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Experimental Realization of Nonunitary Multiqubit Operations
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We demonstrate a novel experimental tool set that enables irreversible multiqubit operations on a
quantum platform. To exemplify our approach, we realize two elementary nonunitary operations: the OR
and NOR gates. The electronic states of two trapped “°Ca* ions encode the logical information, and a
cotrapped ¥Sr* ion provides the irreversibility of the gate by a dissipation channel through sideband
cooling. We measure 87% and 81% success rates for the OR and NOR gates, respectively. The presented
methods are a stepping stone toward other nonunitary operations such as in quantum error correction and

quantum machine learning.
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Introduction.—Classical computing is an immensely
successful information processing paradigm. The success
of computing can largely be explained by the rapid increase
in computational power enabled by the miniaturization of
the underlying circuits built from classical, irreversible gate
operations [cf. Fig. 1(a)]. Today, the exponential growth of
gate count on classical processors is reaching fundamental
physical limits [1]. In the continued pursuit of increasing
computational power, a multitude of alternate technologies
is being explored [2—-13].

As an approach orthogonal to classical information
processing, quantum computing has recently received con-
siderable attention. Here, substantial advancements have
been made, allowing for first demonstrations of essential
ingredients such as quantum error correction [14—19]. This
can be attributed to novel and advanced proposals and the
continued improvement of established techniques [20-24].
Such advancements bring quantum computation closer to
the ideal of an entirely unitary evolution toward the output
state. In certain algorithms, however, nonunitary operations
are required in combination with unitary quantum gates.
Among these are algorithms for quantum machine learning,
quantum optimization, and simulation, which are regarded
as some of the most promising near-term applications for
quantum information processing [18,25-38]. Specifically,
nonunitary operations are needed for the generation of
low-temperature thermal states [27-30], as a projective
filter [31], for the simulation of open systems [32—-37], or
in quantum neural networks [18,38]. Furthermore, nonuni-
tary operations can reduce the entropy of a system, allowing
for the robust preparation of many-body states and even
fault-tolerant quantum error correction [39-41]. It has
been suggested to implement nonunitary components
through auxiliary qubits, randomized circuits, or mixed
input states [27,30-36].
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Dissipation is inherently nonunitary, making it a natural
choice for the creation of irreversible operations. The field
of dissipation engineering, or reservoir engineering, uses
the interaction of a quantum system with environmental
degrees of freedom to achieve quantum information
processing tasks [39,42-54]. Applications include state
preparation by optical pumping, squeezing [43,44], entan-
glement generation [45-52], quantum simulation [53], and
quantum error correction [39]. Dissipation toward the
environment lifts the requirement for classical measure-
ment and feedback, and it holds scaling and robustness
advantages over unitary approaches [46—48]. It has been
formally shown that dissipation can be used to perform
universal quantum computation [55]. Still, so far,
dissipation engineering has mostly been focused on quan-
tum state preparation and subspace stabilization. We
expand the possible set of applications taking a step toward
a paradigm of general nonunitary quantum operations, by

(a) OR NOR (b)
St o @ @ . @
IR R -
oy ey @,@ @
FIG. 1. (a) Truth tables of the classical OR and NOR gates, with

two-qubit output. The logical output is mapped on the left qubit.
(b) Schematic representation of the OR gate acting on a pair of
ions in the |01) state: An engineered resonance process D is a
combination of a global and single-ion laser pulse, which
together allow transfer to the desired state |11), plus an increase
in motional mode occupation. This action is made irreversible by
dissipation I'; of this additional motion, by cooling a spectator
ion species.
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demonstrating the realization of irreversible classical gates
[cf. Fig. 1(a)] by means of engineered dissipation.

Here, we present a physical realization of nonunitary
operations in a trapped-ion system by use of dissipation
engineering. By utilizing techniques from dissipation
engineering, one can create nonunitary quantum gates that
operate deterministically and without the need for ancilla
qubits [56]. To this end, from quantum-mechanical inter-
actions, we engineer the desired projective dynamics
effecting classical gate operations. We implement a
classical OrR and NOR gate, whose truth tables are shown
in Fig. 1(a), where the output of the gate action is mapped
onto the left qubit. We employ selective coherent couplings
to conditionally excite electronic states, utilizing the ions’
shared motional modes, schematically outlined in Fig. 1(b).
Sympathetic cooling serves as the nonunitary component
and completes the gate action. Experimentally, the desired
dynamics can be implemented in a mixed-species trapped-
ion system with single-qubit addressing capabilities [57].
Our operations differ from dissipative state preparation
schemes [45-52], which generate a predetermined output
state regardless of the input state. The demonstration of
classical gates is the first multiqubit nonunitary gate
operation. Through our work, we show that carefully
engineered nonunitary quantum dynamics have the poten-
tial to enrich the quantum engineer’s toolbox, by perform-
ing a broad class of operations that includes any Markovian
evolution of two qubits [58]. The nonunitary gates we
demonstrate open up applications in a wide range of
quantum information algorithms. In particular, they re-
present a significant advancement toward autonomous error

correction, as they utilize the same couplings as described
in Ref. [39].

Principle of operation.—Two cotrapped “’Ca* ions serve
as information carriers, with the logical states |0) and |1)
encoded in the 4S,,(m=-1/2) and (m = +1/2)
Zeeman sublevels [see Fig. 2(a)]. The ions are trapped
in a harmonic potential and share motional modes. We use
the notation |i); ® |j), ® |n),, = |ij)|n),, for electronic
states i and j of ions 1 and 2 and mode occupation n of the
in-phase motional mode m. For brevity, the mode occu-
pation n is often omitted in our notation when n = 0, i.e.,
lij) = 1ij)]0),,. As seen in the truth table in Fig. 1(a), the
OR gate corresponds to the mapping of |01) to |11), which
is analogous to the condition that the first qubit is flipped
from |0) to |1) if and only if the second qubit is the state |1).
The desired conditional operation is augmented by making
use of the motional mode to encode information about the
parity of the system. Access to this mode is enabled through
the auxiliary state |f), for which we use the metastable
3Ds,(m = +1/2) level. The 45/, <> 3Ds , transition to
this auxiliary state is coupled with coherent 729 nm light.

The population transfer mechanism is summarized
below (details in [62]). A drive with Rabi frequency Q
and detuning A is applied to the first ion’s |0) <> |f)
transition. We refer to this drive as the probe. Without any
further couplings, the probe would excite the two states
|00) and |01) and leave the states |10) and |11) unchanged.
A second drive, which we refer to as the sideband drive, is
applied to both ions on the |f) <> |1) transition, though
red-detuned by the frequency of the motional mode. This
drive, therefore, couples the states |f)|n),, <> |1)|n+ 1),
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FIG.2. Overview of the gate mechanism. (a) Relevant states in the data ions “’Ca* and cooling ion 38Sr*. Logical bits |0) and |1) are
stored in calcium’s 4S;,, ground states. Auxiliary levels in the 3Ds/, manifold are used for engineered resonance transfer Dy.
Dissipation I', and I'y occurs through spontaneous decay. (b) Dressed state generation, with a strong sideband drive €g. The desired
conditional excitation for the OR and NOR gates are enabled by unequal detuning from the transition between the initial states [01)|0),,
and |00)|0),, and the dressed states |y, ) and |¢, ), by £Qgg/+/2 and +Qgp /2. (c) Pulse sequence of OR and NOR gates. Q and Q, act
on the first ion, coupling |0) with |f) and |1) with |e). Qgg acts on both ions, coupling the red sideband of |1) and |f).
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In particular, the transition between |f)|0), < [1)|1),,
occurs with Rabi frequency Qgp. Under the condition that
Qgp > Q, the states excited from [01)|0),, form dressed

states  [y) = (|f1)[0),, + [1£)[0), = V2[11)[1),,)/2.
These dressed states have a frequency shift of
+Qqp/+/2, with respect to the bare |f1)|0), state, as
shown in Fig. 2(b), left. In contrast, the initial state |00)|0),,
is excited to the dressed states |¢.) = (|f0)]0),, +
|10)[1),,)/V/2 [Fig. 2(b), right], which reside at frequencies
+Qqp/2. The three-level dressed states |y.) have
increased frequency shifts compared to the two-level
dressed states |¢.) because of constructive interference
of the couplings {|1/)[0),,. [f1)|0),} < [1D)]1),,.
Choosing a probe pulse detuning A = Qgp/+/2, therefore,
enables excitation from |01), while excitation from |00) is
out of resonance and, thus, suppressed. This population
transfer through engineered resonance is denoted by D in
Fig. 2(a).

The conditional excitation is made nonunitary by a decay
process enabled by sideband cooling a cotrapped #3Sr ion,
indicated by I'; in Fig. 2(a). In the OR gate, population that
cycles through [11)[1),, is dissipatively transferred to
|11)]0),, at a rate I';. Since [11)|0),, does not couple with
either the sideband drive or the probe, population remains
in this state, thus completing the transfer |01) — |11). In
order to avoid interfering with the excitation during the
probe process, the dissipation is realized in a subsequent
step [47,51].

We demonstrate the universal NOR gate, whose truth table
is shown in Fig. 1(a). This gate can be constructed by
concatenating a unitary NOT gate with the OR gate. However,
we present a fully dissipative implementation where the
mapping |00) — |10) follows the same procedure as the OR
gate. In contrast to the OR gate, for the NOR gate we use the
detuning A = Qgp/2 to excite the initial state [00). In
addition, the transfers [11) — |[01) and |10) — |00) are
required for the gate action which can be imple-
mented by a single-qubit dissipative process. Both mappings
are achieved by optically pumping the firstion from |1) to |0)
over another auxiliary level, 3Ds,(m = —=3/2) = |e), and
subsequently to 4P3,(m = —3/2), from where spontane-
ous decay returns population to the |0) state.

Experimental overview.—The experiments have been
carried out with a segmented surface trap in a cryogenic
environment [57]. Ions are stored in the Ca-Sr-Ca con-
figuration [63,64]. Tons are initialized in |00) using optical
pumping and are sideband cooled to a mean mode
occupation of 0.14 phonons in the axial in-phase (ip)
mode. We prepare the remaining possible initial states
|01), [10), and |11), using a combination of single-ion
and collective z pulses on the |0) <> |f) and [f) < |1)
transitions.

The sequences of pulses for the OR and NOR operations
are schematically shown in Fig. 2(c), referring to the states

shown in Fig. 2(a), with €2, and €2, acting only on the first
ion, coupling |0) with |f) and |1) with |e), respectively.
Qg acts on both ions and couples the red sideband of |1)
and |f).

The splitting of the dressed states |¢,) and |y.) is
produced with a sideband drive with Rabi frequency
Qgp/(27) ~ 8 kHz, as shown in Fig. 2(b). The probe
beam, simultaneously applied to only the first ion, has
an on-resonance Rabi frequency of Q//(27) ~ 1.15 kHz.
For the Or gate, these pulses are applied for a duration
of 27/Q; =900 ps, at a detuning A = Qggp/V2, which
excites |01) to the dressed state |y ). The NOR gate has a
duration of v/2x/ Q= 600 ps and a detuning A = Qgp/2,
exciting |00) to |¢p. ).

Following this state-dependent population transfer, in the
OR gate, the state |11)|1),, is dissipatively transferred to
[11)|0),, by cooling the Sr ion. Similarly, in the NOR gate,
|10)|1),, is transferred to [10)|0),,. The sideband coupling
Qgp is maintained during the cooling step, which fully
depletes the populated dressed state.

The additional channel of dissipation required by the
NOR operation, |1) — |0) for only the first ion, is performed
in multiple steps, since it would otherwise conflict with the
simultaneously required |00) — |10) operation. Preceding
the engineered dissipation, population in the first ion’s |1)
state is stored in |e). After the engineered dissipation, light
at 854 nm transfers population in |e) to the 4P, level. The
polarization of the 854 nm light was adjusted to minimize
decay to the 4S;,,(m = +1/2) = [1) state, by predomi-
nantly pumping to the 4P5,(m = —3/2) state.

At the end of the sequence, the population is read out
with state-dependent fluorescence detection using an
EMCCD camera, which distinguishes excitation of the S
and D manifolds. As the logical information is carried in
the two S levels [cf. Fig. 2(a)], the population in |1) needs
to be transferred to |e) before the measurement. This state
readout does not differentiate between |1) and |f). We use
the notation P;; to indicate the population in state |ij).
We can separately measure the occupation of the motional
mode by applying a pulse on resonance with either the red
or blue sideband of one of the strontium ion’s 58;,, <>
4Ds), transitions and reading out its state [65]. The
difference of the excitation probability of the red and blue
sideband excitations is used to infer the population in the
motional ground state.

Results.—We first demonstrate the central building block
of resonance engineering, the state-dependent population
transfer, by showing its time evolution, using a detuning of
A = Qgp/2. The change in population is shown for all
four initial states. The intended behavior, Rabi cycling
from |00) and no transfer from the other initial states, is
apparent in Fig. 3(a). The solid lines denote simulated
data. The simulations numerically solve the system’s
master equation [62] and use experimentally determined

040602-3



PHYSICAL REVIEW LETTERS 132, 040602 (2024)

Population

Population

Time (ms) Time (ms)

(b)

T % g * ¥

X

08 I £% <% %% : £ *
Sool ! 405 & § B K
L % B ! or
§ 049 DPﬁ:
o

o2f ¢ 3 & X Lo

. R T e S I

0 0.2 0.4 0.6 0.8 1
Time (ms)

FIG. 3. (a) Experimental demonstration of state-dependent

population transfer with A = Qgp/2, shown for each possible
initial state. The lines indicate simulated results. (b) Demonstra-
tion of dissipation, after a maximal probe transfer from |00) [at a
time marked by the gray dashed line in (a)]. We show the
evolution of Py and Py and the ground-state phonon occupa-
tion. The lines show simulated results.

parameters described above, including the initial phonon
number (7i = 0.14) and heating rate [ii = 106(20) s7'].
The gray dashed line marks the duration of the pulse with
the maximum state transfer, 600 ps, where 82% of pop-
ulation has depleted from |00) (top left panel). The
deviation from a full population transfer is attributed to
the nonzero initial phonon number and heating rate,
corroborated by the simulated results. With the ions
prepared in the |01) state, only 16% of the population is
depleted (top right panel).

After this population transfer, the state |¢p,) =
(|10)[1),, + |£0)]0),,)/v/2 should be dissipatively trans-
ferred to |10)|0),,. We demonstrate this process by showing
the evolution of the populations Py, and P, and the
phonon ground-state occupation over time in Fig. 3(b). The
electronic states are differentiated by running the meas-
urement twice: once with the transfer of |1) to |e) and once
without. The latter measurement does not discriminate
between |0) and |1). The population Py is inferred from

00 01 10 11 00 01 10 11
Input Input

FIG. 4. Measured population truth tables of the OR and NOR
gates, with the intended output states marked with dashed lines.
Values are in percent and are determined from 50 experimental
shots for each input setting. The OR and NOR gates have an
average population fidelity of 87(5)% and 81(5)%, respectively.

the difference between the first and second measurements.
We additionally measure the phonon occupation. The lines
are simulated results, using the same sideband coupling
strength Qgp as in Fig. 3(a). A dissipation rate of
I'; =4.5(6) kHz is determined by a least-squares fit
between the simulated and measured results. After 1 ms
of applying the dissipation pulse, approximately 80% of the
population is in [10)|0),,.

Having demonstrated and characterized the engineered
resonance and dissipation processes, we apply these steps
within the full pulse sequences shown in Fig. 2(b) to
perform the OR and NOR gates. Figure 4 shows the
measured population outcome for each of the four possible
initial states for the OR and NOR gates. Populations are
determined from 50 experimental repetitions for each input
state. Both truth tables exhibit the intended gate behavior:
For all input states, the majority of the population is
transferred to the desired state, marked in the figure with
dashed boxes. The initial states [01) and |00) are transferred
following the engineered resonance scheme for the OR
and NOR gates, respectively, with success rates of 84(5)%
and 74(6)%. The values in parentheses represent the
statistical uncertainty from averaging over the 50 experi-
mental repetitions. As confirmed by simulations and
analytics [66], a dominant source of error is attributed to
anonzero initial phonon number and the heating rate. Since
the coupling strength to a motional sideband is dependent
on the phonon number, the resonance condition of the
engineered population transfer is not met for n > 1.
Another source of error is off-resonant excitation of the
undesired population transfer as a result of spectral overlap
with the resonance conditions of the desired population
transfers, leading to 17% error in the OR gate and 5% in the
NOR gate.

Conclusion and outlook.—We have implemented non-
unitary multiqubit operations in a trapped-ion system by
use of engineered dissipation. The schemes for the Or and
NOR gate performed the operations with fidelities of 87(5)%
and 81(5)%, respectively, where fidelity is the average of
success rates over all possible initial states. This constitutes
the first realization of dissipative quantum gate operations.
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Further classes of operations can be realized according to
these principles. In Supplemental Material [58], we detail
how our experimental capabilities can emulate any
Markovian two-qubit evolution.

The leading source of error stems from heating and, thus,
imperfect cooling of the mode over which the intended
dissipation process occurs. This heating process is the
result of electronic noise on the trap surface and by
phonon transfer from other uncooled motional modes
caused by mode coupling, both of which are known
challenges of microfabricated ion traps [67,68], and is
further exacerbated by complications involved in mixed-
species operation [64]. Such issues are technical and do not
pose fundamental limitations: Future experiments could
implement improved trap design and manufacturing to
reduce heating due to technical noise and improved cooling
techniques such as polarization gradient cooling [69] and
electromagnetically-induced-transparency cooling [70].
Much like recent dissipative high-fidelity schemes for
entangled state preparation [49-52] improved upon the
fidelities of their first-generation counterparts, we would
expect future implementations to improve the fidelity.

Errors caused by the undesired population transfer
mechanism being off-resonantly excited (17% in the Or
gate and 5% in the NOR gate) are also not a fundamental
limitation: A higher pump-beam coupling Qgp splits the
resonance conditions of the desired and undesired pop-
ulation transfers further, thus decreasing off-resonant exci-
tation. For example, a doubling of Qgp, feasible with
modern hardware improvements such as higher-power
laser systems, would reduce the off-resonant excitation
error of the OR gate from 17% to 0.2%.

In the context of universal fault-tolerant quantum com-
putation, quantum error correction also constitutes a
nonunitary process as multiple erroneous processes are
mapped to the same corrected state. Our work can be seen
as a stepping stone toward an implementation of autono-
mous quantum error correction, in which erroneous states
are coherently mapped to oscillator excitations and are then
removed through dissipation [39]. We have demonstrated
the required techniques, resonance engineering and sym-
pathetic cooling, in the present experiment [71].
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