)/2. Note that here we use the parallel
orientation of the macroscopic spins of the two ensembles (Fig. 1a),
which is optimal for the teleportation protocol. It corresponds to
the same sign of the Larmor frequency {2 in Hagomic for the two
ensembles. This is to be compared to!*?* where the antiparallel spin
orientation, optimal for creating entanglement between two atomic
spin ensembles, was used.

The atom-light interaction is shown in Fig. 1b and involves
two scattering processes Hiy o val b' — ualb + h.c., where al, Jls
generate photons in the upper/lower (w, £ £2) sideband modes
of the driving field w,. The interaction H;, contains both
essential ingredients of the teleportation protocol, the creation of
entanglement (the first term) and a beam-splitter-type operation
between atoms and photons (the second term)'>?. For our setting,
the ratio of the two terms is w/v = 1.38. The entanglement
used in this protocol is between atomic ensemble B and the
light field sent to ensemble A. The photons scattered forward
into Larmor-frequency sidebands populate the modes relevant
for teleportation whose canonical variables y., and gq., are
y.cos(£2t) +y.sin(£2t) oc e +ae’? +h.c. and similarly for
q. The detailed theory of the protocol is presented in the
Supplementary Information, where exact definitions and properties
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Figure 1| Teleportation experiment. a, The experimental layout. A strong driving pulse propagates first through ensemble B creating the modes y’, ¢’
entangled with B and then through ensemble A whose state is to be teleported. Joint measurements on the modes y” are performed using polarization
homodyning. Teleportation is completed by classical communication of these results to B. See the text for further details. RF, radiofrequency. b, The level
scheme and relevant transitions. Classical drive field (thick lines) and quantum fields forming the modes y, g (wavy lines) are shown. ¢, The time line of the
experiment. |, preparation of the input state; Il, entanglement and joint measurement; I, feedback; IV, read-out of the teleported state.
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Figure 2 | Teleportation fidelity. a, The variances of the teleported state Var(xt¢'® ptele) in projection (vacuum) noise (PN) units as a function of gain.
Several data points for each gain correspond to various input states (the vacuum, the CSS with displacements of 5 in vacuum units and phases O, /4, /2
and CSS with displacement 25 and phase 0). The error bars represent one standard deviation of the atomic variance for 5-10 subsets of 2,000 points.

b, Teleportation fidelity as a function of the mean photon number of the Gaussian distribution of the input set of states. Blue curves/points, feedback by
radiofrequency pulses applied to ensemble B; red curves/points, feedback applied numerically to the read-out results of B (see comments in the text).
Black dashed line represents the classical benchmark. For the error bars, the uncertainty of kappa, shot noise, detection efficiency and the quadratic fit of

the atomic variance versus gain were taken into account.

of these modes are given in Supplementary Eqs S3 and S4).
The generic form for them is y./; o fOT cos/sin(2t)f (¢)y(¢)dt,
where f(¢) is a function that varies slowly on the timescale of
the Larmor period.

The experiment (Fig. la) uses two room-temperature gas
ensembles of caesium atoms in glass cells with a spin-protecting
coating as in ref. 19,21,22 placed at a distance of 0.5m. Optical
pumping initializes both ensembles into the |F = 4, mp = 4)
coherent spin state (CSS) with Var(J,) -Var(J,) =J2 /4 with J, ~ 4N,
and (J,) =0 and (J;) =0, corresponding to a vacuum state with
variances Var(x) = Var(p) = 1/2. The spin of ensemble A to
be teleported is then displaced with mean values (x,) and (pa)

by a weak radiofrequency magnetic field pulse of frequency 2
corresponding to the creation of a coherent superposition of
electronic ground states myp = 3, mp =4 (Fig. 1b).

The layout and the time sequence for teleportation and
verification are shown in Fig. la,c. A y-polarized, 3-ms-long
5.6 mW light pulse, blue detuned from the D, line F =4 — 5
transition by A =850 MHz drives the interaction. The forward-
scattered mode, x-polarized and described by y’,q  is entangled
with the collective spin B and co-propagates with the drive light
towards site A. The interaction with ensemble A leads to partial
mapping of its state onto light and is followed by the Bell
measurements on the light modes of the upper and lower sidebands
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Figure 3 | Teleportation of a sequence of spin states. Left column, radiofrequency (RF) magnetic field applied to spin A with components

xa ocJy oc By, pa o< J; o B with the amplitude of Brr 22 1pT. Centre/right columns, the read-out of the input/teleported spin states A/B in vacuum units.
Every point is one teleportation run with the points taken at the rate of ~ 50 Hz with the whole shown sequence taking ~ 200 s. The lines present the
running average of the points. The first/second row in the read-out of the pa g/xa g variable and the third row is a two-dimensional plot xa g, pa 8. The
optimal teleportation gain for this evolution is 0.8, which is seen as a smaller mean amplitude of the teleported evolution compared with the original.

performed using polarization homodyning with the driving light
acting as the local oscillator yielding y! = (y/ + y1)/+/2 and
v/ = (ql — q/)/~/2. The measurements of y” and y’ serve as
the joint measurement of ensemble A and the light coming from
site B as can be seen directly from Supplementary Eq. S1. Near-
unity teleportation fidelity can be achieved (see Supplementary
Information), if the driving fields for the A and B ensembles are
made time-dependent. However, even with top-hat driving pulses
a sufficiently high fidelity can be achieved, if an optimal temporal
mode for the detected homodyne signal is chosen. The optimal
read-out mode is y ./ fOT cos/sin(2t)e "' y(t)dt, where T is
the pulse duration and y is the decay rate of the atomic state.
Measurements of y.,_ are conducted by electronic processing
of the photocurrent. The teleportation protocol is completed by
sending the measurement results yZ'_ through a classical link
to the site B where spin rotations in the y,z plane conditioned
on these results are performed using phase- and amplitude-
controlled radiofrequency magnetic field pulses at frequency (2. The
deterministic character of the homodyne process ensures success of
the teleportation in every attempt.

The quantum character of the teleportation is verified by com-
paring the fidelity of state transfer to the classical benchmark
fidelity. More specifically, we perform the teleportation using
various sets of CSSs of ensemble A with varying (J,.), corre-
sponding to displaced vacuum (coherent states) in quantum op-
tical terms, as input states. For such states the individual state
transfer fidelity is calculated from the first two moments (see
Supplementary Information), that is, the mean values and the
variances o2 = Var(x\"), oy = Var(p'¥). We then evaluate the
average transfer fidelity for sets of coherent input states with a
Gaussian distribution of displacements with a mean number of spin
excitations® 71 = (b'b) (see Supplementary Information). A rigor-
ous classical benchmark fidelity (14 7)/(1 4 27) for transmission
of such classes of states has been derived in ref. 23. Demonstration
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of a fidelity above the classical benchmark signifies the success
of quantum teleportation and is equivalent to the ability of the
teleportation channel to transfer entangled states. For every input
state, 10,000-20,000 teleportations have been performed with one
full cycle of the protocol lasting 20 ms. Figure 2a shows the variance
of the teleported states as a function of gain g. The quadratic
dependence of the variances on g predicted by the model (see
Supplementary Information) fits the experimental data very well.
For a certain range of g the atomic variances are reduced owing
to the entanglement of the transmitted light with ensemble B (see
Supplementary Information). Figure 2b presents the experimental
fidelity (blue dots), which is above the classical benchmark for
i1 <7. The classical feedback conditioned on the Bell measurement
result can be applied in two ways. It can be done by performing
a displacement operation with a radiofrequency pulse applied to
ensemble B, followed by a subsequent verification by the read-out
of the atomic state. Alternatively, the verification read-out can be
performed first, followed by the displacement operation applied
to the result of the measurement numerically (see Supplementary
Information). In theory, those two procedures are equivalent,
but in the experiment the resulting fidelity for the latter one is
slightly higher (red dots in Fig. 2b) because the application of
radiofrequency fields required in the former procedure introduces
additional technical errors.

The deterministic teleportation can be used for stroboscopic
teleportation of a sequence of spin states changing at a rate
of ~50Hz from A to B. To illustrate this attractive feature,
we have performed repeated teleportation cycles while varying
the amplitude and phase of the input state. The results are
presented in Fig. 3. The left column shows the time-varying
radiofrequency field in the picoTesla range that is applied to
prepare a new spin state A in each individual teleportation run,
after initializing both ensembles to vacuum between the runs. The
central column shows the read-out of the input-state evolution
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of ensemble A and the right column shows the read-out of
the teleported-state evolution. The points represent results for
individual teleportation runs.

The fidelity of the teleportation can be further improved by using
time-varying drive pulses (see Supplementary Information) and
increasing the optical depth of the atomic ensembles. Continuous-
variable teleportation is capable of teleporting highly non-classical
states as shown for teleportation of light modes'®, so it can be
expected that deterministic teleportation of an atomic qubit'® can
be performed by developing the present approach. The stroboscopic
teleportation of spin dynamics can also be extended towards a true
continuous in time teleportation paving the way to teleportation of
quantum dynamics and simulations of the interaction between two
distant objects that have never interacted directly (Muschik et al.,
in preparation). Continuous-variable atomic teleportation allows
for performing quantum sensing at a remote location, spatially
separated from the location of the object. This teleportation
protocol is, in principle, applicable to other systems described by
strongly coupled harmonic oscillators, for example, to mechanical
oscillators in a quantum regime coupled to light or cold spin
ensembles coupled to microwaves.

Methods

The Larmor precession of the atomic spin oscillators in the bias magnetic field
allows us to perform quantum teleportation with a very large atomic object
consisting of N, ~ 10''-10'? atoms and to use a strong drive with the number

of photons of N, & 10'*~10'*. The relative size of vacuum-state fluctuations in

a multiparticle ensemble scales as N ~!'/2. Therefore, all technical fluctuations of
spins and light must be reduced to <« 10~ before the vacuum-state noise level that
is the benchmark for continuous-variable quantum-information processing can
be reached. We achieve this by encoding quantum states of atoms and light at the
high Larmor frequency {2 = 322 kHz (the bias magnetic field of B~ 0.9 G) where
technical noise is much lower than at lower frequencies. This allows us to achieve
vacuum (projection) noise level for atoms and vacuum (shot) noise level for light.
Using the strong driving field also as the local oscillator field for polarization
homodyne detection of photonic variables y, ; allows us to use detectors with nearly
unity quantum efficiency.

The calibration of the input atomic spin state, the joint measurement, and the
detection of the state teleported onto the spin B are performed using polarization
homodyning measurements of the Stokes operator S, = (11445 — 1_45)/2 given by
the difference of photon numbers polarized in 45° directions (Fig. 1)****. The
measured canonical variable for light is then defined as S, & +/®/2 -y, where & is
the driving field photon flux, which experimentally means that all measurements
are normalized to the shot noise of light. The photocurrent is analysed with a
lock-in amplifier at {2 and further computer processed to obtain measurements of
the temporal modes of interest y,/ . Light pulses for teleportation and read-out
always pass through both vapour cells (Fig. 1). For the read-out of each individual
ensemble the other ensemble is detuned from the atom-light interaction by
briefly detuning the B field in the respective cell. For off-resonant light well below
saturation used here, the linear transformation of light variables after dispersive
interaction with atoms is given by**?*:

Yess— =K -p/x+c, 'y:r/ls,ﬁ +¢ 'qil;c,fq +eovFox (1)

Here, the first term is a contribution of the atomic spin variable due to Faraday
rotation of light polarization, the second term is proportional to the input value of
the light quadrature y of the temporal mode f, and the third term is the contribution
of the other quadrature of input light q of temporal mode f; resulting from back
action of light on atoms (see Supplementary Information). All input light modes
are always in a coherent or vacuum state with Var(yg‘/‘svfy) = Var(qi‘}s)[q) =1/2.
The last term in equation (1) describes additional noise arising from atomic
decoherence with Var(F, ) = m/2, with m = 1.3 found from the atomic spin
relaxation®. The value of the interaction constant « is found by calibrating the
Faraday rotation caused by the ensemble?. The constants ¢, and ¢, are determined
by sending light with displacements of (yf“}svf}) and (q‘[“/s‘fl ), storing it in the atomic
medium, then reading it out onto another pulse (¢! ) and measuring the
ratios. The values for ¢, ¢, and ¢y can also be calculated (see Supplementary
Information) using three experimental parameters: the total transverse decay rate
of the atomic spin state y, the contribution of spin decoherence (spontaneous
emission, collisions and inhomogeneity of the magnetic field) to this decay rate
Yextra a0d Z2 = (u+v) /(0 —v). Z? = 6.3 is calculated from Clebsch-Gordon
coefficients for the atomic transitions and experimentally verified*. For 5.6 mW
read-out pulses of 2ms duration and room-temperature Cs vapour pressure
(effective resonant optical depth of 34 for 22-mm-long cells) y =99.34+0.257!

4

and Yeura = 26.3£0.2 57! have been measured. A unitary contribution to the
decay ¥ — Yextra is due to the collective coupling Hi,,, which describes the rate of
entanglement generation and the beam-splitter interaction (see Supplementary
Information) and depends on the optical depth of the ensemble, the optical
detuning, and the intensity of the driving field. The measured values of «, ¢, ¢,
agree very well with the predictions of the model (see Supplementary Information)
and are k¥ = 0.87, ¢, = 0.93, ¢, = 0.50 for our teleportation setting. The last
coefficient in the read-out equation can be found from the measured parameters
as ey =g *+/2 *Vextra/ (¥ — Vextra)/Z = 0.17. For the atomic-state reconstruction the
detection efficiencies including optical losses 75 =0.80£0.03 and 7, =0.89+£0.03
for ensembles A/B are taken into account.

Using equation (1) the mean values of the input states of ensemble A are
found from measurements of light variables as (x,) = (y!f_)/lc, (pa) = (y;‘_)/l(
and their variances as Var(x,) = (Var(y?_) — c}f/Z - C;/Z —cim/2)/x?,

Var(ps) = (Var(y?_) — cyz/Z - cqz/Z —¢m/2)/k*. The prepared

atomic input states are found to be very close to an ideal CSS with

Var(x,) = Var(p,) = (1.03£0.03) - 1/2, which confirms the validity of the
read-out procedure. After each teleportation sequence, the mean values and the
variances (x°), (pis), Var(x{™°), Var(pi') of the spin state of the target ensemble
B are found in the same way from the read-out of the verification pulse .} _. For
CSS input states with displacements of 0, 5,25, 160 in canonical units and phases
0,7/4,7/2 in x, p space, the variance of the teleported state showed no dependence
on the displacement. The experimental fidelity is determined using a standard
method of calculation of the state overlap (see Supplementary Information).
Optimization of the teleportation protocol has been performed by varying the drive
pulse duration T, the measured temporal mode of light, and the gain for the classical
feedback. The optimal read-out mode was always found with an exponential decay
rate equal to the spin decay y as expected from the model.
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