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Full Bell-basis measurement of an atom-photon 2-qubit state and its application
for quantum networks
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The efficiency of a Bell-state measurement on photon pairs is bound to 50% due to the number of Bell states
that can be distinguished using linear optics. Here we present the implementation of a protocol that allows
us to distinguish all four Bell states by the use of a single-ion quantum memory and heralded absorption as
state-selective measurement. The protocol is implemented in two steps. First we demonstrate the state-preserving
mapping of a photonic qubit onto the quantum memory, verified by the preservation of entanglement in the
process. Then we demonstrate the full Bell-state projection between a memory qubit and an incoming photonic
qubit, by applying it for atom-to-photon quantum-state teleportation.
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Photonic Bell-state projection is a fundamental tool in
quantum networks based on single photons. It enables, for ex-
ample, the extension of a quantum link with quantum repeater
operations [1] and the transmission of quantum information
via quantum teleportation [2]. A generic application, which
also provides the context to this paper, is the generation of
remote memory entanglement via photonic Bell-state projec-
tion at a central station [3–5]. Bell-state discrimination on
photon pairs is fundamentally limited to 50% [6,7] when only
linear optical elements are used. Overcoming this limitation
becomes possible using hyperentanglement [8–11], nonlinear
optical elements [12], or auxiliary photons [13]. An alternative
implementation for entangling remote memories, that allows
one to distinguish between all four Bell states, was demon-
strated in Ref. [14] with trapped Rb atoms. This approach
does not use a central station but is mediated by successive
interaction of two photons with both memory qubits. The gain
in fundamental efficiency is, however, partially offset by the
condition that both photons need to travel the full distance.
Another possibility is the use of memories at the central
station, to which the photonic qubits are transferred before a
projective measurement. Using quantum gates on single ions
in the same trap, deterministic projection onto all four two-
atom Bell states has been demonstrated [15,16]. Combining
this with photon-to-atom state mapping [17] would allow full
Bell-state projection on two incoming photons.

In this paper we present a related protocol that allows us to
distinguish all Bell states, using only a single memory qubit
in a 40Ca+ ion. In this approach, a first incoming photon
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is mapped onto the memory qubit. A full Bell-state projec-
tion is then performed between the memory qubit and the
second incoming photon by heralded absorption [18], using
projection of the herald and of the memory qubit as Bell-state
measurement.

We demonstrate the elements of the protocol in two sep-
arate steps: the first is the faithful mapping of an incoming
single photon onto the memory qubit. For this we apply the
heralded absorption interface that was introduced in Ref. [17]
and verified with laser photons. We use the interface to store
in the single ion a single photon, heralded by and entangled
with its partner from an SPDC photon pair source [19]. We
characterize the mapping by the fidelity with which the orig-
inal photon-photon entanglement is preserved in the resulting
atom-photon state. The second step is the projection of a
2-qubit state between the memory and an incoming photon
onto the four Bell states. We demonstrate and verify this
full Bell measurement, which again is facilitated by heralded
absorption, by its direct application for quantum-state tele-
portation from the prepared memory qubit onto the partner
photon of the absorbed one. The observation of the expected,
Bell-state-specific, unitary rotation benchmarks the fidelity
of the teleportation and hence the Bell measurement. While
the overall efficiency in our proof-of-principle experiment is
severely limited, application of the protocol in combination
with resonator-based interfaces [20,21] holds the perspective
of overcoming the limitations of linear optical projections.

I. EXPERIMENTAL SETUP

Figure 1 shows the experimental setup and the relevant
energy levels and transitions of 40Ca+. A single 40Ca+ ion
is trapped in a linear Paul trap with single-photon optical
access by two in-vacuum high-numerical-aperture laser ob-
jectives (HALOs, NA = 0.4). One of the objectives is used
to focus 854 nm photons onto the ion, in order to excite
it from its initial state in the D5/2 manifold to the P3/2

manifold. The second HALO is used to collect the emitted
(Raman-scattered) 393 nm photons, which are subsequently
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FIG. 1. Schematic of the experiment. The photon-pair source S
generates polarization-entangled photon pairs. Photons in output A
are directed to the atomic setup, where a single trapped 40Ca+ ion
acts as a quantum memory. The photons pass a set of wave plates
to compensate for polarization rotations in the fiber connecting the
photons to the atomic setup. The partner photons in output B are sent
to a tomography setup for analyzing their polarization state. The inset
shows the relevant energy levels and transitions of 40Ca+. Further
details are provided in the text.

polarization projected with a Wollaston prism (PBS) and de-
tected with free-space coupled avalanche photodiodes (APDs)
in both outputs. This HALO is also used to couple the nonab-
sorbed 854 nm photons into a 16 m long single-mode fiber
with attached retroreflector. The fiber is used to create 160 ns
delay and an inversion of the direction relative to the quanti-
zation axis, which is defined by a magnetic field of 2.855 G.

The photon pair source, labeled S, produces frequency-
stable, narrow-band, polarization-entangled photon pairs at
854 nm in a cavity enhanced spontaneous parametric down-
conversion process (SPDC) with interferometric configura-
tion. More detailed information is provided in Ref. [19]. The
photon in output A has a linewidth of 12.29 MHz and is tuned
to be resonant with the D5/2-P3/2 transition of the 40Ca+ ion
(22 MHz linewidth). Output B is detuned by 480 MHz. The
result of a tomographic measurement [22] on the photon-pair
state ρ in the fiber-coupled outputs A and B is shown in Fig. 2.
A fidelity of 〈�−| ρ |�−〉 = 91.64(2)% [97.16(2) % with
background correction] with the antisymmetric Bell state, and
a purity of tr(ρ2) = 84.97(4) % [95.21(3) % with background
correction] are measured at our operating conditions (15 mW
of pump light at 427 nm). Background originates from lost-
partner events and detector dark counts; see Ref. [19] for
more information. A fiber-coupled pair rate of 2.69 × 105 s−1

in the output fibers A and B is inferred from the correlation
measurements.

II. STEP 1: QUBIT MAPPING

We now describe the mapping of a single-photon
qubit state to a qubit state in a single trapped ion and
characterize it by its process fidelity, as well as by

FIG. 2. Real and imaginary part of the photon-photon density
matrix, reconstructed with maximum-likelihood quantum-state to-
mography [22].

quantum state tomography. The mapping protocol is based on
Refs. [17,23] and adapted to the experimental setup shown in
Fig. 1. We use the abbreviations |±1/2〉S = |S1/2, m = ±1/2〉
and |±5/2〉D = |D5/2, m = ±5/2〉 for the atomic states and
|R〉 / |L〉 (|H〉 / |V 〉) for the single-photon states in the cir-
cular (linear) polarization modes. The protocol starts by
preparing a symmetric coherent superposition in D5/2, |ϕ〉D =

1√
2

(|−5/2〉D + ei �φ |+5/2〉D), then the photon-pair generation
is switched on with an acousto-optic modulator that controls
the SPDC pump laser. Photons from arm A are focused onto to
the ion, copropagating with the direction of the magnetic field.
The absorption of an 854 nm (red) photon in the polarization
qubit state

|ϕ〉A = a |R〉A + b |L〉A , (1)

with amplitudes a and b, releases with high probability
(93.5%) a 393 nm (blue) Raman photon in the state |ϕ〉393.
The blue photon is detected and polarization analyzed with
1.64% probability. If the red photon is not absorbed in the
first passage, it is collected and sent back to the ion with a time
delay of 160 ns, now counterpropagating to the magnetic field.
Absorption in the first and second passage are distinguished
by the delay of the detected 393 nm photon with respect to the
partner photon in arm B.

The Raman scattering process is described by the operators
[23]

R̂
1st
A,D = |L〉393 |−1/2〉S 〈R|A 〈−5/2|D

+ |R〉393 |+1/2〉S 〈L|A 〈+5/2|D (2)

R̂
2nd
A,D = |L〉393 |−1/2〉S 〈L|A 〈−5/2|D

+ |R〉393 |+1/2〉S 〈R|A 〈+5/2|D (3)

for the first and second passage, respectively. Detecting |ϕ〉393
in either of the states

|H〉393 = |R〉393 + |L〉393√
2

|V 〉393 = |R〉393 – |L〉393

i
√

2
(4)
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FIG. 3. Real and imaginary parts of the density matrices of
the reconstructed atom-photon state for heralded absorption in the
(a) first and (b) second passage. Background and binning correction
is applied.

completes the state-mapping process from |ϕ〉A to the atomic
ground-state qubit, which is now described by

|ϕ〉1st
S = 1√

2
(a |−1/2〉S ± b |+1/2〉S) (5)

|ϕ〉2nd
S = 1√

2
(b |−1/2〉S ± a |+1/2〉S) (6)

for the first and second passage; the ± sign corresponds to
the |H〉393 and |V 〉393 projection results of the 393 nm photon,
which also heralds the absorption and thereby allows us to
filter out successful mapping processes. The fidelity of the
mapping, expressed in terms of process fidelity [24] was de-
termined to be χ11 = 96.2% by an independent measurement
using single photons; see Appendix A for more information.
Magnetic field fluctuations are the main limitation to the fi-
delity. To counteract phase fluctuations in the atomic qubit
due to magnetic stray fields, a spin-echo sequence synchro-
nized with the Larmor precession is applied in the following
measurements (see Sec. V).

Another means of characterizing the photon-to-atom state
mapping is provided by measuring the transfer of polarization
entanglement from the two-photon state to the atom-photon
state. Using all heralded absorption events, full quantum-state
tomography is performed on the two-qubit state of atom in
S1/2 and 393-nm photon, similar to Ref. [25]. It reveals the
reconstructed density matrices displayed in Fig. 3. Details
on the data and the reconstruction procedure are available
in Appendix C. The overlap fidelities and purities of the re-
constructed states with the ideal, maximally entangled states
(|�−〉 in the first passage and |�−〉 in the second passage) are
summarized in Table I. The values in brackets are corrected
for background and binning. The most relevant background
contribution is caused by accidental coincidences, inherent to

TABLE I. Fidelities and purities of the entanglement transfer.
The values in brackets are corrected for background and binning.

First passage Second passage

〈�−| ρ |�−〉 78.0(9)% [82.4(10)%]
〈�−| ρ |�−〉 52(1)% [76(2)%]
tr(ρ2) 65(1)% [72(1)%] 36(1)% [64(5)%]

an SPDC pair source. The binning correction is described in
Sec. V. The two figures of merit serve different purposes: a
practical system, set to operate at a fixed pair rate, would most
honestly be characterized by the uncorrected fidelities that
quantify, for example, the usable entanglement. In contrast,
characterization of the implementation and operation of the
protocol would exclude such background, as well as binning
and detector noise, such that the corrected fidelities apply.

III. STEP 2: BELL-STATE PROJECTION

We now describe how a full Bell-state measurement on an
atom-photon state is facilitated by heralded absorption. We
experimentally demonstrate and characterize the protocol by
applying it for quantum-state teleportation from an atom to a
photon. Teleportation starts with a qubit encoded in the D5/2

manifold,

|ϕ〉D = α |−5/2〉D + β |+5/2〉D (7)

and the entangled two-photon state |�−〉A,B. The Bell states
between the 854 nm photon in arm A and the atom in D5/2 are
defined by

|�±〉A,D = 1√
2

(|R〉A |−5/2〉D ± |L〉A |+5/2〉D)

|�±〉A,D = 1√
2

(|R〉A |+5/2〉D ± |L〉A |−5/2〉D). (8)

The joint state of all three qubits in the standard teleportation
notation [26] is then

|�−〉A,B ⊗ |ϕ〉D = 1
2 ((α |R〉B − β |L〉B) ⊗ |�+〉A,D

− (α |R〉B + β |L〉B) ⊗ |�−〉A,D

+ (β |R〉B − α |L〉B) ⊗ |�+〉A,D

− (β |R〉B + α |L〉B) ⊗ |�−〉A,D).

The Bell-state projection on the atom and the photon in arm A
is performed by the heralded absorption process, subsequent
projection of the 393 nm Raman photon (the herald) onto the
linear polarizations of Eq. (4), and projection of the S1/2 qubit
state onto the superpositions of the Zeeman sublevels

|+〉S = |−1/2〉S + |+1/2〉S√
2

|−〉S = |−1/2〉S − |+1/2〉S

i
√

2
. (9)

The operation as a Bell-state measurement is understood
by describing the eight possible measurement outcomes—
projection result of herald, projection result of atomic ground
state, and absorption in first or second passage—with the
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help of the Raman process operators for the first and second
passage [Eq. (2), Eq. (3)]

(〈H |393 〈+|S ) R̂
1st
A,D = 1√

2
〈�+|A,D

(〈V |393 〈−|S ) R̂
1st
A,D = 1√

2
〈�+|A,D (10)

(〈H |393 〈−|S ) R̂
1st
A,D = i√

2
〈�−|A,D

(〈V |393 〈+|S ) R̂
1st
A,D = −i√

2
〈�−|A,D (11)

(〈H |393 〈+|S ) R̂
2nd
A,D = 1√

2
〈�+|A,D

(〈V |393 〈−|S ) R̂
2nd
A,D = 1√

2
〈�+|A,D (12)

(〈H |393 〈−|S ) R̂
2nd
A,D = i√

2
〈�−|A,D

(〈V |393 〈+|S ) R̂
2nd
A,D = −i√

2
〈�−|A,D . (13)

One sees that we project onto the |�±〉A,D states in the first
passage and onto the |�±〉A,D states in the second passage,
hence all four Bell states are distinguished. The result of
the projection measurement is the classical 2-bit informa-
tion needed to complete the quantum-state teleportation onto
photon B.

To demonstrate the full Bell-state measurement, we per-
form teleportation of various input qubit states: we prepare
the atomic basis states |−5/2〉D and |+5/2〉D, as well as various
superpositions (|−5/2〉D + ei �φ |+5/2〉D)/

√
2. For variation of

the phase �φ, we take advantage of the Larmor precession
in the atom; the phase is well defined in every absorption event
through the time between preparation of the atom and detec-
tion of the 393 nm herald [18]. Teleportation events are binned
according to �φ for evaluation (see Appendix D for details).
Using all successful runs of the teleportation protocol (detec-
tion of herald and photon B), state tomography on the 854 nm
target photon B is applied. It consists in measuring the photon
in the H/V (horizontal/vertical), D/A (diagonal/antidiagonal),
and R/L (right/left circular) polarization bases, successively,
for each atomic input state. The measurements are then used
to reconstruct the quantum process matrix [24] in the Pauli
basis σ0, σx, σy, σz with a maximum likelihood algorithm. The
result of the reconstruction is shown in Fig. 4. Conditioned
on the eight possible outcomes of Eqs. (10)–(13), we see that
either a σx [Fig. 4(a)], a σy [Fig. 4(b)], no rotation [Fig. 4(c)],
or σz [Fig. 4(d)] must be applied to the target photon to reveal
the prepared input state. The corresponding entries in the
process matrix are referred to as process fidelities and listed
in Table II. The mean process fidelity is 76(9)% [81(5)% with
background and binning correction]. Like before, the most rel-
evant contribution to the background is caused by accidental
coincidences of the SPDC source. The Bell-state projection
is therefore benchmarked by the background-corrected value,
but we would have to take the uncorrected value when quan-
tifying the teleportation fidelity with the used experimental
apparatus.

FIG. 4. Reconstructed process matrices of the quantum-state
teleportation conditioned on the Bell-state measurement results.
(a) and (b) correspond to the |�−〉 and |�+〉 Bell states, (c) and
(d) correspond to the |�−〉 and |�+〉 Bell states. Background and
binning correction is applied.

IV. DISCUSSION AND CONCLUSION

The statistics of Fig. 4 and Table II are based on
511670 886 executions of the teleportation protocol (i.e., co-
incident registration of the absorption herald and the partner
photon) in 49.75 h of exposure.

Given the free-space coupling between ion and incom-
ing and outgoing photons, the absorption probability for an
incoming photon is 1.04 × 10−3 in the first passage, and
1.32 × 10−4 in the second passage. The measured detection
efficiency for the absorption herald at 393 nm is 1.64 %.
This leads to a success probability for an individual heralded
absorption event of 1.71 × 10−5 in the first passage, and
2.16 × 10−6 in the second passage (see Appendix E for more
details). Much higher rates may be obtained when absorption
and release of the herald are enhanced by optical resonators
[20,21]. Nevertheless, the fidelity of the protocol is indepen-
dent of the success probability, because the herald allows us
to filter out successful events. Factors that limit the fidelity are
polarization impurities, atomic decoherence due to magnetic
noise, inherent background from the SPDC process, and the
binning of the detected photon arrival times. The data of Fig. 4

TABLE II. Process fidelities of atom-to-photon teleportation for
the four Bell measurement results, with and without correction.

State Fidelity w correction Fidelity w/o correction

|�−〉 84(8)% 83(8)%
|�+〉 86(7)% 85(7)%
|�−〉 77(12)% 66(6)%
|�+〉 76(8)% 69(5)%
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and the fidelity numbers in the middle column of Table II are
corrected for background and binning. We characterized the
impact of magnetic field fluctuations by evaluating data only
from the first 50 µs of the total 350 µs exposure window in
the state mapping procedure. The fidelity for the first pas-
sage, 〈�−| ρ |�−〉 (see Table I), increases from 78.0(9) %
to 84(2)% [82.4(10) % to 89(2)%, with corrections]. For the
second passage, however, using 50μs exposure time leads to
too large statistical uncertainties, such that we used 350 µs
throughout. The remaining infidelity, with respect to what one
expects from the initial two-photon state (Fig. 2), originates
predominantly from accumulated polarization impurities in
the optical paths and phase drifts of the SPDC source on long
time scales.

In conclusion, we presented a proof-of-concept experiment
that points a way to a full four-state Bell measurement on two
incoming photons, by employing a single quantum memory.
We demonstrated and characterized two parts of the over-
all protocol separately. In the first step, a single photon is
mapped onto a single-atom memory qubit; the procedure is
verified by the faithful transfer of two-photon entanglement
to memory-photon entanglement. In the second step, the full
Bell-state measurement on the 2-qubit state between memory
and another photon is demonstrated. It is implemented by
using heralded absorption and discriminating the four output
states between herald and final atomic qubit. We verified this
second step by applying it in quantum-state teleportation from
the memory qubit onto the partner photon of the absorbed one,
using the SPDC photon pair source as resource of entangle-
ment. The presented experiments confirm that, by the use of
heralded operations, high-fidelity quantum operations may be
realized despite possibly low success probabilities [17,25,27].

While the overall protocol offers a means to overcome
the fundamental efficiency limitation of 50% of a two-photon
Bell-state measurement with linear optics, the real efficiency
of the presented implementation is severely limited by other
factors. As already mentioned, this situation changes when
using optical resonators. The approach of Ref. [21], using
separate resonators for the incoming and heralding pho-
ton, reaches already a single-photon heralding efficiency of
11(1)%, and is importantly not limited by fundamental factors
as well as the described protocol. We note two further features
of our protocol. First, the two photons need not interfere
directly with each other; as a consequence they may be dis-
tinguishable in terms of temporal or spectral properties and
need not be Fourier limited. Second, the approach works with
consecutively arriving photons, i.e., the required arrival time
distribution is relaxed by the protocol; importantly, it may
be used as an asynchronous Bell measurement in a quantum
repeater segment [28].

V. METHODS

A. Atomic manipulations

A set of 397 nm and 866 nm lasers is used for Doppler
cooling on the S1/2-P1/2 transition, and for fluorescence de-
tection. Coherent manipulations on the D5/2 and S1/2 Zeeman
sublevels of the ion are performed with a radio-frequency (RF)
magnetic field antenna and a narrow-band 729 nm laser.

The ion is first initialized in the pure state |−1/2〉S by
Doppler cooling and frequency-selective optical pumping. A
resonant π/2 RF pulse creates a coherent superposition of the
S1/2 Zeeman sublevels. To generate coherent superposition of
the D5/2 Zeeman states, two 729 nm π pulses transfer the pop-
ulations coherently from |−1/2〉S to |−5/2〉D and from |+1/2〉S
to |+5/2〉D. Additional details are provided in Refs. [17,18].

B. Ion-photon quantum-state reconstruction

We perform a tomographic complete set of measurements
to reconstruct the 2-qubit ion-photon quantum state after her-
alded absorption, ρ. The chosen observables are the 16 tensor
products {σ̂i ⊗ σ̂ j | i, j = 0, . . . , 3} of identity and Pauli spin
operators, {σ̂0,...,3} = {1̂, σ̂x, σ̂y, σ̂z}. Their expectation values

〈σ̂i ⊗ σ̂ j〉ρ = tr(σ̂i ⊗ σ̂ j ρ) (14)

allow for direct linear reconstruction of ρ according to

ρ = 1

4

3∑
i, j=0

〈σ̂i ⊗ σ̂ j〉ρ · σ̂i ⊗ σ̂ j . (15)

We write the expectation values as

〈σ̂i ⊗ σ̂ j〉 = λ|0i〉 · P(|0i〉) · 〈σ̂ j〉||0i〉 + λ|1i〉 · P(|1i〉) · 〈σ̂ j〉||1i〉,

(16)

where λ|0i〉, λ|1i〉 denote the eigenvalues of the observables σ̂i

of the photonic qubit, P(|0i〉) and P(|1i〉) are the probabilities
to detect the photonic qubit in the eigenstates |0i〉 and |1i〉 of

this observable, and 〈σ̂ j〉||0i〉 and 〈σ̂ j〉||1i〉 are the conditioned
expectation values of the atomic qubit after detection of the
photonic qubit in the eigenstate |0i〉, respectively |1i〉.

Photonic projection in the basis settings |H〉 / |V 〉,
|D〉 / |A〉, and |R〉 / |L〉 is performed with a set of quarter-wave
and half-wave plates and two APDs at the outputs of a polariz-
ing beam splitter. For atomic projection onto the |±1/2〉S basis,
i.e., for 〈σ̂z〉, we perform electron shelving and fluorescence
detection. An additional π/2 RF pulse before electron shelv-
ing is used to project onto the superposition basis. Atomic
superpositions carry a Larmor precession phase defined by
the time instant at which the heralded absorption happened.
We therefore plot the projection result after the π/2 pulse as a
function of this Larmor phase and extract 〈σ̂x〉 and 〈σ̂y〉 from
a fit to a sinusoidal function

V

2
sin(x − φ0) + 1

2
. (17)

C. Binning correction

In order to correct for the influence of the binning, we
change the fit function from Eq. (17) to

V

2

N

π
sin

(
π

N

)
sin(x − φ0) + 1

2
(18)

with the number of bins N .
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FIG. 5. Absolute values of the reconstructed process matrix with
the identity part of 96.2% and mean overlap fidelity of 96.7(8) %.

D. Larmor precession and spin echo

Due to the Zeeman splitting in the static magnetic field,
the atomic superposition states undergo Larmor precession.
At our magnetic field strength, the D5/2 superposition pre-
cesses with 24 MHz, while the S1/2 qubit at 8 MHz. We take
advantage of the different Larmor precession frequencies and
the variable waiting time until heralded absorption occurs, to
provide atomic superposition states with different phases in
each run. Our phase reference is an RF oscillator set to the
Larmor frequency of the ground-state qubit. The phase of each
event is calculated a posteriori from the arrival time of the
absorption herald.

Fluctuations in the ambient magnetic field change the Lar-
mor frequencies and give rise to phase errors. While slow
variations (50 Hz and harmonics) are suppressed using a
feed-forward stabilization via compensation coils, faster noise
leads to decoherence of the atomic qubits. A spin-echo [29]
technique compensates these errors partially: by applying a π

pulse on the ground-state qubit and a subsequent waiting time
τS = 3 × τD before projecting the atomic state, the phase error
accumulated in D5/2 during the time τD between preparation
and absorption is corrected. The factor 3 in the waiting time
is determined by the ratio between the Larmor frequencies of
the D5/2 and the S1/2 Zeeman qubits.

Instead of triggering the spin-echo pulses directly by
the herald, we check every 500 ns whether absorption has
occurred. By choosing the loop time, and thereby also
τD and τS, to be an integer multiple of the difference
of the two Larmor frequencies, we avoid fractional phase
accumulation.

ACKNOWLEDGMENTS

We acknowledge support by the German Federal Min-
istry of Education and Research (BMBF) through projects
Q.Link.X (16KIS0864), CaLas (13N14908), and QR.X
(16KISQ001K).

APPENDIX A: SINGLE-PHOTON TO SINGLE-ATOM
QUANTUM-STATE MAPPING

By pumping the SPDC resonator from only one side,
we generate orthogonally polarized photon pairs, that are

subsequently split on the polarizing beam splitter. We use the
photon in arm B as the herald for a single photon in arm
A, that is sent to the ion. The polarization of photon A is
rotated to one of the six input polarizations |i〉 ∈ {|H〉, |D〉,
|V 〉, |A〉, |R〉, |L〉}. We reconstruct the process matrix [24]
by quantum-state tomography on the final atomic state ρ f ,i

for each input polarization. We correct the background for
lost-partner events and detector dark counts.

Figure 5 shows the absolute values of the process ma-
trix χ with the identity part of χ11 = 96.2% identified as
the process fidelity. From this value, we infer the mean
overlap fidelity 〈F 〉 = (2 χ11 + 1)/3 = 96.6% (93.3% with-
out background correction), which agrees with the mean of
measured overlap fidelities of 1/6

∑
i 〈i| ρ f ,i |i〉 = 96.7(8) %

[93(3)% without background correction]. The major limi-
tation is the coherence time of the ion due to magnetic
field fluctuations during the exposure time (56 µs in Fig. 5).
We repeated the protocol 1.13 × 108 times for the measure-
ment, which led to a total exposure time of 1 h 45 min.
In this time, we generated 9.3 × 108 heralded fiber-coupled
854 nm photons, and we recorded 7810 detected (back-
ground corrected) coincidences between the 854 nm herald
and the emitted 393 nm photon. We extract the state mapping
probability for a fiber-coupled photon to be η = 8.4 × 10−6.
Efficiencies for the entanglement transfer and the teleportation
differ from these values and are discussed in the following
sections.

APPENDIX B: POLARIZATION CONTROL

For calibrating the polarization analysis in arm B, we adjust
the measurement basis at the detectors by using the inverse of
the polarization rotation from source to projection setup, MB:
we send laser light backwards through our setup and detect
it with a polarimeter via a flip mirror. The rotation matrix of
this flip mirror is compensated by three additional wave plates

FIG. 6. (a)–(c) Fringes (with basis rotation) for the six projec-
tor settings of the first passage and the 854 nm partner photon.
The gray dashed lines show the data without correction: (a) green
(squares): |H〉, blue (diamonds): |V 〉; (b) red (squares): |D〉, black
(diamonds): |A〉; (c) magenta (squares): |R〉, yellow (diamonds): |L〉;
(d) Probabilities (without π/2 RF pulse) for the six projector settings
of the 854 nm partner photon (red bars). The gray bars are without
correction.
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(quarter-wave, half-wave, quarter-wave). The projection setup
generates 37 different input polarizations, equally distributed
over the Poincaré sphere. From the measured polarizations we
then calculate the rotation matrix MB.

The polarization between the source and the trap is, in
contrast, compensated: we insert a 99:1 fiber beam splitter
in the fiber connecting source and trap close to the trap to
avoid fluctuations. Between the source and the beam splitter
we install a fiber polarization controller (PolaRITE III PCD-
M02-854) indicated as the three wave plates (quarter-wave,
half-wave, quarter-wave) in Fig. 1, and between beam splitter
and trap a three-paddle polarization controller. The 1% output
of the beam splitter, in the direction trap to source, is con-
nected to a reference polarimeter. For calibration, we send a
laser beam from the back-reflection direction. Its polarization
is first adjusted to |R〉 at the position of the ion, indicated by
maximal suppression of the corresponding orthogonal transi-
tion, and then rotated to |H〉 with an optional quarter-wave
plate. The next step is to compensate any polarization rotation
to the reference polarimeter with the fiber paddles. Thereafter,
we compensate the polarization to the source using the fiber
polarization controller, measured with an additional polarime-
ter at the source. The last step is to send the light from the
source direction and compensate the polarization of the back
reflection, measured with the reference polarimeter.

APPENDIX C: PHOTON-PHOTON TO ATOM-PHOTON
ENTANGLEMENT TRANSFER: DATA AND EVALUATION

Figures 6 and 7 show the atomic state analysis under con-
dition of the six different 854 nm projector settings with and
without π/2 RF pulse. The gray fringes and bars are without
background correction. Out of this data set we calculate the
conditioned expectation values of the atomic qubit.

FIG. 7. (a)–(c) Fringes (with basis rotation) for the six projec-
tor settings of the second passage and the 854 nm partner photon.
The gray dashed lines show the data without correction: (a) green
(squares): |H〉, blue (diamonds): |V 〉; (b) red (squares): |D〉, black
(diamonds): |A〉; (c) magenta (squares): |R〉, yellow (diamonds): |L〉;
(d) Probabilities (without basis rotation) for the six projector settings
of the 854 nm partner photon (red bars). The gray bars are without
correction.

APPENDIX D: QUANTUM-STATE TELEPORTATION:
DATA AND EVALUATION

For the teleportation measurement, we calculate his-
tograms of the correlated events of Bell-state measurements
and partner photon polarization. Figure 8 contains the tele-
portation measurement data. The columns correspond to the
Bell-state measurement outcome. The first three rows show
the probabilities for the superposition input to detect |H〉B,
|D〉B, and |R〉B in dependence of the superposition phase.
The probabilities to detect |V 〉B, |A〉B, and |L〉B are derived
by calculating 1 − P(�φ)(H/D/L). The last two rows contain
the probabilities when starting with the energy eigenstates
|±5/2〉D.

All probabilities are fed into a maximum likelihood algo-
rithm to reconstruct the process matrix.

APPENDIX E: QUANTUM-STATE TELEPORTATION:
RATES AND EFFICIENCIES

In total we performed Nrun = 511670 886 measurement
runs with τexp = 350 µs exposure time per run and recorded
Nc,first = 89 838 coincident events between the 393 nm heralds
and the 854 nm photons for the first passage and Nc,second =
11 322 for the second passage. The success probabilities per
exposure time are then

ηsuccess,run,first = Nc,first

Nrun
= 1.76 × 10−4 (E1)

ηsuccess,run,second = Nc,second

Nrun
= 2.21 × 10−5. (E2)

The total exposure time Ttot,exposure was Nrun · τexp = 1.79 ×
105 s = 49.75 h. With our pair rate per pump power of 5.17 ×
104 (s m W)−1 and 15 mW pump power we get the total num-
ber of generated pairs Npair = 1.388803 × 1011. The success
probabilities per pair are then

ηsuccess,pair,first = Nc,first

Npair
= 6.47 × 10−7 (E3)

ηsuccess,pair,second = Nc,second

Npair
= 8.15 × 10−8. (E4)

These values are composed of several contributions. The de-
tection efficiency of the 854 nm photons in arm B including
APD quantum efficiency, spectral filters, fibers, and all other
optical components is η854,B = 12.6%. The total coupling ef-
ficiency from the photon pair source to the ion setup (in front
of the vacuum chamber) is η854,A = 30%. For detecting the
393-nm absorption herald, the HALO covers 4% solid angle;
in combination with the emission pattern of σ transition it
collects 6% of the emitted 393 nm photons. The 393 nm pho-
ton detection efficiency after the HALO is 37.5%. The total
393 nm detection efficiency is then η393 = 1.64%. We include
coincidences between absorption herald and arm B photon
within a gate of ±84 ns, corresponding to ηgate = 99.9% of
the 854 nm photon wave packet. The remaining part is the
absorption efficiency ηabs per incoming photon. We calculate
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FIG. 8. Teleportation measurement data evaluated for a exposure time of 350 µs. Gray bars and lines show the data without correction. The
colored ones include background corrections.

these probabilities as

ηabs,first = ηsuccess,pair,first

η854,A η854,B η393 ηgate
= 1.04 × 10−3 (E5)

ηabs,second = ηsuccess,pair,second

η854,A η854,B η393 ηgate
= 1.32 × 10−4. (E6)

FIG. 9. Atom-photon fidelity depending on the time offset for a
fixed detection window of 50 µs.

The absorption probability per photon is in good agreement
with earlier measured values [27,30,31].

APPENDIX F: QUANTUM-STATE TELEPORTATION:
ERROR BUDGET AND IMPROVEMENTS

To investigate the influence of the magnetic field fluctua-
tion, we vary the offset of the detection window (50 s), taking
only later events into account. The data is shown in Fig. 9.
We see a linear decrease in fidelity. Therefore we claim that
the fidelity is mainly limited by decoherence due to magnetic
field fluctuations.

One improvement, especially for the entanglement transfer,
is to avoid the influence of the Larmor phase. To describe the
qubit without this phase we need to deal with the different
energy spacings of the qubits. This can be done by simulta-
neously changing the frequency of the reference oscillator to
the Larmor frequency of the D-state qubit, while the electron
is in the D state. Once the herald of absorption is detected,
the frequency is changed back to the Larmor frequency of
the ground-state qubit. In this way, the reference oscillator is
always in phase.
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