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We demonstrate a simplified method for dissipative generation of an entangled state of two
trapped-ion qubits. Our implementation produces its target state faster and with higher fidelity
than previous demonstrations of dissipative entanglement generation and eliminates the need for
auxiliary ions. The entangled singlet state is generated in ∼7 ms with a fidelity of 0.949(4). The
dominant source of infidelity is photon scattering. We discuss this error source and strategies for
its mitigation.

Engineered dissipation has potential as a powerful
tool for quantum applications [1, 2]. Dissipation may
be used for preparation of non-classical states, includ-
ing entangled states, and this approach can have re-
duced sensitivity to certain experimental imperfections
and limitations [3, 4]. Unlike unitary approaches, dis-
sipative dynamics can produce target states from un-
known or uncontrolled input states; examples in atomic
physics include laser cooling and optical pumping. Some
dissipative protocols can be implemented by continu-
ous, stationary control fields, and can therefore continu-
ously stabilize entangled states in the presence of noise.
Numerous protocols for dissipative preparation of non-
classical states have been demonstrated [5–11], and more
have been proposed [3, 4, 12–21]. Initial demonstra-
tions [7, 9] used strong driving to create resonances that
were resolved and addressed by weaker drives [3, 22, 23].
These weaker drives could populate the target state with-
out providing a path out of it in the limit where the
timescales for the strong drive and the weaker drives
were well separated. Recently, schemes have been ex-
plored that avoid these timescale hierarchies. Instead,
they make more efficient use of experimental resources
such as symmetries and auxiliary degrees of freedom [18–
21, 24, 25], and are generally expected to produce target
states faster and with higher fidelity.

Horn et al. have proposed a protocol for dissipa-
tive generation of an entangled singlet state |S〉 =
(|↑↓〉 − |↓↑〉) /

√
2 of two trapped-ion qubits [19]. This

scheme improves upon the demonstration in Ref. [7] by
eliminating the timescale hierarchy and the need for sym-
pathetic cooling, reducing the required number of ions
from four to two. The protocol uses qubit levels |↑〉
and |↓〉, a stable auxiliary level |aux〉, a short-lived ex-
cited state |e〉, and a mode of collective motion of the
ions. Horn et al. applied quantum optimal control to ex-
plore the limits of this scheme, predicting singlet fidelities
above 0.98 if heating of the motional mode used for the
protocol could be kept low. An important fundamental

source of heating is recoil of the ions after photon scat-
tering. This heating rate is linked to the strengths of
the interactions that generate the singlet state. In this
Letter, we employ this protocol to generate an entangled
singlet state with fidelity of 0.949(4), limited by photon
scattering errors including recoil heating. We discuss how
photon scattering limits the fidelity, theoretically investi-
gate the large-Raman-detuning limit, and present strate-
gies for improving the protocol’s performance.
As shown in Fig. 1, the protocol involves simultane-

ous application of four global interactions, of which three
are unitary: blue-sideband (anti-Jaynes-Cummings) cou-
plings |↓, n〉 ↔ |↑, n+ 1〉 and |aux, n〉 ↔ |↑, n+ 1〉 driven
by Hamiltonians Hbq and Hba, respectively, and a qubit
carrier transition |↓〉 ↔ |↑〉 driven by Hamiltonian Hc.
The states |n〉 are number states of the motional degree
of freedom with creation operator a†. The Hamiltonians
are:

Hbq =
h̄Ωbq

2
a†

(

|↑〉1 〈↓|1 + |↑〉2 〈↓|2
)

+H.c., (1)

Hba =
h̄Ωba

2
a†

(

|↑〉1 〈aux|1 + |↑〉2 〈aux|2
)

+H.c., (2)

Hc =
h̄Ωc

2

(

|↑〉1 〈↓|1 + |↑〉2 〈↓|2
)

+H.c., (3)

where Hc implements the identity on the motion, the
subscripts 1 and 2 label the ions, and ΩI denotes the
Rabi frequency of interactionHI . The fourth, dissipative
interaction is effective decay from |aux〉 back to |↑〉, |↓〉,
and |aux〉, which is engineered via excitation to and decay
from |e〉.
As depicted in Fig. 1, the interactions Hbq and Hc

couple the states |↓↓〉, |T 〉 = (|↑↓〉+ |↓↑〉) /
√
2, and |↑↑〉

within the total-spin-1 qubit manifold and, together with
Hba, provide a path for one of the qubits to transition to
|aux〉 when starting in any of these states, regardless of
the initial motional occupation n. Dissipative pumping
out of |aux〉 continuously reshuffles population until it ar-
rives in the state |S, n = 0〉. Population becomes trapped
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FIG. 1. Protocol for dissipative singlet generation. Four in-
teractions combine to generate the joint state |S, n = 0〉 of two
ions and their collective motion. Blue-sideband transitions are
depicted by solid blue (Hbq) and dashed yellow (Hba) arrows,
and a qubit carrier interaction (implementing the identity on
the motion) is depicted by thin black arrows. This carrier
interaction depopulates the |↑↑, n = 0〉 state, which is other-
wise dark. Excitation of |aux〉 to |e〉 and decay back to the
ground state are shown by the double purple and snaking or-
ange arrows, respectively. Next to each qubit state are several
rungs of the motional number state ladder, and ellipses indi-
cate continuation of interactions to higher states. No path
exists out of the state |S, n = 0〉, which is populated by decay
from states involving |e〉.

there because |S〉 is invariant under the qubit interactions
Hc and Hbq, and coupling of the |↑〉 component of |S〉 to
|aux〉 due to Hba only occurs when n > 0. Neglecting
errors and imperfections, the theoretical steady-state fi-
delity for generation of |S, n = 0〉 is unity.
We realize this protocol with two 9Be+ ions trapped

along the axis of a linear Paul trap [26]. A combination of
static and RF electric potentials at 82.5 MHz applied to
the trap electrodes confines the ions such that they have
an equilibrium axial separation of 3.7 µm and exhibit
quantized collective motion in three dimensions. The
frequencies for the in-phase and out-of-phase (‘stretch’)
axial motional modes are 4 MHz and fs = 7 MHz, re-
spectively, and the stretch mode is used to engineer the
entanglement.
We apply an 11.9 mT magnetic quantization field [27]

and identify the levels |↓〉, |↑〉, and |aux〉 with Zeeman
sublevels of the 9Be+ 2S1/2 ground state labelled by
hyperfine and magnetic quantum numbers F and mF :
|↓〉 = |F = 2,mF = 2〉, |↑〉 = |1, 1〉, and |aux〉 = |2, 1〉.
The Hamiltonian Hc is realized using microwave radi-
ation with frequency near 1.018 GHz from an external
antenna, and the Hamiltonians Hbq and Hba are real-
ized by driving stimulated Raman transitions with 313
nm laser radiation tuned hundreds of gigahertz below
the 2S1/2 ↔ 2P 1/2 transition. The beam geometry is

depicted in Fig. 2a. The Raman transitions are driven
on the blue sideband corresponding to excitation of the
axial stretch mode. This mode is chosen for its relatively
low heating rate due to its reduced sensitivity to homo-
geneous electric fields, which arises because the mode
eigenvectors for the two ions are exact opposites [28].
A 313 nm σ̂+-polarized repump laser resonantly couples
|aux〉 to |e〉 = |2P1/2, F = 2,mF = 2〉, which decays at a
rate Γ ≈ 2π×20 MHz back to |↑〉, |↓〉, and |aux〉 with ap-
proximate branching ratio 5:4:3 [7]. Angular momentum
conservation dictates that |e〉 decays only to these three
states, and other transitions that may be driven by the
same laser are far off-resonant.
The microwave field, with wavelength λµw ≫ |~r1 −

~r2| = 3.7 µm, is nearly the same at the positions ~r1 and
~r2 of the two ions. In the interaction picture for the qubit
levels, the microwave Hamiltonian can be written in the
form given by Eq. (3). This defines a relationship be-
tween the orientations of the two qubits’ Bloch spheres.
The qubit sideband interaction then implements the ex-

perimental interaction-picture Hamiltonian H
(e)
bq [21, 29]:

H
(e)
bq =

h̄Ωbq

2
a†

(

ei(∆
~k·~r1+θ) |↑〉1 〈↓|1

− ei(∆
~k·~r2+θ) |↑〉2 〈↓|2

)

+H.c. (4)

= eiΦ
h̄Ωbq

2
a†

(

|↑〉1 〈↓|1 − eiφ |↑〉2 〈↓|2
)

+H.c.

Here ∆~k is the difference wavevector between the Raman
beams, and the sign difference arises because the two ions
move in opposite directions in the stretch mode. We have
introduced the phases φ = ∆~k ·(~r2− ~r1) and Φ = ∆~k ·~r1+
θ, where θ is a reference phase for the interference pattern
between the two Raman beams that fluctuates due to lack
of interferometric stability between the beams. When φ
is set to π (see Supplementary Information (SI), [30],

which includes references [31–33]), H
(e)
bq coincides with

Hbq up to the fluctuating rotation axis defined by Φ.
These fluctuations have negligible effect on generation or
invariance of the singlet because they are slow relative to
the entanglement dynamics [34].
To implement two stimulated-Raman sideband tran-

sitions simultaneously, we apply far-detuned laser light
at three frequencies ωb (higher frequency ‘blue’ beam)
and ωr(q,a) (‘red’ beams, with subscripts denoting the
corresponding Hamiltonian) with frequency differences
ωb − ωrq = (E↑ − E↓)/h̄ + 2πfs and ωb − ωra = (E↑ −
Eaux)/h̄+2πfs, where Ej is the energy of state j. In this
three-frequency configuration ωrq−ωra = (E↓−Eaux)/h̄,
so the two red beams can resonantly drive stimulated-
Raman |↓〉 ↔ |aux〉 carrier transitions. This would de-

populate the singlet state. However, the red beams’ ~k
vector is approximately parallel to the quantization field.
Therefore, the component rπ of the red beams’ polariza-
tion unit vector (r−, rπ , r+), with entries corresponding
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FIG. 2. Experimental geometry and results. (a)

Ions, magnetic field, and ~k vectors for four laser beams:
higher-frequency Raman beam (blue), co-propagating lower-
frequency Raman beams at frequencies ωrq and ωra (red),
and a resonant beam with variable frequency ωres that drives
either the |aux〉 ↔ |e〉 coupling or the cycling transition.
Beams have 25 µm waists and illuminate both ions approx-
imately equally. Constraints on the polarizations of the Ra-

man beams, as indicated next to the ~k vectors by components
(b/r)±,π (see text), arise due to their orientations relative to
the quantization field. (b, c) Measured populations in four
basis states as a function of interaction duration for Raman
detunings of −315 GHz (b) and −450 GHz (c). Solid lines
are simulations with no free parameters. For −315 GHz de-
tuning, the simulation includes a φ error of 0.05 rad and uses
the measured |aux〉 depletion time of 34 µs. The simulated
singlet curve from (b) is replicated in (c) as a dotted black
line for comparison. Insets show data on the fidelity plateau.
Horizontal black lines and shading indicating the average fi-
delity on the plateau and a 95 % confidence interval. Error
bars indicate 95 % confidence intervals on individual points.

to σ̂−, π̂, and σ̂+ polarizations, is rπ ≈ 0. The Rabi
frequency of the |↓〉 ↔ |aux〉 coupling is proportional to
this component, so the coupling is suppressed.
We implement this singlet generation protocol and in-

vestigate its performance. Simulations indicate that the
system can be initialized in any mixture of states in which
each ion is in |↑〉, |↓〉, or |aux〉 and n is not too large [30].
We begin by approximately preparing |↓↓, n = 0〉 with
optical pumping, Doppler cooling, and sideband cooling.
We then simultaneously apply the four interactions for a
variable duration t. Finally, we measure the populations

in four two-qubit basis states by performing global rota-
tions on the qubits and then performing fluorescence de-
tection on the |↓〉 ↔ |2P3/2, F = 3,mF = 3〉 cycling tran-
sition. From the photon count histograms for each con-
dition, maximum-likelihood estimates are obtained for
populations Pn,A(t) with n ions in the bright |↓〉 state
under analysis condition A. We use three analysis con-
ditions: no rotation, π pulse, and π/2 pulse with ran-
domized phase. These yield populations Pn,I , Pn,π, and
Pn,π/2, respectively. Basis-state populations are then ob-
tained as [7]:

P↓↓ = P2,I , (5)

P↑↑ = P2,π, (6)

PS − Pll ≡ X = 1− 2P0,π/2 − (P2,I + P2,π)/2, (7)

PT = 2P2,π/2 − (P2,I + P2,π)/2. (8)

The singlet population exceeds X by the population Pll

(‘leakage-leakage’) with both ions in states other than
{|↑〉 , |↓〉}, but this is small and PS ≈ X in practice.
We investigate singlet generation for two detunings

νlaser − νion of the Raman beams, with frequencies ap-
proximately νlaser , from the 2S1/2 ↔ 2P 1/2 transition
with frequency νion. The importance of this detuning is
described below. We show the results in Fig. 2b and c.
We plot measured populations obtained from Eqs. (5)-
(8), with uncertainties determined by bootstrapping. In
the inset of each figure we show the data on a pseudo-
steady-state fidelity plateau and a confidence interval
(CI) for the plateau fidelity. This CI and the plotted
uncertainties are bias-corrected 95 % bootstrap CIs [35].
For −315 GHz detuning we measure a fidelity (CI) of
0.911 ([0.902, 0.920]), and for −450 GHz we measure
0.949 ([0.945, 0.953]). We describe the bootstrapping
procedure in the SI [30].
Figure 2b and c also show simulations of the dynamics.

The simulations use the measured Rabi frequencies of the
unitary interactions, the |aux〉 repumping time constant,
the Lamb-Dicke parameter for the stretch mode, and the
Stark shifts induced by the Raman lasers, all determined
in separate measurements. The simulations incorporate
spontaneous Raman and Rayleigh scattering driven by
the Raman lasers [36] and recoil associated with scat-
tering Raman and repump photons. They also include
a unitary coupling between |↓〉 and |aux〉 arising from a
residual non-zero π̂-polarization component rπ of the red
Raman beams [30]. The peak fidelity predicted by the
simulation for −450 GHz detuning is 0.954, consistent
with the upper CI bound of 0.953 for the average fidelity
between 6 ms and 16 ms. For −315 GHz detuning the
predicted peak fidelity is 0.946, lower than for −450 GHz
due to larger scattering error. Including a typical calibra-
tion error of 0.05 rad for the phase φ in Eq. (4) reduces
the peak fidelity to 0.935. Using an |aux〉 repumping
time constant of 51 µs instead of the measured 34 µs
reduces the peak to 0.912, consistent with the measure-
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(a)
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FIG. 3. Photon scattering error in singlet generation.
(a) Scattering processes include stimulated Raman sideband
transitions (thick light blue arrow and dashed yellow ar-
row), spontaneous Raman transitions (thin black arrows), and
Rayleigh scattering (green loop indicating the identity oper-
ation on the ions’ internal state). These processes asymp-
totically scale with the detuning as 1/∆2, 1/∆4, and 1/∆2,
respectively. Recoil leads to heating (modelled by jump oper-
ators proportional to products of a and a† and indicated by
the snaking red arrow) at a rate proportional to η2 to leading
order, where η is the Lamb-Dicke parameter. (b) A calcula-
tion of the infidelity as a function of η in the large-detuning
limit; increasing the strength of the confining potential and
therefore decreasing η improves the performance. The larger
black dot indicates the value η = 0.257 used in the experi-
ment.

ment. The repumper amplitude is not stabilized during
the experiment and is known to drift. We hypothesize
that the cause of the difference between the measure-
ments and simulations is these and similar errors. Other
explanations, including that our model is incomplete, are
possible. We present simulation details in the SI [30].

This singlet-generation protocol is robust against some
typical experimental errors, including magnetic field fluc-
tuations and laser phase noise. However, the scheme is
sensitive to differential effects between the two ions, in-
cluding differences in the Rabi frequencies of the qubit
transitions and differential qubit frequency shifts (caused
by e.g. magnetic field gradients and differential ac Stark
shifts). In our implementation, we have made errors from
these differential effects negligible. This is demonstrated
by direct measurements of the size of these effects [30]
and also by the agreement of the model with the data.
For −315 GHz (−450 GHz) Raman detuning we calcu-
late an infidelity contribution of 0.008 (0.009) from resid-
ual |↓〉 ↔ |aux〉 coupling. Calibration errors likely con-
tribute to the infidelity for −315 GHz detuning as de-
scribed above. In both cases, the remaining infidelity is
due to undesired photon scattering.

Figure 3a show the relevant scattering processes.
Spontaneous Raman transitions between |↑〉, |↓〉, and
|aux〉 can be corrected by the singlet-generation dynam-
ics and so do not accumulate, but instead decrease the
steady-state fidelity. Transitions to other states lead to
permanent (to first order) population loss and fidelity
decay. In principle, Rayleigh scattering has two effects:
First, Rayleigh scattering can cause decoherence of the
qubit. The decoherence rate is related to the differences
between the scattering amplitudes off of the two states
for each polarization [19, 37]. However, the singlet is in
a decoherence-free subspace [27, 38–40], so differential

decoherence between the two ions is required to affect
the singlet fidelity. This occurs only to the extent that
the environment resolves which of the ions scattered a
photon [41]. By following reasoning similar to that in
Ref. [37], we estimate an upper bound of 1.5 × 10−4

for the factor by which differential decoherence is sup-
pressed relative to single-ion decoherence, so we neglect
this differential Rayleigh decoherence in our model for
the experiment. The second effect of Rayleigh scattering
is recoil heating. This heating provides a path out of the
target |S, n = 0〉 state, and is included in our model as
an important error source.

Photon scattering error can be reduced at the cost of
increased singlet preparation time. Limitations on this
approach come from restrictions on the preparation time
and timescales at which other errors become relevant.
The error from spontaneous Raman transitions can be re-
duced by increasing the Raman detuning ∆, because the
asymptotic scalings of the rates for stimulated and spon-
taneous Raman scattering are 1/∆2 and 1/∆4, respec-
tively. Therefore, |∆| should be as large as is practical.
In the large-detuning limit |∆| → ∞, the only remain-
ing error source is recoil heating from Rayleigh scattering
(neglecting differential Rayleigh decoherence). We inves-
tigate the protocol’s performance in this limit by optimiz-
ing the laser polarizations and interaction strengths [30].
For the Lamb-Dicke parameter η = 0.257 used in the ex-
periment, we calculate a fidelity of 0.989 and optimal (re-
specting the constraints shown in Fig. 2a) Raman beam
polarizations of blue-beam π̂ component bπ = 0.59 and
red-beam σ̂+ component r+ = 0.88. These are close to
the experimental polarizations bπ = 0.62, r+ ≈ 1, chosen
to be near-optimal and experimentally convenient.

The stimulated-Raman sideband Rabi rate scales as
η while the recoil heating rate scales as η2, so the er-
ror for large detuning can be reduced by decreasing η.
We numerically investigate the dependence of the large-
detuning steady-state singlet fidelity on η and present
the results in Fig. 3b. The error decreases linearly with
η and falls below 0.01 (0.001) at η = 0.229 (0.024). The
time to approach the asymptotic fidelity scales as 1/η
due to the reduced Rabi rates for the stimulated-Raman
sideband transitions.

The fidelity may also be improved by incorporating
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sympathetic cooling. Periods of cooling should alternate
with the singlet-generation dynamics to avoid interfering
with the coupling |↓, n = 0〉 ↔ |↑, n = 1〉 ↔ |aux, n = 0〉.
We find in simulations that if the stretch mode is re-
initialized to n = 0 after each period 2π/Ωba of the
Hba coupling, then the large-detuning-limit fidelity in-
creases to 0.994. However, without cooling the simu-
lated steady-state motional occupation of the singlet is
n̄ = 0.002. Ground-state cooling performance to at least
this level would be required to improve the fidelity, so
this strategy may be difficult to productively implement
in practice. Finally, the performance could be improved
by driving the sidebands not with lasers but with mag-
netic field gradients [42–46]. These interactions typically
have smaller sideband Rabi frequencies and would there-
fore have slower entanglement dynamics, but could make
photon scattering error negligible.
Our demonstration of dissipative singlet generation

with fidelity of 0.949(4), along with related work by Ma-
linowski et al. [24], advances the dissipative production
of entangled resource states. These works indicate a path
towards fidelities that could allow productive incorpora-
tion of dissipative protocols into practical trapped-ion
platforms for quantum applications. In this work, the
success of the photon-scattering model indicates that nu-
merical simulations can be a powerful tool for optimizing

trapped-ion dissipative protocols and supports our con-
clusion that the current limitation on fidelity arises from
photon scattering errors. We have further investigated
the role of these errors in entanglement generation, which
has been considered in depth for unitary approaches [36]
and represents an outstanding challenge for the realiza-
tion of practical trapped-ion quantum computers [47].
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