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ABSTRACT

Reversible computation has been proposed as a future paradigm for energy efficient computation, but so far few implementations have been
realized in practice. Quantum circuits, running on quantum computers, are one construct known to be reversible. In this work, we provide a
proof-of-principle of classical logical gates running on quantum technologies. In particular, we propose and realize experimentally, Toffoli
and Half-Adder circuits suitable for classical computation, using radio frequency-controlled 171Ybþ ions in a macroscopic linear Paul-trap as
qubits. We analyze the energy required to operate the logic gates, both theoretically and experimentally, with a focus on the control energy.
We identify bottlenecks and possible improvements in future platforms for energetically efficient computation, e.g., trap chips with integrated
antennas and cavity QED. Our experimentally verified energetic model also fills a gap in the literature of the energetics of quantum informa-
tion and outlines the path for its detailed study, as well as its potential applications to classical computing.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0176719

Computational tasks are responsible for a non-negligible part of
the world’s energy consumption. It is estimated that computationally
intensive data-centers represent 1% of the global energy budget.1 So
far, increases in energy efficiency have been able to offset the growing
demand for computation: peak-usage energy efficiency has doubled
every 1.5 years during the 1960–2000 period, while since the 2000s this
figure is closer to 2.6 years.1,2 However, processor efficiency gains can-
not continue to grow forever. There is a fundamental limitation of the
current paradigm of nonreversible computation, known as Landauer’s
principle,3 where each irreversible bit operation dissipates kBT ln 2 of
heat.

Reversible computation may, thus, become an important
computation paradigm in the future. Reversible systems may also
avoid the heat costs of contemporary CMOS processors, such as
capacitor charging, switching, and current leakage,4,5 which are
ultimately responsible for the typical 40% energy cost for cooling

in data centers;6 they may also protect against external attacks,
such as power usage analysis. It is, then, worthwhile to investigate
how energy-efficient reversible platforms can become. Some pro-
posals for reversible computing platforms have been billiard-ball
models,7,8 adiabatic circuits,9–13 nano-machines,14–18 supercon-
ducting devices,19–21 quantum-dot cellular automata,22 and others
(see Ref. 23 for a review of reversible computation). However, so
far, experimental realizations of reversible computation are lacking
in practice. Quantum mechanical systems, which evolve unitarily,
are also reversible by nature and are, thus, an attractive candidate
for energetically efficient computation.24,25 Although quantum
platforms are limited by coherence time, we can reset the coher-
ence for classical computations by measuring in the computational
basis in-between logical operations. We may also exploit super-
selection rules to protect classical information, as was proposed
recently in a quantum dot platform.26 Can we then build energy
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efficient circuits for universal reversible computation using quan-
tum computing platforms?

In this work, we explore an implementation of reversible compu-
tation using quantum technologies, by realizing a classical Half-Adder
circuit—an important building block for arithmetic operations27—
using quantum states of trapped ions. To do so, we implement a
Toffoli gate, itself a universal gate for classical computation. We deter-
mine the energy to operate these gates, both theoretically and experi-
mentally, with a special focus on the energy required to activate and
control the logical gates, focusing on the power delivered to the quan-
tum processing unit (QPU), as defined later. We point out possible
improvements toward energy efficient computation. Some works28

require realistic estimates for the energy consumed by quantum com-
puters. Thus, our energetic analysis, supported by experimental mea-
surements, also fills a gap in the literature, and establishes a baseline
for additional research toward understanding the energetic impact of
quantum technologies.29

A Half-Adder circuit is a fundamental component of arithmetic
circuits. It computes the logical AND (multiplication modulo 2) and XOR

(addition modulo 2) of two input bits. It is a building block for the
Full-Adder circuit, addition circuits in their ripple-carry and carry-
lookahead variants, multiplier circuits and other tasks in contemporary
computer processors. The core operation behind our Half-Adder cir-
cuit is a quantum Toffoli gate, followed by the application of a CNOT to
the two control qubits of the Toffoli (Fig. 1). A Toffoli gate, or a con-
trolled-controlled-NOT gate, is a universal three-bit operation, i.e., it is
sufficient to construct any classical reversible circuit. Antonio et al.
proposed a Toffoli gate suitable for classical computation,30 which can
be realized on any three-qubit physical system with constant nearest-
neighbour Ising couplings, via the Hamiltonian

HTOF ¼ �hJ
2

rz1r
z
2 þ rz2r

z
3

� �þ �hd
2
rz2 þ

�hX
2

rx2: (1)

Here, rij is the r
i Pauli operator acting on the jth qubit, appropriately ten-

sored with the identity operators on the other qubits. The real constants
J, d, and X define interaction strengths. We simulated numerically the
time evolution under the Hamiltonian (1) for a time of p=X and d ¼ 2J .
We found thatX � 1:1J allows for a� 99% classical Toffoli gate fidelity
while minimizing the gate time (see supplementary material).

Ions confined in a linear Paul trap are natural candidates to
implement the Hamiltonian (1).30,31 We use 171Ybþ ions confined in a

linear Paul trap, with a superimposed static magnetic field gradient.32

The qubit states j0i and j1i are the two hyperfine states of the elec-
tronic ground state 2S1=2 with total angular momentum quantum
number and magnetic quantum number jF;mFi ¼ j0; 0i and j1; 1i,
connected by a magnetic dipole resonance near 2p� 12:6GHz. The
j1i state is sensitive to the magnetic field, which is position dependent,
shifting individually the ions’ resonances and, thus, allowing for indi-
vidual addressing by tuning the microwave field driving the qubit reso-
nance.33 For high fidelity single qubit rotations, the ion crystal is
cooled close to its motional groundstate using a sympathetic sideband
cooling.34

When irradiating the ions with a microwave field with phase /
and frequency xx, nearly resonant with the frequency x2 of qubit 2,
the ionic qubits are subject to the Hamiltonian

HðiÞ ¼
X
i 6¼j

�hJij
2

rzi r
z
j

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
Hzz

þ
X
j

�hxjrzj
2

þ �hX cos ðxxt þ /Þrx2: (2)

Here, xi is the resonance frequency of the ith ion. The two-qubit cou-
plings Jij in a magnetic field gradient are mediated by the Coulomb
interaction.31,32 In the setup used here, the magnetic field gradient is
19.1T/m at a secular axial trap frequency of xT ¼ 2p� 128:4ð1Þ kHz,
and J12 ¼ J23 ¼ J � 2p� 31Hz, which implies a gate time of
p=1:1J � 14:9ms. The additional J13rz1r

z
3 coupling contributes with a

complex phase in the computational basis, which is irrelevant for classi-
cal computation, so we choose to omit it. Finally,X is determined by the
amplitude of the incident microwave radiation. Hzz is the Hamiltonian
generating the required spin–spin interaction via magnetic gradient
induced coupling (MAGIC). Cross-talk between qubits was neglected;
its main source is the non-resonant excitation of neighboring qubits,
which has been measured to be on the order 10�5.33 Choosing a detun-
ing d, such that xx ¼ x2 � d, and in an appropriate rotating frame, HI

reads as

HðiÞ
I � Hzz þ �hd

2
rz2 þ

�hX
2

cos ð/Þrx2 þ sin ð/Þry2
� �

; (3)

with an error of OðX=ð2x2 � 2dÞÞ.30 Choosing / ¼ 0 recovers the
Hamiltonian (1).

Fluctuations in the magnetic field dephase the qubits, which are
first-order sensitive to them. Not using passive magnetic shielding and

FIG. 1. A Half-adder circuit using a Toffoli followed by a CNOT gate. We choose the central qubit as the target of the Toffoli gate to fulfil the condition J12 ¼ J23 from Eq. (1). The
Toffoli gate decomposes into a unitary UTOFðdn;/nÞ [generated from Hamiltonian (3) for 14.9 ms/400] and single qubit p-pulses with some phase / (p/, implementing
Dynamical Decoupling). The block is repeated NTOF ¼ 200 times with updated values of dn, un and DD phases /n and /

0
n. The latter are chosen to implement a universal

robust DD sequence on qubits 1 and 3 and a CPMGXY on qubit 2. The values ðd2n; d2nþ1Þ alternate between ðd;�dÞ and ð�d; dÞ for each p-pulse, while ðu2n;u2nþ1Þ alter-
nates between ð0;pÞ and ðp; 0Þ for each pp=2-pulse. The CNOT gate decomposes into a Uzz gate (implementing the zz coupling) and single qubit p-pulses. The block is
repeated NCNOT ¼ 120 times. The phases /n implement a UR DD sequence on the control and target qubits.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 123, 154003 (2023); doi: 10.1063/5.0176719 123, 154003-2

Published under an exclusive license by AIP Publishing

 07 N
ovem

ber 2023 21:21:47

pubs.aip.org/aip/apl


active compensation, the coherence time in this setup is � 200 ls35—
two orders of magnitude lower than our gate times. We, thus, employ
dynamical decoupling (DD) to protect the qubits. For DD, we inter-
sperse single-qubit p rotations in-between the Hamiltonian evolution,
by periodically irradiating the qubits with a top hat-shaped pulse of
Rabi frequency 2p� 33 kHz. The Jij couplings are negligible during
this time, since they are three orders of magnitude smaller than the
Rabi frequency. We use the notation h/ for a Rabi rotation of angle h
with phase /: p0 and pp=2 are, thus, rx and ry gates, respectively [see
Eq. (3)]. Applying a p-pulse amounts to a change of basis, so we need
to change the Hamiltonian evolution accordingly. The rz2 term
acquires a relative minus sign, since rzi r

x;y
i ¼ �rx;yi rzi , which we com-

pensate by changing the microwave detuning as d ! �d. On the other
hand, the rzi r

z
j terms are left unchanged when both qubits are flipped

simultaneously. The rx2 term acquires a minus sign when a ry2 pulse is
applied, which we compensate by adding a phase of / ¼ p to the driv-
ing field’s phase. This limits the applicable DD-sequences to either rx

or ry pulses. For the Toffoli gate, we choose the Carr–Purcell–
Meiboom–Gill pulse sequence35,36 CPMGXY applied to the target qubit
and a Universal Robust (UR) sequence37 applied to the control qubits
(see Fig. 1).

The CNOT gate implementation using the MAGIC scheme is real-
ized by a ðp=2Þ0-pulse on the target qubit, and a unitary evolution gen-
erated by Hzz inducing a relative phase change of p conditioned on the
logical state of the control qubit. Finally, a ðp=2Þ3p=2-pulse is applied
to the target.32 In a register exceeding size 2, it is necessary to decouple
the spectator qubits from the qubits carrying out the CNOT.32 This is
achieved using a DD-sequence on the qubits participating in the CNOT

gate and excluding spectator qubits.35 The conditional evolution time
used in this work is Tcnot � 8:75ms. We applied a UR sequence of 120
DD pulses, with a pulse duration of 15 ls each to protect the qubits
coherence.38 The circuit diagram is shown in Fig. 1.

Using maximum-likelihood process tomography,39 we character-
ized the CNOT, Toffoli, and Half-Adder gates with classical fidelities of
FCNOT ¼ 86:9%; FT ¼ 58:8%, and FH ¼ 60:6%, respectively (see
Fig. 2). The 90% confidence intervals are, respectively, [0.665, 0.937],
[0.221, 0.683], and [0.409, 0.662], i.e., the probability that the true fidel-
ities lie in these intervals is guaranteed to be at least 90%.40 The

classical fidelity is the probability of obtaining the correct output given
a uniformly random computational state. To better contextualize the
fidelity we obtained for the Half-Adder, we note that a Half-Adder
may alternatively be composed of single-qubit rotations and 11 CNOT

gates instead of taking advantage of a Toffoli gate as in this work. To
then achieve the same fidelity FH ¼ 60:6% as obtained here with such
a decomposition of the Half-Adder and assuming nearest-neighbor
couplings, each CNOT would require at least a fidelity F11 ¼ 95:5% (see
the supplementary material). Comparing the actual CNOT fidelity
FCNOT ¼ 86:9% with F11 ¼ 95:5% shows that a lower circuit depth
obtained by using a multi-qubit gate not only speeds up the Half
Adder implementation but also yields a higher fidelity for given hard-
ware parameters.

We now turn to the question of energetic cost. In this work, we
focus on the energy delivered to the quantum processing unit (QPU),
which we define as the physical components housed inside the vacuum
chamber. The energy required for the implementation of a Half Adder
is supplied to the QPU in six steps: (I) Doppler Cooling, (II) Sideband
Cooling, (III) State Preparation, (IV) Toffoli and (V) CNOT (informa-
tion processing), and (VI) Readout. We are particularly interested in
the cost of information processing, that is, steps IV and V. All steps,
except IV and V, are implemented by applying laser light near 369 nm
and near 935 nm, a microwave field near 12.6GHz, and an RF field
near 20MHz that generates the RF trapping potential. During step IV
and V, only the microwave field near 12.6GHz is applied. The optical
power of the laser beams, the microwave power, and the power of the
RF signal near 20MHz is measured using commercial devices. (More
details on the experimental setup are given in the supplementary
material.)

In addition to the field generating the Toffoli gate itself, there is
energy necessary for the DD p-pulses. At a Rabi frequency of
2p� 33 kHz, microwave power of 0.58W near 12.6. GHz is required
in the current setup. The Toffoli is generated using a Rabi frequency of
34Hz, a factor 103 less than the Rabi frequency used to implement sin-
gle qubit p and p=2 rotations. Due to the low power, its cost was esti-
mated assuming the law P / X2 [see Eq. (S14) of the supplementary
material] as 9.2 nJ. The power consumption of 3� 200 p-pulses domi-
nates the energetic cost of the Toffoli gate.

FIG. 2. Measurement probabilities for the CNOT, Toffoli and Half-Adder gates, reconstructed from Maximum-Likelihood Estimate tomography. The CNOT gate is controlled by qubit
1 and acts on qubit 3, while the Toffoli gate has qubit 2 as a target. The CNOT, Toffoli, and Half-adder gates have classical fidelities of 86:9%; 58:8%, and 60.6%, respectively.
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In Table I, we summarize the energy estimates for all experimen-
tal steps and gates, and in Fig. 3, we present the power delivered by
each component as a function of time. The table includes the number
of p-pulses, equivalent to NOT gates, used in the DD scheme.

The most efficient supercomputer today, Frontier TDS, requires
� e5 eV per bit operation (see details in Ref. 26)—13 orders of magni-
tude lower than the NOT gate reported here. We emphasize that this
work presents a baseline for systematically investigating energy con-
sumption and efficiency of quantum platforms, in particular ion-trap
setups. There is vast room for improvement. We exemplify this state-
ment by showing how a next-generation ion trap will be five orders of
magnitude more efficient.

Based on this energetic analysis, we identify three main sources of
energy consumption. First, the microwave wave guide produces a
wavefront [Arad in Eq. (S14) of the supplementary material] that is
orders of magnitude larger than the ions’ interaction cross section. For
a single NOT gate,� 1017 photons are irreversibly lost. Second, the con-
ditional gate times are much longer than the qubits’ coherence times,
making it necessary to use 103 DD pulses, where most of the energy is
spent (see Table I). Third, the RF drive of the Paul trap currently pro-
duces the highest energy consumption of the order of 3W=ion or
50mJ=ion for the duration of a Toffoli gate.

Future planar ion traps can address these issues, and we now pro-
vide representative figures for illustration. First, such traps integrate
microwave antennae and resonators closer to the ions into a planar
setup,41 which can greatly reduce the irreversible loss of microwave pho-
tons. We estimate, from preliminary results, that NOT gate is performed
in 1.7 ls at an applied power of 10 mW, consuming 17 nJ of energy per
gate, as opposed to 8.8 lJ in this work. In addition, the J-coupling, neces-
sary for conditional gates, will be increased by about two orders of mag-
nitude, thus reducing the time needed for CNOT, Toffoli, and Half-Adder
by the same factor. Furthermore, the coherence time is prolonged by
about two orders of magnitude, mainly due to the use of magnetic field
shielding. Although faster gates imply higher energy consumption (for a
given geometry), the energy consumption decreases when using fewer
DD pulses, or completely omitting them. We expect a Toffoli gate to
require 4 pJ and a gate time of 125 ls, which eliminates the need for
DD. Implementing the CNOT gate still requires two p=2 pulses on the tar-
get qubit as well as two p-pulses on the target and control to decouple
them from qubit 2, resulting in 5p-pulses. In total, 85 nJ will be required
for the Half-Adder. This is approximately 105 times more efficient than
the current setup (Table I), due to 1000� more efficient pulses and
100� fewer DD pulses. Still, this trap was not built with the specific goal
of energy efficiency. Finally, shorter distances between the electrodes gen-
erating the trapping potential and the ion in a planar ion trap reduce the
RF power necessary to run such a trap. Current planar traps require less
than 1W of RF power to maintain trapping. Furthermore, since this cost
is fixed, we can increase the trap efficiency by increasing the number of
ions per trap, or possibly combining traps efficiently using ion shuttling.

Cavity QED setups42 can bring the radiation area (Arad) closer to
the ions’ effective dipole area (Adip). In that limit, and considering the

TABLE I. Measured energy consumption of the experimental steps I–VI. The main contribution to the overall energy consumption comes from dynamical decoupling, apart from
the RF trap’s constant cost. The energy contribution of the CNOT gate consists of two p=2-pulses totaling up to a p-pulses energy contribution. All measured energies displayed
here carry a relative error of 10�2.

Operation Laser 369 nm Laser 935 nm

Microwave

TotalPulse

Dyn. decoupling

# p-pulses (8.8 lJ) Cost

I. Doppler c. 380 nJ 11 lJ 4.6 mJ � � � � � � 4.6 mJ
II. Sideband c. 10 nJ 81 lJ 35 mJ � � � � � � 35 mJ
III. State prep. 7 nJ 0.3 lJ � � � � � � � � � 0.3 lJ
IV. Toffoli � � � � � � 9.2 nJ 3� 200 1.1 mJ 1.1 mJ
V. CNOT � � � � � � 8.8 lJ 2� 120 0.44 mJ 0.44 mJ
VI. Readout 140 nJ 4 lJ � � � � � � � � � 4.2 lJ
Half-Adder (IV. þ V.) 1.5 mJ

FIG. 3. Power delivered to the QPU: P369 is the power delivered by the cooling,
preparation, and readout laser; P935, repumping laser; PMW, microwave to close the
cooling cycle and coherent qubit control; PT, RF trapping potential. The time stamps
are, in order, (I) 8 ms Doppler cooling, (II) 60 ms sideband cooling,34 (III) 0.2 ms
state preparation, (IV) 18.2 ms Toffoli gate including dynamical decoupling, (V)
11 ms CNOT gate including dynamical decoupling, and (VI) 3 ms readout. In the
inset, we can see a detail of the DD pulses for the Toffoli gate. See Table ST1 in
the supplementary material for the power measurements.
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GHz operation regime, Eq. (S14) predicts a cost of on the order of leV
per NOT gate, which is close to the photon energy, 8 leV. This is 10
orders of magnitude lower than the estimate for Frontier TDS.

Efficient control protocols will become necessary in the “one-
photon limit,”43 which is still an open problem.44,45 Nevertheless, it
was recently observed that, indeed, typically one quanta of energy is
used from control fields.46 Other strategies to reduce energetic costs
may be reusing control energy, manipulating several qubits at once
and/or recycling unused energy. Reducing the trap cost is also impor-
tant, possibly using Penning traps, tighter geometries, and packing
more ions per trap.

In conclusion, we implemented classical logic—NOT, CNOT,
Toffoli, and Half-Adder circuits—using the quantum states of trapped
ions. Our work opens the door for future implementations of classical
logical on quantum technologies, with the potential energy savings of
reversible computation, and presents a benchmark for future plat-
forms. Our work presents a path toward low energy computation
beyond CMOS, whose efficiency is decelerating. We show possible short-
term improvements and long-term solutions, and hope to encourage
the community to fulfill the vision of energy-efficient computing.

See the supplementary material for further details on the Toffoli
gate, experimental setup, power measurements and estimation, and
fidelity discussion.
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