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Abstract

Autonomous quantum machines (AQMs) execute tasks without requiring time-dependent exter-
nal control. Motivations for AQMs include the restrictions imposed by classical control on quan-
tum machines’ coherence times and geometries. Most AQM work is theoretical and abstract;

yet an experiment recently demonstrated AQMs’ usefulness in qubit reset, crucial to quantum
computing. To further reduce quantum computing’s classical control, we propose realizations

of quantum-autonomous gates on three platforms: Rydberg atoms, trapped ions, and supercon-
ducting qubits. First, we show that a Rydberg-blockade interaction or an ultrafast transition can
quantum-autonomously effect entangling gates on Rydberg atoms. Passive lasers control these
gates quantum-autonomously. One can perform Z or entangling gates on trapped ions quantum-
autonomously, by sculpting a linear Paul trap or leveraging a ring trap. Finally, circuit quantum
electrodynamics can enable quantum-autonomous Z and XY gates on superconducting qubits.
The gates can serve as building blocks for (fully or partially) quantum-autonomous circuits, which
may reduce classical-control burdens.

1. Introduction

Autonomous quantum machines (AQMs) undertake tasks without relying on time-dependent external
control [1, 2]. Researchers have proposed AQMs including quantum refrigerators [3, 4], engines [5—
7], Maxwell demons [8, 9], clocks [10-12], and detectors [13], as well as a molecular error-correcting
machine [14]. Natural AQMs include a molecular switch that enables vision [15]. Artificial AQMs have
recently been realized with trapped ions [16] and superconducting qubits [17, 18]. An autonomous
quantum refrigerator reset a superconducting qubit to near its ground state [17], as required for quan-
tum computation [19].

Granting quantum machines (partial or full) autonomy is challenging but may improve performance
and lower costs. Building nonautonomous quantum devices requires substantial funding, innovation, and
patience [20]. Hence autonomy may seem like an unnecessary hurdle. Yet classical control limits quan-
tum devices. For example, control wires limit the number of superconducting qubits that can fit on a

© 2026 The Author(s). Published by IOP Publishing Ltd
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chip. Classical wires also introduce heat and noise, suppressing coherence [21, 22]. Furthermore, low-
ering quantum devices” energy costs can enhance quantum advantages over classical counterparts [23].
Macroscopic control equipment consumes orders of magnitude more energy than the quantum devices
controlled. For instance, in superconducting experiments, room-temperature control electronics can
consume nearly 3 kW [24, Suppl. Inf.]. This expense is comparable to the =10 kW required to power
the dilution refrigerator that cools the qubits [24, Suppl. Inf.]. Meanwhile, the quantum processor dissi-
pates an amount of power on the order of tens of uW [25]'". In contrast, consider classically controlling
devices. This task often costs an amount of work comparable, or negligible compared, to the devices’
energy scales. For example, setting a thermostat takes little energy; the climate-control system requires
much more. Freeing quantum devices from classical control may enhance efficiencies, as well as coher-
ence times and scaling.

In defining AQMs, we follow [2]. An AQM executes a task, potentially by harnessing multiple com-
ponents. Quantum theory describes the machine usefully!?. The microscopic Hamiltonian responsi-
ble for the AQM’s mission remains constant, once one actuates the AQM (‘presses go’). However, one
can exert time-dependent external control in building and initializing the AQM. These rules echo a
drone’s autonomy: one constructs a drone and charges its battery using time-dependent control, per-
haps by leveraging factory equipment. After activation, though, the drone delivers packages indepen-
dently. Because an AQM’s microscopic Hamiltonian remains constant, no external classical system
spends thermodynamic work on accomplishing the machine’s task [26-28]. However, an external sys-
tem may perform work on machine components that do not directly contribute to the machine’s mis-
sion ([2] and section 3.2). AQMs differ from quantum machines controlled by autonomous classical sys-
tems such as classical artificial intelligence: no classical system controls any AQM (in any way that con-
tributes directly to the AQM’s mission). To distinguish the machine types, we sometimes use the term
quantum-autonomous.

Autonomous quantum computation has attracted interest recently. In one approach (dissipative
quantum computation), a quantum system couples to a tailored environment [29-33]. The environ-
ment guides the system toward a steady state that encodes a computation’s output. In an abstract-theory
approach, researchers designed an autonomous quantum processing unit [34]. A quantum state encodes
a program, which directs the processing unit to enact unitaries on the computational register. In another
abstract-theory approach, Woods showed that quantum control can increase quantum gates’ speeds (as
functions of resources such as energy) [35]. We complement these approaches, proposing experimental
implementations of quantum-autonomous gates.

We design quantum-autonomous gates for three platforms: Rydberg atoms, trapped ions, and super-
conducting qubits. These protocols introduce no extra reliance on continuous-wave lasers. Section 2
shows how to perform quantum-autonomous entangling gates on Rydberg atoms, leveraging Rydberg-
blockade interactions and ultrafast transitions. Section 3 details implementations of Z and entangling
gates on trapped ions. These quantum-autonomous schemes rely on certain trapping potentials (sculpted
linear Paul traps and ring Paul traps). Section 4 describes quantum-autonomous Z and XY gates for
superconducting qubits. These gates benefit from circuit quantum electrodynamics (QED). Section 5
outlines directions for future work.

Our gates can serve as building blocks for (fully or partially) quantum-autonomous circuits. Our
focus on single-gate implementations mirrors that of, e.g. [36-39]. Concatenating such gates would yield
quantum-autonomous circuits. Reference [34] describes an abstract concatenation strategy, whose imple-
mentation would vary across platforms and so requires further designing. Instead of implementing a
fully autonomous quantum circuit, one could begin with a classically controlled quantum algorithm
and replace some gates with quantum-autonomous ones. The partial quantum autonomy would allevi-
ate some of the classical control burden.

The following notation appears across the paper. o, denotes the Pauli-« operator, wherein o €
{x,y,z}. If s denotes or indexes a system, o) represents that system’s Pauli-o operator. The o, eigen-
state |0) = |1) corresponds to the eigenvalue 1; and |1) = |]), to —1. The raising and lowering operators
have the forms o4 := 1 (0, +i0,). We set fi to 1.

11 The superconducting processor sits in a mixing chamber whose cooling power approximately equals 20 #W. This number upper-
bounds the processor’s power dissipation.

12 Quantum theory describes nearly everything, but it provides unhelpful models of many objects. For example, classical mechanics
models wrenches more usefully than quantum theory does.
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2. Rydberg atoms

Rydberg-atom quantum computation has advanced rapidly over the past few years [40—42]. Section 2.1
reviews relevant features of the platform. Section 2.2 describes quantum-autonomous gates based on
Rydberg-blockade interactions and on ultrafast transitions. Appendix A outlines a more challenging
alternative, based on the Levine—Pichler gate. It frees Rydberg-blockade gates from single-atom laser
manipulations [43].

2.1. Background: Rydberg-atom quantum computing

This subsection overviews relevant features of Rydberg-atom quantum computers. We describe the plat-
form in section 2.1.1, Rydberg-blockade controlled-Z gates in section 2.1.2, and ultrafast controlled-Z
gates in section 2.1.3.

2.1.1. Architecture of Rydberg-atom array

A Rydberg atom is an atom in a high-energy electronic state'’. Such a Rydberg state |r) corresponds to
a large principal quantum number, such as n = 70. Commonly used elements include Rb, Cs, Yb, and
Sr [44-46]. Two lower-energy levels, labeled |0) and |1), form a qubit.

Rydberg atoms A and B can interact strongly under two sets of circumstances. First, suppose that
an A is in a Rydberg state. A shifts the energy of B’s |1)—|r) transition. The shift exceeds the transition’s
Rabi frequency. If subject to a laser pulse resonant with the |1)—|r) transition, B cannot jump to |r). A
induces a Rydberg blockade. Second, suppose that A and B are simultaneously excited to Rydberg states.
The atoms couple strongly via a dipole—dipole Rydberg interaction.

2.1.2. Rydberg-blockade controlled-Z gate
Using the Rydberg blockade, one can implement a controlled-Z gate [38, 40]. Denote the control qubit
by C and the target qubit by T. The qubits are ideally in a joint state |ct) (wherein ¢t € {0,1,r}) at each
step of the protocol. Lasers can couple the state |1)¢ r to the Rydberg state |r)c 1, as detailed below.
Throughout this subsubsection, all pulses drive the |1)—|r) transition. The splitting between |0) and |1) is
sufficiently large that pulses cannot affect any atom in |0).

A three-pulse sequence effects a controlled-Z gate:

1. A w-pulse maps the control atom’s |1) state to the Rydberg state: |1)c — |r)c.
2. A 27-pulse maps the target atom’s |1)7 state to the Rydberg state and back: |1) — |r)r+— |1) 7.

3. Another 7-pulse maps the control atom’s Rydberg state back to [1)c: [r)c— |1)c.

The pulse sequence effects a controlled-Z gate as follows. First, suppose the atoms begin in |00). All
pulses are off-resonant with the |1)—|r) transition, so the atoms’ state remains constant. Second, sup-
pose the atoms begin in |10). Pulse 2 is off-resonant, so the target’s state remains constant. Pulses 1 and
3 rotate the control’s Bloch vector through a total angle of 27r. The joint state acquires a 7 phase shift:
|10) — €l™|10) = —|10). Third, the joint initial state |01) picks up the same shift: |01) — —|01). Fourth,
suppose the atoms begin in |11). Pulse 1 leaves the control qubit in |r). The blockade prevents pulse
2 from exciting the target to |r), so the target remains in |1)7. Pulse 3 returns the control to |1)¢. The
joint state acquires a 7 phase shift: |11) — —|11). Across all four initial states, the pulse sequence enacts
a controlled-Z gate, to within a global phase.

A Rydberg-blockade gate’s time scale equals the |1)—|r) transition’s inverse Rabi frequency. Such
gates typically last for hundreds of nanoseconds [38]. A shorter, nanosecond-scale gate, described in
section 2.1.3, does not require a Rydberg blockade [47-49].

2.1.3. Ultrafast entanglement generation

Unlike the Rydberg-blockade gate, the ultrafast operation features two atoms simultaneously in Rydberg
states [47-49]. The atoms arrive in those states due to ultrashort laser pulses, which last for picoseconds
or femtoseconds. The pulse durations are much shorter than the time scale of the energy shift caused by
the Rydberg blockade. Thus, both atoms can reach their Rydberg states. The atoms then entangle via the
Rydberg dipole—dipole interaction.

13 Colloquially, the term refers to an atom undergoing a protocol during which the atom (or similar atoms) is sometimes in a high-
energy state. We adopt this usage.
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Chew et al implemented an ultrafast energy exchange [47]. They excited two 8’Rb atoms into
|dd) = |43D,43D), whereupon interactions caused oscillations with |pf) = \%(\45P,41F> + |41F,45P)).
One oscillation maps |dd) to —|dd) in ~ 2 ns'*. This phase can enable a quantum gate: the computa-
tional basis could consist of two states in the 55/, manifold [43, 50]. A pulse sequence would map one
computational-basis state to |dd). If the atoms began in a superposition of computational-basis states,
the reported oscillation would introduce a relative phase. In the spirit of [47], we focus in section 2.2.2
on implementing one portion of the gate protocol—the relative-phase portion—quantum-autonomously.

2.2. Quantum-autonomous entangling of Rydberg atoms
Section 2.2.1 describes a quantum-autonomous implementation of the Rydberg-blockade controlled-Z
gate. In section 2.2.2, we propose quantum-autonomous ultrafast entanglement generation.

2.2.1. Quantum-autonomous Rydberg-blockade gate

Here, we show how to implement Rydberg-blockade controlled-Z gates quantum-autonomously. First,
we argue that passively mode-locked lasers (PMLLs) can operate quantum-autonomously. Second, we
show that they can drive the Rydberg transition. Third, we show how they can generate a pulse sequence
that effects a Rydberg-blockade gate. The final argument relies on PMLLs’ ability to serve as autonomous
quantum clocks prevalent in the AQM literature [10].

The Rydberg-blockade gate requires three laser pulses (section 2.1.2). A laser pulses when a clas-
sical control system turns it on and off. This control precludes quantum autonomy. However, quan-
tum autonomy allows for a fixed-frequency laser free from time-dependent control. PMLLs offer this
possibility [51].

Mode-locked lasers combine longitudinal cavity modes of different frequencies. When the modes are
phase-locked (when their phases coincide), they interfere constructively to produce high-intensity out-
puts. This technique is widely used to generate ultrashort pulses, which typically last for picoseconds or
femtoseconds [52].

Many PMLLs require no external control to pulse. They contain saturable absorbers that let high-
intensity waves through while absorbing low-intensity waves [51]. To elaborate on PMLLs” autonomy,
we recall how lasing works [53]. A laser contains a gain medium, a large set of atoms that begin mostly
excited (with population inversion). Extra photons enter the gain medium, stimulating emissions from
a few atoms, which stimulate more emissions. When enough atoms de-excite, the lasing ends unless the
gain medium undergoes repumping (to reinstate population inversion). Such repumping conventionally
involves time-dependent external control incompatible with autonomy. Hence a PMLL can participate in
an AQM if the gain medium’s initial population inversion powers all the lasing'.

Having argued that PMLLs can operate quantum-autonomously, we argue that they can enable
Rydberg-atom gates: PMLLs can emit pulses of the appropriate duration, frequency, and regularity. First,
we support the duration claim generally. Then, we support all three claims by analyzing an implementa-
tion of a Rydberg-blockade gate.

During a Rydberg-blockade gate, atoms transition between |1) and |r) due to pulses that last for
hundreds of nanoseconds [40]. PMLLs can produce such pulses, despite their often producing ultrashort
pulses [54, 55]. Also, a mode-locked laser emits a train of pulses quickly and stably [56]. Therefore, one
can form a long pulse by stringing together short pulses.

We now review an experimental implementation of a Rydberg-blockade gate and argue that PMLLs
can provide pulses with the necessary characteristics (pulse duration, wavelength, and regularity) [57].
Figure 1 illustrates a *Rb atom’s |1) = |5, ,,F=2,mp=2) and |r) = |58D;,,F=3,mp=3) states in an
energy-level diagram [57]. A two-photon process couples the states: |1) couples to the intermediate state
|i) = |5P, /5, F=2,mp=2), which then couples to the Rydberg state.

Gaétan et al performed a controlled-Z gate on 8’Rb atoms, using the pulse sequence described in
section 2.1.2 [57]. Two lasers implemented the |1)—|r) transition via a two-photon process (figure 1 and
step 1 in section 2.1.2). One laser was detuned from the |1)—|i) gap, and the other laser from the |i)—
|r) gap, by an amount 6. (§ was large enough that the system never had a substantial population on
i), whose short lifetime would have threatened the atomic state’s coherence.) The lasers’ frequencies
summed to the |1)—|r) gap. The lasers operated simultaneously, for approximately 70 ns [57]. PMLLs
can emit pulses of such durations [54, 55].

14 The oscillation introduces the phase as follows. Denote by J the strength of the coupling between |dd) and |pf). Over a time ¢, |dd)
evolves to cos(Jt)|dd) — isin(J)|pf). At t = /] & 2 ns, the system returns to |dd), but having picked up a 7 phase.

15 Alternatively, the pumping mechanism might be another autonomous quantum system, such as a large negative-temperature quan-
tum reservoir.
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474 nm

o1 i
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Figure 1. Energy-level diagram for a ¥ Rb atom (simplified from [57]). A two-photon process couples the qubit state |1) to the
Rydberg state |r). The lasers are detuned from |0)—|1) and |1)—|r) transitions, so the process does not suffer from |i)’s lossiness.

PMLL pulses can exhibit not only the durations, but also the wavelengths, needed to drive Rydberg
transitions. A 795 nm pulse drives the |1)—|i) transition [57]. Typical PMLLs have similar wavelengths,
e.g. 780 nm to 2 pum [56, 58]. In contrast, a 474 nm pulse drives the |i)—|r) transition. To achieve such
a short wavelength, one could employ a 948 nm PMLL and double the frequency using a nonlinear
crystal [59].

PMLLs can drive not only the |1)—|r) transition, but also a Rydberg-blockade gate. The nonau-
tonomous gate protocol requires lasers to address different atoms at different times (section 2.1.2). Some
clock must prompt each laser to turn on at the right instant. PMLLs can serve as autonomous quantum
clocks, we argue next, aside from being able to drive the |1)—|r) transition.

A PMLL can act as a reliable autonomous quantum clock, an AQM that regularly emits energy pulses
called ticks [10]'°. PMLLSs’ laser pulses can serve as ticks. The pulses are regular [56], so PMLLs can keep
time accurately. If driving a Rydberg transition, a PMLL keeps time for one atom.

Another PMLL can keep time for a whole Rydberg-blockade protocol, we now show. For simplic-
ity, we describe how a PMLL can time two other lasers that drive the Rydberg transition. The approach
extends to more driving lasers, however. Suppose that transition-driving lasers L, and L, emit consecu-
tive pulses. For example, L; can help perform the m-pulse in step 1 of section 2.1.2; and L,, the 27-pulse
in step 2. L; should emit a pulse at time t = 0; and L, at some time ¢ =T > 0. An auxiliary laser L, can
tell L, that an interval T has elapsed since L, pulsed, according to the following protocol. Let ¢ denote
the speed of light in a vacuum'’. L, is set a distance d = cT from L,. One activates L, and L, simultane-
ously. After a time T, L,’s pulse reaches L,. This pulse stimulates L, to fire.

We estimate the distance, and demonstrate its feasibility, as follows. Recall the controlled-Z gate per-
formed by Gaétan eral [57]. A laser pulse drove the |1)—|r) transition over a duration T = 70 ns. Since
d=cT, L, should lie a few meters from L,. Several-meter-long optical fibers can delay light in experi-
ments, so the control-clock scheme is feasible.

2.2.2. Quantum-autonomous ultrafast entanglement generation

Here, we propose quantum-autonomous version of ultrafast entanglement generation (section 2.1.3). We
sketch the protocol first. We then argue that PMLLs can quantum-autonomously provide the necessary
pulses, when augmented by passively Q-switched lasers or by cavities.

The quantum-autonomous ultrafast gate, echoing the nonautonomous gate (section 2.1.3), proceeds
as follows. First, a laser L; emits a picosecond-length pulse at both atoms. After roughly another picosec-
ond, a laser L, emits another picosecond-length pulse, at an auxiliary laser’s command. Together, L, and
L, drive both atoms to Rydberg states, via transitions like the one depicted in figure 1. The atoms inter-
act via dipole-dipole coupling for a few nanoseconds. If ~ 5 pm separate the atoms, the state accumu-
lates a conditional 7 phase after ~ 2 ns [47]. To halt the interaction, auxiliary lasers trigger pulses from
additional lasers that de-excite both atoms.

Having outlined the protocol, we identify the laser resources needed to drive it, by specifying the
atomic transitions involved. The experiment described in [47] involved three atomic levels of #Rb: from
least to greatest energy, |g) = |5S), |e) = |5P), and the Rydberg state |d) = |[43D). A two-photon process

16 Autonomous quantum clocks are quantum-autonomous in the sense of section 1. They are not atomic clocks [60] operated via
autonomous classical control.

17 Rydberg-atom platforms’ environments are near-vacuums [44, 61].
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(effected by two lasers) excites an atom from |g) through the intermediate |e) to |d). One laser is res-
onant with the |g)—|e) transition. The atom must not remain in |e) for long, lest the level’s population
decay. Hence the second laser must turn on soon after the first (after a picosecond-scale interval). When
in |d), two nearby atoms undergo the dipole—dipole interaction that enacts the gate.

Having specified the atomic transitions involved, we describe the laser resources required to drive
them, demonstrating that PMLLs can fulfill the requirements above. A two-photon process drives the
|¢)—|d) transition. The first step (the |g)—|e) transition) requires a 780 nm pulse that lasts for ~ 1 ps.
Pulse-to-pulse energy fluctuations limited the fidelity reported in [47], on which [49] improved.

PMLLs, renowned for providing ultrashort pulses, can satisfy these requirements [56]. The second
step (the |e)—|d) transition) requires a 480 nm pulse that lasts for ~ 10 ps. A PMLL can attain this wave-
length via frequency doubling (section 2.2.1). The pulse length falls within the range frequently achieved
by PMLLs [56].

However, time-dependent classical control augmented the lasers applied in the ultrafast protocol of
[49]. That control, which included active mode locking, implemented the frequency conversion and
amplification. Either of two strategies may eliminate the control. First, one could use a passively Q-
switched laser. Such a laser contains an absorber that blocks low-power light from leaving the cavity.
Once the power exceeds a threshold, the system outputs a short, energetic pulse [51, 62]. Passively Q-
switched lasers can achieve the specifications necessary for driving ultrafast gates [63]'®: wavelengths of
480 nm and 780 nm (mentioned in the previous two paragraphs), a power of 5 W (used in [47]), and
picosecond-length pulses.

Using the second strategy, one places the atoms in a cavity. One separates the mirrors such that light
travels between them in the time between two laser pulses’ arrivals. This matching amplifies the cir-
culating pulses, which build up coherently. The primary challenge is the buildup time: the gradually
strengthening pulses would drive the atoms undesirably. To circumvent this issue, one could keep the
relevant atomic transition detuned from the laser. A pulse from another laser, separated by a delay line,
would bring the atom into resonance after the buildup. These two strategies suggest the feasibility of
autonomous control for ultrafast gates.

3. Trapped ions

Here, we propose autonomous quantum gates for trapped ions. In section 3.1, we overview conventional
Z and Melmer—Segrensen (entangling) gates for trapped ions. We review ion traps, and argue that they
do not preclude quantum autonomy, in section 3.2. Section 3.3 shows how tailored trapping poten-

tials can enable quantum-autonomous Z and Mglmer—Serensen gates. Ring traps, too, can implement
quantum-autonomous Z gates, as we show in the same subsection.

3.1. Background: Trapped-ion quantum computing

In trapped-ion quantum computing, an ion’s internal (electronic) states serve as a qubit’s logical states.
Species used include *°Ca™ [64], '¥’Ba™ [65], 17'YbT [66], 88SrT [67], and *Be™ [68]. For example, two
states in a calcium ion’s S/, and D)/, manifolds can form a qubit.

In the most common geometry, the ions form a chain'”. It has normal vibrational modes that can
transfer information between different ions’ electronic degrees of freedom (DOFs). The modes corre-
spond to a simple harmonic oscillator. Let # denote the vibrational quantum number. We label the two
ions’ electronic states by 1 and J..

3.1.1. Z gate
In reviewing the trapped-ion Z gate, we follow [69]*. Consider an optical qubit encoded in a *°Ca™

ion’s |4ST;2:_1/ 2> and |3D?;2:_1/ 2> states. Let € denote the ion transition’s Rabi frequency. A Z gate

requires a laser whose frequency is detuned from §2 by some amount A # 0. A laser wavelength of
729 nm serves. The laser shifts the ion’s transition frequency by ¢ = %. Denote such a laser pulse’s

18 Certain equipment, instruments, software, or materials are identified in this paper to specify the experimental procedure adequately.
Such identification is not intended to imply recommendation or endorsement of any product or service by NIST; nor is it intended to
imply that the materials or equipment identified are necessarily the best available for the purpose.

19 One of our proposals involves a ring geometry, but discussing chains suffices here.

20 An alternative scheme effects fast gates, which require times much shorter than the ion motion’s characteristic time scale [70, 71] Our
quantum-autonomous gates rely on ion-trap features suited to longer interaction times. We therefore focus on standard single-qubit
gates, which last for microseconds.
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duration by t. The shift leads to the unitary e ?:/2 wherein § = 6t. By driving the transition for 5.5

s, experimentalists rotated a qubit’s Bloch vector through an angle 7 /2 about the z-axis [69].

3.1.2. Molmer—Sorensen gate

This section reviews the Mglmer—Sorensen gate, which entangles two ions by coupling their internal
states to a shared vibrational mode [36, 37]. Below, we overview the protocol and specify the laser
resources required. We follow [36].

The Molmer—Sorensen gate unfolds as follows. Let wy denote each qubit’s energy gap, v a vibrational
mode’s frequency, and A the detuning from the motional sidebands. One illuminates the ions with two
laser beams simultaneously. The beams have frequencies wy F v + A. Equivalently, one beam is detuned
by —A from the red motional sideband; and the other, by +A from the blue: the beams are detuned
around the carrier transition symmetrically.

Together, the two beams drive the two-photon transition |}]) <> |[11), while transiently exciting the
ions’ motion. At a time 1/A, the motion is decoupled from the ions’ spins. If the Rabi frequency has
been chosen appropriately, the spins end up maximally entangled.

In an experimental realization, the frequencies assumed the values wy =27 x 411 THz, v = 27 x 1.23
MHz, and A = 20 kHz [72]. Operating for a time 1/A =2 50 us, the lasers prepared the entangled state

() + 1))/ V2.

3.2.Ion traps and quantum autonomy
In this subsection, we describe ion traps and their consistency with quantum autonomy. We focus on
Paul traps, due to their commonness in quantum computing and for simplicity.

Paul traps are the most popular ion traps applied in quantum computing. They confine ions using
oscillating radio-frequency, as well as static, electric fields [73]. Paul traps shape ions into crystals
whose geometries depend on the electrode arrangement. Four cylindrical electrodes can form a linear
Paul trap. Alternatively, the electrodes can lie in a plane, trapping ions above it [74]. By using more
planar electrodes, one can form a microfabricated surface trap that generates an arbitrary potential.
Experimentalists have realized ring-shaped ion arrangements using such electrodes [75].

A Paul trap is a classical system whose electric fields oscillate to confine the ions. The oscillation
drives a current, consuming and performing work. One might worry that this work prevents the plat-
form from acting as an AQM: no classical control system may directly facilitate an AQM’s mission by
performing work, which would change the microscopic AQM Hamiltonian responsible for undertak-
ing that mission [2, 26]. Yet the trap does not perform such work. Rather, the trap confines the ions by
inducing a time-dependent potential. The potential does not operate on the information-bearing DOFs
directly responsible for the machine’s goal. Therefore, the quantum machine is autonomous.

Two objections suggest themselves. First, the trap consumes work to maintain the oscillating poten-
tial. Yet, as argued above, this work only confines the ions’ positional DOFs radially. Similarly limited
control facilitates our Rydberg-atom and superconducting-qubit protocols, as detailed in App. B. Second,
as the ions oscillate, they push and pull the electrodes’ electrons. The trap must counteract this effect to
keep the voltage constant. Hence the trap draws work to increase or reduce the current. Yet this increase
or reduction does not alter the ions’ Hamiltonian.

In summary, the trap does not prevent the ion system from acting as an AQM. Furthermore,
quantum-autonomous lasers drive the gates, we argue in section 3.3.1. Hence the following gate proto-
cols are quantum-autonomous, according to the definition in [2].

3.3. Quantum-autonomous trapped-ion gates

Section 3.3.1 shows how to implement Z and Mglmer—Serensen gates quantum-autonomously, by tai-
loring a potential to form a slide. Ring traps can enable quantum-autonomous Z gates, too, we show in
section 3.3.2.

3.3.1. Tailored potential slide
Our first trapped-ion proposal relies on a tailored potential. We describe the setup, its feasibility, and the
extent of its quantum autonomy below. Then, we introduce the flash-lamp-pumped lasers that effect the
gates. Finally, we argue for Z and Mglmer—Segrensen gates’ feasibility.

The proposal features the following setup. Part of the trap forms a spatial gradient along which ions
slide (figure 2). Later, the trap levels out. Laser beams shine on particular locations. If an ion passes
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Potential Gate Gate

Figure 2. Tailored potential slide. A potential (dashed curve) confines the ions before the protocol, then is switched off. The ions
initially slide down a potential gradient, then traverse the gate zones. Laser beams (yellow) implement gates.

through a beam alone, it undergoes a single-qubit gate. If two ions pass through a beam simultaneously,
they undergo a two-qubit gate.

The proposal involves a spatially varying potential and so an electric-field gradient. One can effect
such a potential (or any other potential) using a Paul trap with an intricate-enough electrode structure
[76]. Surface traps with multiple electrodes can serve this purpose [77, 78]. Experimentalists have
designed traps that feature many electrodes [79], rendering our proposal’s requirements plausible. The
potential ramp transports the ions axially. This transport does not affect the ions’ internal states: the
internal states couple, rather, to radial motional modes via lasers during entangling gates or only to the
laser light during Z gates?!.

The gate is quantum-autonomous, consistently with section 3.2. The setup (laser placement and
pumping, electrode arrangement, and loading of ions into the trap) occurs before the gate protocol. The
ions are confined initially. When the protocol starts, the potential is switched off. This step amounts to
‘pressing go’ on the AQM. Without additional control, the ions roll down the potential slide (left-hand
side of figure 2). The ions then move along the flat potential, their center of mass maintaining a con-
stant velocity. Coulomb repulsion increases the interatomic distance. The laser beams, detailed next, are
applied throughout the protocol.

One final component of the setup needs detailing: the flash-lamp-pumped lasers that effect the gates.
A flash lamp is a gas-filled tube that emits light when triggered by a pulse [51]**. Flash-lamp-pumped
lasers emit pulses that typically last for several microseconds to a few tens of microseconds [83]. Hence
these lasers can provide the 5.5-50 s pulses required for trapped-ion gates*. Industrial flash-lamp-
pumped lasers support wavelengths from 266 to 2940 nm [84]. Such lasers can achieve the approxi-
mately 729 nm wavelengths required for the Z and Mglmer—Serensen gates [69, 72]. Furthermore, one
can charge a flash lamp’s capacitor before implementing a gate. Therefore, flash-lamp-pumped lasers can
enable quantum-autonomous control. However, flash-lamp-pumped lasers suffer from poor frequency
and power stability [84]. These shortcomings prevent the lasers, in their present form, from implement-
ing high-fidelity gates. However, flash-lamp-pumped lasers have not been optimized for this purpose.
Adapting them may enable high-quality quantum-autonomous control.

Having described the general setup, we detail quantum-autonomous Z gates and Melmer—Serensen
gates. First, we describe the Z gate. Recall, from section 3.1.1, that a 5.5 us laser pulse implements a Z
gate. Our protocol can implement such a gate if an ion can remain in the laser beam for the required
duration. Meeting this condition requires a correspondingly engineered trap. Although such a trap has
not been realized, the intricate electrode structures required have been [78, 79], rendering this task
feasible.

The slide can effect also a Mglmer—Sarensen gate. During it, two ions slide together. They pass
through a bichromatic laser beam detuned from their qubit and radial (shared-motional-mode) frequen-
cies. The shared mode transfers excitations between the ions’ electronic DOFs**.

3.3.2. Ring-trap autonomous gate

Like a potential slide, a ring trap (section 3.2 and [75, 85, 86]) enables a quantum-autonomous Z gate.
First, we sketch the gate protocol. Then, we review specifications required in similar nonautonomous
setups. These specifications, we argue, are feasible in our setup.

21 Gates have been realized via the shuttling of ions [80—82]. Active electrode control enabled this transport, in contrast with our
quantum-autonomous proposal.

22 The flash lamp is not the laser; rather, it pumps the laser: in flash-lamp pumping, one charges a capacitor. A trigger electrode dis-
charges the capacitor, which energizes the lamp’s gas. The excited gas flashes, pumping the laser’s gain medium.

23 In contrast, PMLLs (the quantum-autonomous lasers discussed in section 2.2.1) emit picosecond- and nanosecond-scale pulses.

24 1f the trap design allows ions to move at a speed of 22 0.5 m s~ !, a beam of diameter of ~ 25 ym can implement such an entangling
gate. Appropriately distributed electrodes can give rise to this speed [78, 79]. Standard linear-optics techniques can tune the beams’
diameters.
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Figure 3. Quantum-autonomous Z gate implemented with a ring trap. The black disks represent ions. Their trajectory forms the
dashed line. A laser shines on two ring segments, driving internal transitions in the ions.

Figure 3 illustrates the quantum-autonomous gate. The ions traverse a ring”. A laser beam illumi-
nates two segments of the ring. The ions pass into and out of the illuminated segments several times,
until the laser is discharged, as in section 3.3.1.

The ions can revolve quickly enough to effectively experience one coherent pulse throughout the pro-
tocol. Consider a #*Ca™ ion with qubit states ||) = |4Sf/:24’MF:O> and |1) = |4Sf/:23’M*:O>, following [87].
The desired pulse induces a relative phase between the ion state’s ||) and |1) terms. Passing through an
illuminated arc, the ion experiences a short pulse. Suppose the qubit decoheres much more slowly than
the ion revolves. The short pulses jointly resemble one long pulse, increasingly shifting the qubit’s rela-
tive phase.

Now, we support the supposition that the qubit decoheres much more slowly than the ion revolves.
Reference [86] reports on an experiment in which two calcium ions revolved at a frequency of 100 kHz.
In contrast, a calcium qubit decoheres at a rate 0.167 Hz [87]. As 0.167 Hz < 100 kHz, the time scales
meet the required condition.

4. Superconducting qubits

This section introduces quantum-autonomous gates for transmon qubits in circuit QED. Using circuit-
QED, one typically controls gates using microwave tones. Our proposals, in contrast, rely on quantum-
autonomous photon sources, described below. Sections 4.1 and 4.2 describe quantum-autonomous Z
gates. In the protocol of section 4.1, a transmon-and-cavity system reflects an incoming photon. The
photon is resonant with the transmon’s ground-to-first-excited-state transition. Therefore, the photon
alters the relative phase between the transmon’s two lowest energy levels. In the protocol of section 4.2,
an incoming photon enters a cavity coupled to a transmon dispersively. Incrementing the cavity’s pop-
ulation, the photon effectively changes the qubit’s gap (via the dispersive coupling) and so changes the
transmon’s relative phase. Section 4.3 describes a quantum-autonomous XY (entangling) gate.

4.1. Z gate effected via reflected photon in circuit QED

In section 4.1.1, we review a nonautonomous protocol implemented by Besse et al [88]. During the pro-
tocol, a transmon—cavity system reflects an incoming photon. The protocol effects a controlled-Z gate
on the photon and transmon. On page 2 of [88], Besse et al cast the gate as controlled on the transmon
and targeting the photon. Yet one can interpret the gate as controlled on the photon and targeting the
transmon. Privileging the latter interpretation, suppose the photon is in |1) (rather than in a nontriv-
ial superposition of |0) and |1)). The gate enacts a Z on the transmon. We show how to implement this
gate autonomously in section 4.1.2.

4.1.1. Nonautonomous gate effected via reflected photon in circuit QED
Here, we review the controlled gate reported on in [88]. The protocol features a transmon coupled to
a single-mode cavity (figure 4). The transmon has a ground state |g) = |0), first excited state |¢) = |1),
and second excited state |f). Let w denote the |¢)—|e) energy gap. The transmon has an anharmonicity o
a gap w + « separates the |e) and |f) energies. The cavity’s electromagnetic mode, too, has a frequency
w + . We denote the Fock states by |n), wherein n=0,1,...

The gate protocol proceeds as follows. One shoots a photon of frequency w + « at the transmon-—
cavity system. The subsequent events depend on the transmon’s state.

First, suppose the transmon begins in |g). Due to its energy spectrum, the transmon cannot interact
with the photon. The cavity interacts instead: it reflects the photon, imparting a relative phase of m. If
the photon began in a|0) 4 b|1) (wherein a,b € C), it ends in a|0) — b|1).

25 We picture multiple ions, despite describing a single-qubit gate for the convenience of our feasibility analysis.
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Figure 4. Controlled-(—Z) gate implemented in circuit QED. An incoming photon interacts with a transmon—cavity system,
which reflects the photon. The photon acquires a phase dependent on the transmon’s initial state; equivalently, the transmon
acquires a phase dependent on the photon’s initial state. Figure simplified from [88].

Now, suppose the transmon begins in |e). The photon is resonant with the transmon’s |e)—|f) tran-
sition. This transition, however, couples to the cavity mode via a Jaynes—Cummings interaction. The
coupling strength exceeds the cavity linewidth. Hence the incoming photon has the wrong frequency to
interact with the transmon—cavity system. The system reflects the photon without imparting any phase
to it.

Let us summarize the gate’s action. Suppose the photon begins in a|0) + b|1). We have seen that

8) (al0) +b]1)) — [g) (al0) —b[1))  and (1)
) (a]0) +b[1)) = |e) (a]0) + b[1)). (2)

Suppose the transmon begins in «|g) + 5|e), wherein «, 8 € C. The protocol acts as

(alg) + Ble)) (al0) + b1)) (3)
= a(alg) +5e))[0) + b(—alg) + Ble)) [1). (4)

The photon has controlled a —Z gate on the transmon. Now, suppose the photon begins in |1), as
throughout the following subsubsection. The protocol transforms the transmon state as «|g) + f|e) —
—alg) + Ble) = —Z(ag) + Ble)). The global phase —1 lacks physical significance, so the protocol enacts
a Z gate.

4.1.2. Quantum-autonomous Z gate effected via reflected photon in circuit QED

Here, we show how to quantum-autonomously implement the Z gate described in the previous subsub-
section. We describe the setup, then detail the protocol. The primary challenge is to stop the gate from
acting repeatedly; our solution relies on a A system.

The protocol features the following setup. A transmon A couples to a cavity via the Jaynes—
Cummings interaction described in section 4.1.1. The cavity’s electromagnetic mode is resonant with an
autonomous quantum clock’s ticks. The clock couples to the cavity via a waveguide. The clock consists
not of a PMLL, as in section 2.2.1, but of several qubits and a multilevel qudit [11, 89]. The qubits form
a clockwork mechanism that contacts hot and cold baths. From the temperature gradient, the clockwork
extracts thermodynamic work. This work drives the qudit to its topmost energy level. The qudit then
emits a photon, interpretable as a tick, while dropping to its ground state. The clock can achieve a high
accuracy and precision if the clockwork is sufficiently complex [11].

The gate proceeds as follows. The autonomous quantum clock emits a photon. The photon interacts
with the transmon—cavity system, which reflects it, as described in section 4.1.1. The interaction imple-
ments a Z gate on the transmon.

Having described the protocol, we address a challenge to it: by definition, a clock ticks more than
once [10, 11]. Whenever the gate-controlling clock ticks, the gate happens again. Our solution centers on
a metastable state. Appendix C sketches an alternative, in which the clock applies a fraction of the gate
many times.

The clock can have a metastable state if it contains a three-level A system [90], as has been engi-
neered from a transmon [91, 92]. Figure 5 depicts the A system. |g) denotes the ground state; and |e),
an excited state. |s) denotes a metastable intermediate-energy level. w,, denotes the |g)—|e) energy gap;
and wy,, the |e)—|s) gap.

The A system replaces the multilevel qudit in an autonomous quantum clock (section 2.2.1 and
[11, 89]). The A system begins in |g). Absorbing an excitation from the clockwork (detailed in the next
paragraph), the A system transitions to |e). It then decays into |s), emitting a frequency-ws, photon. This
tick initiates a Z gate. Suppose the |s) lifetime far exceeds the gate-operation time. The A system likely
does not decay from [s) to |e), and tick again, until after the gate ends. This separation of time scales is

10



10P Publishing Quantum Sci. Technol. 11 (2026) 045023 J A Marin Guzman et al

&) o~

Wse
Is)

19)

Figure 5. A system in an autonomous quantum clock. A clockwork mechanism (figure 6) pumps the system into |e). The system
spontaneously emits frequency-ws. photons, which serve as clock ticks.

Figure 6. Autonomous quantum clock featuring a A system driven by an autonomous quantum engine. The resonance condition
we + wge = wyy enables a three-body energy exchange. The thermal baths favor the [01g) — |10e) transition, driving excitations
into the A system (figure 5).

feasible: in [88], the optimal gate interaction lasted for ~ 250 ns. This duration is far shorter than the
lifetime exhibited by a transmon A system’s metastable state, =~ 4 pus [91].

An autonomous quantum heat engine can drive the A system’s |g)—|e) transition, via a three-body
interaction [10, 11]. Figure 6 depicts this clock. A cold qubit C has a Hamiltonian He = %wcagc)
characterized by a gap we. This qubit, contacting a temperature-T¢ bath, begins in the thermal state
pc = e He/Te /Tr(e=He/Te) The hot qubit H has analogous properties Hz, wyy, pa, and Ty > Te.
Denote by |jkl) the state in which the A system is in |j); C, in |k); and H, in |l). Under the resonance
condition we + wg = wy, the qubits undergo the three-wave-mixing process |01g) <+ |10¢). The heat
baths favor the rightward direction, exciting the A system and C. C can couple strongly to its bath,
which dissipates the excitation quickly [17]. This dissipation renders the clock’s evolution irreversible.
One can introduce more C#H pairs, and make the A system more elaborate, to improve the clock’s accu-

racy and precision [11].

4.2. Quantum-autonomous Z gate implemented via dispersive coupling in circuit QED

We have introduced a quantum-autonomous Z gate implemented via a reflected photon; now, we intro-
duce a quantum-autonomous Z gate implemented via a dispersive coupling. The qubit is a transmon
interacting dispersively with a cavity. An autonomous quantum clock emits a photon that enters the cav-
ity via a waveguide. As the cavity’s photon number shifts, so does the transmon’s effective frequency, due
to the dispersive coupling. Hence the transmon’s state acquires a relative phase. Below, we detail the pro-
tocol and argue for its feasibility.

Our protocol resembles the Duan—Kimble gate [39]. There, a photon interacts with a transmon—
cavity system to perform a logic operation on the transmon. This scheme has been experimentally
implemented in cavity QED [93] and circuit QED (88, 94].

In our proposal, the transmon couples to the cavity dispersively with a strength x. Let a denote
the cavity mode’s lowering operator; and o, the transmon’s Pauli-z operator. The transmon—cavity
Hamiltonian contains an interaction term %aTa o,. Since the interaction is dispersive, the transmon’s |0)
and |1) populations remain constant. In contrast, the cavity population decays at a rate +.

We model the incoming photon as a Gaussian pulse of bandwidth 2. The bandwidth is narrow,
compared to the cavity’s decay rate, which is lower than the transmon—cavity’s coupling strength: {2 <
~v < x. In this regime, the transmon state (expressed relative to the computational basis) acquires the
relative phase [88]

¢ =2arctan (2x /7). (5)

Upon beginning in a|0) + b|1) (wherein a,b € C), the transmon ends in a|0) +e'¢ b|1).
Appendices D and E report on numerical simulations of the gate. The transmon suffers from
very little dephasing in the narrow-bandwidth, strong-coupling regime: in the simulation, the qubit’s
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Figure 7. Quantum-autonomous implementation of XY gate in circuit QED. An autonomous quantum clock emits a photon
into a cavity C coupled dispersively to transmon A. Via that coupling, the photon effectively changes A’s frequency. If A becomes
resonant with B, the transmons interact.

Bloch vector rotates through an angle 7/2 with a fidelity of 0.9989. A coherence measure, defined in
appendix E, simultaneously achieves a value of 0.4997 (the maximum possible value is 0.5000).

Furthermore, the gate lasts for a reasonable time. Appendix E shows numerically that the system
reaches a steady state by a time a2 200/~y. Typical cavity lifetimes 1/~ are on the order of 10 ns [95].
Hence the gate operates for a time ~ 2 us. In contrast, transmon qubits can have dephasing times T; on
the order of 100 us [95]. The gate can therefore end well before the qubit decoheres.

4.3. Quantum-autonomous XY gate in circuit QED
This section shows how to implement a quantum-autonomous XY gate on transmons. First, we review
the XY gate’s definition and transmons’ interactions. Then, we describe the setup and protocol. We argue
for the protocol’s feasibility next. Finally, we describe two challenges and resolutions to them.

We define the XY gate as

Uy (0) = o (80t0r20), ©

6 denotes the rotation angle in the subspace span{|01),|10)}. Uxy(0) fully or partially transfers an exci-
tation between two qubits (a transmon’s native Hamiltonian being o ¢,). XY interactions are native to
solid-state-qubit platforms [96]. One can couple transmons using microwave drive tones, by parametri-
cally modulating a coupler element (e.g. a flux-tunable superconducting quantum interference device),
or by dynamically bringing the transmons into resonance using a flux pulse. Our protocol couples trans-
mons by tuning one into resonance with another quantum-autonomously.

Figure 7 depicts the setup. A transmon A has a tunable bare frequency wa. A couples capacitively,
with a strength gac, to a cavity C. The cavity supports an electromagnetic mode of frequency wc. We
aim to couple A to a transmon B, which has a fixed frequency wp.

The gate proceeds as follows. As in section 4.1, an autonomous quantum clock ticks. The tick photon
enters the cavity. Via the cavity—transmon coupling, the photon effectively shifts transmon A’s frequency.
If A’s effective frequency matches B’s frequency, the transmons interact.

The tick photon changes A’s frequency as follows. Let Ayc := wa — wc¢ denote the difference between
A’s and the cavity’s frequencies. A couples to the cavity dispersively. Denote the cavity’s annihilation
operator by a. The CAB Hamiltonian follows from second-order perturbation theory [95]:

1
Heap = wea'la+ 5 wac™ + xacatac®
1
+ EOJBO'Z(B) + guB (J@J@ —|—h.c.) . (7)

Due to the third term, the cavity’s occupation number influences A’s effective frequency. Define
App := wp — wy as the difference between the transmons’ frequencies. Suppose that xac = Asp and that
the cavity begins empty. The first time the clock ticks, the cavity acquires one photon, which tunes A
into resonance with B.

Now, we argue that xac can equal A,p in practice. This condition implies that the transmons’ bare
frequencies are close together: dispersive-shift constants x ¢ are usually much smaller than bare qubit
frequencies wy p; and yac must translate wy onto wg. This closeness presents a challenge: equation (7)
describes the interactions relevant in the presence of cavity photons. However, the cavity begins empty,
and A begins off-resonant with B. Under these circumstances, A couples to B via a ZZ interaction. To
quantify this interaction, we denote by gap the strength of the XY coupling between A and B. When

the cavity lacks photons, the qubits interact via a Hamiltonian term i%az(maﬁm [97]. The XY coupling

must dominate over this ZZ coupling: gap >> g33/Aap, or Aap > gap. For Ayp to be & yac, as desired,
Xac must be > gp. This condition is achievable: in a scheme proposed in [98], two transmons achieve
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a capacitive-coupling g4p of 5 MHz. A dispersive shift x4c of a few hundred MHz is achievable, satisfy-
ing xac > gap [99]. This outcome can result from custom coupling schemes such as the quarton cou-
pler [99].

Having described our gate and its feasibility, we analyze the primary challenges to it: cavity loss and
dephasing. After the clock populates the cavity, the population decays. The decay’s extent depends on the
gate-operation time, which dictates also the rotation angle in equation (6). The time-evolution unitary

follows from the Hamiltonian Hxy = gap (Ug\)ag?) —l—h.c.) _ g,z\i — O'SA)O'L(,B):
Uap (t) _ e*igAB(J}EA)®J}EB)+JJ£A)®U}SB))t/z ) ®)

Let y¢ denote the cavity’s decay rate. The photon remains inside the cavity for a time & 1/~c. For the
gate to impart a considerable rotation angle, g4p/vc must be at least &~ 1. A y¢ comparable to gap = 5
MHz (achievable according to the previous paragraph) is experimentally reasonable [95, 100]. One could
optimize this gate’s fidelity using simulations similar to those in appendix E.

Like cavity loss, dephasing challenges our proposal. Dephasing can happen for two reasons. First, the
cavity may not fully absorb the photon. This issue does not arise if the photon’s bandwidth, €2, is much
smaller than the cavity linewidth, y¢. The parameter regime of, e.g. section 4.2 meets this condition.
Second, thermal photons in the coupled waveguide can enter the cavity and drive random gates that
dephase AB’s state. Denote by ny, the waveguide’s average thermal-photon number®®. Thermal photons
impinge on the cavity at a rate ycng. A typical waveguide has a mode of frequency ~ 6 GHz and a tem-
perature of 35 mK to 40 mK [100]. Under these conditions, 175, <<107>. Such a low thermal population
can mitigate the transmon dephasing caused by stray photons.

5. Outlook

We have proposed implementations of autonomous quantum gates for three experimental platforms:
Rydberg atoms, trapped ions, and superconducting qubits. These gates could constitute building blocks
for (partially or fully) autonomous quantum circuits. Greater autonomy could improve quantum devices’
scalability, coherence times, and energy costs.

Building quantum-autonomous computers would be challenging. However, our work shows that
quantum-autonomous gates are feasible for current platforms, in principle. Scaling up to circuits will
require architectural advances. Using neutral atoms, one must chain together optical fibers and lasers.
Ions require complex trap geometries designable with finite-difference solvers.

In cavity QED and neutral-atom platforms, modularity could facilitate quantum-autonomous cir-
cuits: one would divide the circuit into modules. Each clock-tick photon would activate a module. A
cascading mechanism would amplify the photon into multiple photons, which would activate different
module components. To route the photons, one might draw inspiration from switches used in cavity
QED [101].

Our results suggest several next steps. First, one could implement our gate proposals experimentally.
After proof-of-principle experiments, one could incorporate our gates into quantum computers, help-
ing free them from classical control. This incorporation could benefit quantum computation, e.g. as dis-
cussed at the end of section 2.2.2: quantum-autonomous PMLLs may stabilize ultrafast gates. Replacing
Rydberg-blockade gates with ultrafast gates may reduce gate-operation times. Even our nonuniversal
gate sets could enable quantum-autonomous Brownian circuits [102—-106], perhaps with U(1) symme-
try [102].

Second, one could expand a platform’s quantum-autonomous gates into a universal gate set. One
could also identify mechanisms for chaining the gates together quantum-autonomously, as described
in this section’s second and third paragraphs. These expansions would enable universal quantum-
autonomous circuits.

Third, one could identify quantum-autonomous implementations of not only circuits, but quan-
tum computations. Similar goals have been gaining traction at the intersection of atomic, molecular, and
optical (AMO) physics with quantum error correction [29-33, 107-109]. Quantum thermodynamics can
complement those fields’ toolkits with AQM expertise [1, 2]. Dissipative environments, studied across
AMO physics and quantum thermodynamics, can assist [29, 31-33, 110]. Quantum thermodynamics has

26 Let T denote the waveguide’s temperature, and let Boltzmann’s constant equal 1. The average thermal-photon number is 7y, =

1/(ee/T —1).
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already inspired a quantum-autonomous initialization of a superconducting qubit [17]. We envision, for
each of several platforms, quantum-autonomous implementations of qubit initialization and reinitial-
ization, circuits, and error correction. When building a quantum computer, one could combine these
quantum-autonomous components with classically controlled ones to optimize costs.

Error mitigation, alluded to in the previous paragraph, offers a fourth opportunity. Quantum hard-
ware suffers from coherent and incoherent errors. Coherent errors can arise due to slowly drifting
parameters (e.g. a trapping laser’s intensity). Gate sequences, such as spin echoes, can suppress these
errors [111]. One can form such sequences from quantum-autonomous gates using autonomous quan-
tum clocks (section II B 1 and [34]). In contrast, incoherent errors stem from decoherence and so
grow with a protocol’s duration. Fast gates can suppress such errors; our ultrafast neutral-atom gate
(section 2.2.2) offers a model. Additionally, autonomous quantum error correction, mentioned in the
previous paragraph, may suppress errors of multiple types.

Error correction may suit quantum autonomy due to its repetitiveness: one might parcel off repet-
itive tasks for quantum-autonomous components. For example, a quantum-autonomous circuit may
facilitate measurements of a stabilizer generator. In cavity QED, single-flux-quantum logic may help
embed such a circuit into a measurement process [112, 113].

Fifth, one might design quantum-autonomous alternatives to control techniques such as shortcuts to
adiabaticity (STAs) [114]. During STAs, time-varying control speeds up quantum evolutions. A global
time-independent Hamiltonian, assisted by an autonomous quantum clock, can effect an arbitrary time-
dependent local Hamiltonian [34, 115]. Hence quantum machines might control their own STAs.
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Appendix A. Quantum-autonomous Levine—Pichler gate

This appendix sketches a third quantum-autonomous controlled-phase gate for Rydberg atoms. This gate
complements the two in section 2.2. First, we outline the protocol proposed by Levine et al [43]. It relies
on global, rather than single-site, laser pulses. This relatively lax control seems promising for quantum
autonomy. We argue that PMLLs can provide the required pulses and time the gate. Phase-locking the
PMLLs stably poses a challenge, however.

The Levine—Pichler gate leverages global laser pulses, instead of addressing atoms individually
[43]. The protocol involves the computational-basis states |0) = [5S, />, F=1,my=0) and |1) =
|5S1 /2, F=2,mp=0), as well as the Rydberg state |r) = |70S, /,,m;= —1/2). The protocol proceeds
as follows:

14
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1. A bichromatic global laser pulse is resonant with the |1)—|r) transition. The atoms’ dynamics depend
on the initial state:
e If the atoms begin in |00), the pulse is off-resonant with all possible atomic transitions. The state
remains constant.

e If the atoms begin in [01), the pulse drives the |01) > |0r) transition with a detuning A and Rabi
frequency (.

e If the atoms begin in [10), the pulse drives the |10) > |r0) transition with a detuning A and Rabi
frequency (.

e If the atoms begin in [11), the pulse drives the transition between |11) and the symmetric entan-
gled state %(|1r> + |r1)). The laser has a detuning A, and the atoms oscillate with a Rabi fre-

quency /2.
The pulse duration 7 ensures that, if the atoms begin in |11), they undergo a complete Rabi cycle
(return to |11)). If the atoms begin in |01) or |10), they undergo only a partial oscillation.

2. A second bichromatic pulse follows. It has the same duration as the first but has a phase offset:
Q> Qel¢. If the atoms began in |01) or |10), this pulse completes their Rabi oscillation. If the atoms
began in |11), they undergo another full Rabi oscillation.

The protocol maps each computational state to itself, while introducing a phase dependent on the
detuning, A. The choice A =0.377() implements a controlled-Z gate.

PMLLs can quantum-autonomously emit pulses with the wavelengths and durations necessary to
drive the Rydberg transition. One drives the |1)—|r) transition via a two-photon process, which requires
two lasers. They need wavelengths of 420 nm and 1013 nm?”’. One can tune PMLLs to emit at these
wavelengths as described in section 2.2: to achieve 420 nm, one can frequency-double a PMLL that emits
at the commoner wavelength 840 nm. The second required wavelength, 1013 nm, is common among
PMLLs. Furthermore, the required pulse lasts for 7 = ﬁ =195 ns. A PMLL can effect a pulse of
this duration [55].

PMLLs can achieve not only the necessary wavelengths and durations, but also global pulses. A
global pulse illuminates both atoms. Often, ~ 5 pum separate Rydberg atoms [40]. Usual laser-beam
waists are wider [51].

Having argued that PMLLs can achieve three required specifications, we argue that a PMLL can
time the Levine—Pichler gate. We argued in section 2.2.1 that PMLLs can serve as autonomous quantum
clocks. Hence an auxiliary laser could time and control the Levine—Pichler gate, as in section 2.2.1. To
effect both pulses in the sequence, one would use two pairs of PMLLs, one pair per atom. Within each
pair, the lasers must remain frequency-locked to each other with high stability, maintaining a constant
phase shift between the two. If using PMLLs, one can control the pulse timing by controlling the length
of the lasers’ resonators. Yet small length changes and drifts can introduce large errors into the pulses’
lengths [116]. Hence PMLLs would render this gate challenging.

Appendix B. Time-dependent classical control in Rydberg-atom and
superconducting-qubit proposals

Section 3.2 detailed a subtlety of our trapped-ion proposals: Paul traps are classical systems that con-
sume and perform work, although not on the ions. The other platforms discussed (Rydberg atoms and
superconducting qubits) require time-dependent classical control, too. Neither does these two platforms’
control manipulate quantum-information-bearing DOFs, enacting gates. Hence our Rydberg-atom and
superconducting-qubit gates qualify as quantum-autonomous, according to the definition in [2]. We
support this claim for the two platforms consecutively. One might argue for a narrower definition of
AQM, prohibiting time-dependent classical control of any DOF. This definition, however, would likely
exclude nearly all quantum machines.

Classical time-dependent control holds Rydberg atoms in place. If the atoms are neutral, that control
manifests as optical tweezers, highly focused laser beams [117]. In our proposals, optical tweezers only

27 The wavelengths differ from those mentioned in section 2.2 because the two protocols’ intermediate states differ. Here, an atom
jumps from |1) to |r) via a sublevel of |6P; ;). In the earlier protocol, an atom jumps via a different state |i).
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keep atoms fixed. The tweezers do not move atoms around to drive the gates, unlike in recent experi-
ments on programmable neutral-atom simulators [44].

Classical control keeps superconducting devices at low temperatures. Superconducting devices operate
inside dilution refrigerators whose workings include actively controlled elements. However, these ele-
ments do not manipulate information stored in the superconducting devices. Photons, emitted by an
autonomous quantum clock, do. Similarly, a recent experiment demonstrated the quantum-autonomous
initialization of a superconducting qubit in a dilution refrigerator [17].

Appendix C. Second approach to halting quantum-autonomous controlled-Z gate in
circuit QED

Section 4.1.2 shows how to implement a controlled-Z gate on flying (photonic) qubits in cavity QED,
using an autonomous quantum clock. A conventional clock ticks repeatedly. In contrast, a simple gate
implementation requires exactly one tick. Section 4.1.2 presents one solution to this dilemma. We now
sketch a more challenging approach.

In this approach, one engineers each clock tick to implement a fraction of the desired gate.
Equation (6) shows the desired gate; and equation (8), the gate implemented in a time ¢t. Comparing
the equations shows that, in a time ¢, the Bloch vector rotates through an angle 6 = 2g4pt. Let 6y denote
the desired angle. One may engineer the coupling g4 such that § = 6y/n. The state will rotate through
the desired angle after n clock ticks.

One can limit the number of clock ticks by powering the clock with a finite energy source. An
autonomous quantum clock’s energy source consists of cold and hot baths (figure 6). Once the clock
depletes its energy source (once the baths come to the same temperature), the clock stops ticking.

This strategy endangers the gate’s fidelity. In previous autonomous-quantum-clock analyses,
researchers have assumed that the baths are infinitely large and Markovian [10, 11, 118]. The finite-size
baths we envision are non-Markovian. This property may alter the clock’s reliability and so the gate’s
fidelity [119]. Furthermore, #n may vary across trials, as the clock’s ticking is stochastic. Hence more
infrastructure—perhaps a more complex clockwork [11]—would be necessary to implement the gate
reliably.

Appendix D. Equations of motion for quantum-autonomous Z gate on transmon

Section 4.2 introduced a quantum-autonomous protocol for implementing a Z gate on a transmon.
Here, we derive the effective equations of motion used to calculate the gate’s fidelity. By ‘effective;, we
mean that the equations reproduce the cavity-qubit dynamics described by the full master equation.
First, we review the setup and protocol described in section 4.2. Then, we introduce the mathematical
formalism and derive the effective dynamics, using quantum input-output theory [120].

Consider the following setup. A qubit corresponds to the Pauli-z operator o,; and a cavity mode,
to the raising operator af. A dispersive Hamiltonian %a*aaz couples the qubit to the cavity. The cavity
couples also to an open waveguide, at a rate 7.

The Z-gate protocol proceeds as follows. At time t = 0, an autonomous quantum clock emits a
single-photon Gaussian pulse of bandwidth (2. The pulse propagates through the waveguide to the cav-
ity. The photon has a temporal profile

u(t) = (;i)l/4exp {T(tto)z} . (D1)

The photon’s frequency is detuned from the cavity mode by an amount A. The photon reflects off the
cavity, giving the transmon’s state (expressed in terms of the computational basis) a relative phase. The
photon thereafter travels to the opposite end of the waveguide.

To derive the effective equations of motion, we introduce notation for the input and output waveg-
uide modes. Let aiTn(t) denote the input mode’s raising operator, labeled by the time t. Let |vac) denote
the photonic DOF’s vacuum state. The input photon is in the state

+oo
| 4) = / dtu(t) al (1) |vac). (D2)

— 00
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Having introduced the input-mode notation, we introduce the output-mode notation. Let aiut(t) denote
the output mode’s raising operator. This field propagates oppositely the input field associated with aiTn(t).

Now, we formalize the modes), cavity’s, and qubit’s interdependence. Consider preparing the qubit in
[1) or |[{). The cavity’s state comes to depend on the qubit’s state, via the dispersive coupling. The qubit-
dependent cavity amplitudes a;, () satisfy the equations of motion

ijtﬁT(t)Z[A+;(X—i7)}a¢(t)—i Ju(t) and (D3)
ijtﬂli(t):[A—;(X+i7):|a¢(t)—i yu(t). (D4)

These amplitudes inform the output amplitudes uyy 1/, (¢), which we can compute from the input-
output relation

Uout,+/1 (t) =u (t) + \f"}/ ﬁT/L (t) . (D5)
All these ingredients determine the photonic state

t

+oo
Wy, (1) = / dt'u(t') af, (t') [vac) +ay/, (t) a'[vac) + / At thguery (') aly (t) [vac).  (D6)
t —o0
Moreover, the ingredients above determine the qubit-cavity-waveguide system’s state. Suppose the
qubit begins in cosf|1) +e!?sinf||). The input photon begins in |¥;,) (equation (D2)). Hence the
qubit-cavity-waveguide system begins in

W o (£=0)) = (cosB|1) + €' ?sinf|])) @ [Fyy). (D7)

The Hamiltonian commutes with the qubit’s o,. Therefore, the qubit-cavity-waveguide system’s state
evolves as

| 1ot (1)) = cosO|1) [0 1 (1)) + €@ sind| )| ¥, (1)). (D8)

We can now compute the time-dependent qubit coherence function, defined as follows. Denote the
qubit’s time- density operator by pg(t). Consider the matrix that represents pq(f) relative to the com-
putational basis, {|1),]J)}. The top off-diagonal element, (|pq(#)|{), quantifies the state’s coherence.
To calculate this matrix element, we trace out the photon (P) from the whole-system state | (¢))
(equation (D8)):

(Tlpa(OH) = Tep ({1 W ot())N P e ()] 1)) = €% cosfsing (¥ (1) T 4(r)) (D9)
= (Mpa(=00)[1) (¥ ()W +(2)) - (D10)
The final factor—the photonic-state overlap—follows from equation (D6):
+oo ¢
WO 0)= [ )P ra a0+ [ & s () i, (). O

Into this equation, we substitute the input-output relation (D5):
t

+oo
(W ()]0 (1) = / ar' () +ar (1) @ (1) + / dt' [u(t') + A ar ()] [u* () + A a, ()]

+oo t
:/ dt’|u(t’)|2+&T(t)&I(t)+/_ de’ {\/7 [ay (') w* (¢") +u(t) @} (¢)] }

+{yar (t) aj (t')} =1+as (1) aj (1)
+/_ de’ {\/7 [ay (') w* (¢") +u(t") @ ()] +~ay () aj()} . (D12)

To simplify the integral, we use the cavity-mode equations of motion, equations (D3) and (D4). They
imply

a(t) d%aT ()= [—iA S 7} ay (t)ar (1) —/yu(t)a;(t) and (D13)
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as (1) d%aj ()= [iA - % - Z} ay () ay (t) —/yu(t)ar(t) . (D14)
Summing these two equations yields
< [a0a:(0] = (~ix ~)aj)as () /7 [ a0+ u(t)as (1) (D15)
< [@(0an 0]+ a0+ v [u()a}(0) +u()ar ()] = —ixal () (0).

(D16)

Integrating both sides of equation (D16), we recover the integral in equation (D12):

[ ar{ G 0m 0] a1 @ )+ V7 [0 )+ () a1 0]}

= —iy _t dt'aj (t') ay (1) (D17)
=ar (1) aj (1) +/7 dt’ {\/7 [ay (") w* (t") +u(t)a] (¢")] +~ay (¢) @) (¢} (D18)

Substituting into equation (D12), we obtain the simplified qubit coherence function:

{Tlpa () 14)
(o (=o0) |4

The change in the qubit coherence function, {(o_(¢)) — (0_(0)), equals the following quantity.
Suppose the input field began in a coherent state whose average photon number equaled 1. Consider the
change, from time 0 to time #, in the coherence function’s logarithm. This hypothetical change equals
the true change, (o_()) — (6_(0)). This equality is no coincidence: using third quantization [121], one
can show the following about a dispersively coupled qubit-cavity-waveguide system. The change in the
coherence function, given a single-photon input, equals the change in the coherence function’s loga-
rithm, given a coherent-state input. This equality stems from the following mathematical property: the
coherence, given a single-photon input, is the generating function for the coherence given a coherent
(photonic) state. This correspondence characterizes general qubit-boson systems governed by dispersive
Hamiltonians, which can be solved analytically”®.

Let us summarize the derivations above. We can compute the qubit coherence dynamics via the
equations of motion

At = (w015 () —1—1x/ a' @] (t') as (¢). (D19)

igi{o— (1) =x(o- (—o0))ay () @} (1)
ida,(n=[A+1(x—iv)]a ()— Y u(t) (D20)
ifa,(=[A-F(x+iy)]a, (1) - w()

Let us identify the parameter regime that supports a high-fidelity qubit gate. We wish to minimize
the distortions in the outgoing photon: they can result from entanglement between the qubit and the
output photon. Such entanglement diminishes the qubit’s coherence. Hence we focus on the regime in
which the waveguide interacts with the cavity over a time much shorter than the pulse duration. In this
narrow-bandwidth regime, {2 < ~. The input pulse scatters off the cavity before the interaction affects
the photon-pulse shape. Therefore, we can adiabatically approximate the cavity amplitudes:

_ iy

as (t) =~ AL X—1Y M(t)
|Orary ()| <Alap ()] = (. 1A

a (1)~ ().

(D21)

Let us substitute these approximate qubit-dependent cavity amplitudes into the qubit coherence func-
tion (D19):

M=1_ix /_toodt’aj(t’) ar (1) ~ 1~ (MXZJ)X(VA_XZW) /_ toodt’u(t')|2.

(D22)

28 More generally, the correspondence characterizes every qubit-boson system Hamiltonian that (i) conserves the qubit’s energy and (ii)
is quadratic in the bosonic raising and lowering operators.
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Figure 8. Time-dependent effects of a photon on a superconducting qubit coupled dispersively to a cavity. The left-hand plot
shows the angle through which the qubit’s Bloch vector has rotated about the z-axis by the time ¢. The right-hand plot quantifies
the state’s coherence. Each x-axis shows time measured in units of 1/, the cavity’s inverse lifetime. We formed each curve using
the parameters that enable the best-fidelity approximation to a rotation through the corresponding angle ¢.

At long times (t>> Q7!), the qubit coherence function approximates to

lim M ~1— X7 (D23)

Tl ' (asagn) (a_a5n)

The detuning value A = X maximizes the left-hand side’s magnitude, minimizing the qubit dephasing.
Under this condition, the coherence function satisfies the approximation

(M), 2x  F-ix (_ _ 2x>
M (o0 [ ' - 3an oA ) (021)

By the left-hand side’s definition, the qubit’s Bloch vector rotates about the z-axis through an angle
¢ =2arctan (2 /7). (D25)

We have recovered equation (5).

Appendix E. Fidelity of second quantum-autonomous Z gate for transmon

Section 4.2 introduced a quantum-autonomous Z gate implemented on a transmon via a dispersive cou-
pling. Here, we calculate the gate’s fidelity. We numerically show that the qubit reaches a steady state in
a time ~ 200/, as claimed at the end of section 4.2. Finally, we identify the optimal parameter regime.

We calculate the fidelity as follows. Consider initializing the transmon in the state [¢)) = a|0) + b|1),
wherein a,b € C and |a|* + |b|* = 1. Suppose we wish to rotate the Bloch vector about the z-axis through
an angle ¢. Ideally, the state evolves to |14 ) = a|0) + be'|1). The actual final state, p, may suffer from
imperfections. Define as pj := (j|p|k) the (j,k) element of the matrix that represents p relative to the
computational basis, wherein j,k € {0,1}. We aim to compute the fidelity between p and |14 )(tg |.
Since the latter state is pure, the fidelity reduces to [122]

E(p, o )(Ws|) = (Yolpltos ) = lal*(0lpoo|0) +a*be'?(0lpo1 1) + ab*e ™ (1]p1o[0) + [bI*(1[pni|1).  (ED)

The penultimate term depends on pjo = (o_). Since the qubit couples to the cavity dispersively, the gate
preserves the initial state’s populations: poy = |a|?, and p;; = |b|*. Equation (E1) simplifies to

F(p, |6 )(Ws]) = lal* + |b[* + 2Re (ab’e ™ (o). (E2)

Having calculated the fidelity, we numerically illustrate the phase and coherence achievable through-
out the gate protocol. We solve equations (D20) for the coherence function (o_) = |{o_)|el®. The coher-
ence magnitude |(o_)| and phase ¢ depend on the time ¢ for which the gate has operated. Figure 8
depicts these time dependences. |{o_)| and ¢ stabilize over a time scale ~ 200/7.

We identified the optimal parameter regime as follows. First, we fixed the cavity lifetime ~, the
unit of inverse time. v must far exceed the photon bandwidth, v > €2, so we set 2 = 0.03~. Fixing the
photon-cavity detuning at A = /2, we swept x over [0,307]. Figure 9 shows the maximum attainable
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Figure 9. Fidelity achievable with the main text’s second quantum-autonomous superconducting-qubit Z gate. In the narrow-
bandwidth, strong-coupling regime 2 < v < x (blue disks), the fidelity is near-perfect. If €2 is tuned out of this regime (orange
triangles), the fidelity worsens as the rotation-angle magnitude |¢ | grows.

fidelity as a function of the target angle, ¢. We define this maximum fidelity as the greatest overlap
F(p, |1¢ )1y |) between the evolved qubit state p and the target state |1, ), optimized over all accessi-
ble parameter sets. At small angles ¢ = 0, the fidelity maximizes when x = 0. At large angles ¢ =~ 7, the
fidelity maximizes when v < x. For example, the protocol can realize a 7/2-rotation with a fidelity of
0.9989 and a coherence of 0.4997 (right-hand plot of figure 8).
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