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Artificial quantum many-body systems
• (Analog) quantum simulators / (Digital) quantum computers

• Detailed control over interactions and initial states
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We describe and benchmark a new quantum charge-coupled device (QCCD) trapped-ion quantum
computer based on a linear trap with periodic boundary conditions, which resembles a race track.
The new system successfully incorporates several technologies crucial to future scalability, including
electrode broadcasting, multi-layer RF routing, and magneto-optical trap (MOT) loading, while
maintaining, and in some cases exceeding, the gate fidelities of previous QCCD systems. The system
is initially operated with 32 qubits, but future upgrades will allow for more. We benchmark the
performance of primitive operations, including an average state preparation and measurement error
of 1.6(1)⇥10�3, an average single-qubit gate infidelity of 2.5(3) ⇥ 10�5, and an average two-qubit
gate infidelity of 1.84(5)⇥10�3. The system-level performance of the quantum processor is assessed
with mirror benchmarking, linear cross-entropy benchmarking, a quantum volume measurement of
QV = 216, and the creation of 32-qubit entanglement in a GHZ state. We also tested application
benchmarks including Hamiltonian simulation, QAOA, error correction on a repetition code, and
dynamics simulations using qubit reuse. We also discuss future upgrades to the new system aimed
at adding more qubits and capabilities.

I. INTRODUCTION

Several technology platforms are viable candidates
for large-scale quantum computation, including trapped
ions [1], neutral atoms [2], and superconducting cir-
cuits [3]. However, existing demonstrations face scal-
ing challenges to achieve the qubit numbers and fidelities
necessary for fault-tolerant quantum computing. In ad-
dition, all platforms need refinement in reliability, power
consumption, form factor, and cost. This concept, known
as Rent’s rule, has been discussed rigorously in terms of
classical computing technologies and recently generalized
to include quantum processors [4].

In this work, we characterize a trapped-ion quantum
computer with a new trap design based on the QCCD
architecture. The new machine, Quantinuum System
Model H2, significantly increases the qubit number and
decreases the physical resources per qubit, all while
matching—and in some instances surpassing—the high
circuit fidelity of our previous generation system [5].

⇤ These authors contributed equally to this work.

FIG. 1. A picture of the H2 surface ion trap microchip. The
image has been modified to enhance visibility of the trap fea-
tures. The trap sits in the isthmus in the center of the trap
die. The long axis of the trap is 6.58 mm (from the edge of
the DC electrodes on either side) and the isthmus width is
2.02 mm.
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FIG. 1. Quantum information architecture enabled by coherent transport of neutral atoms. a, In our approach,
qubits are transported to perform entangling gates with distant qubits, enabling programmable and nonlocal connectivity. Atom
shuttling is performed using optical tweezers, with high parallelism in two dimensions and between multiple zones allowing
selective manipulations. Inset shows the atomic levels used: the |0i , |1i qubit states refer to themF = 0 clock states of 87Rb, and
|ri is a Rydberg state used for generating entanglement between qubits (Extended Data Fig. 1b). b, Atom images illustrating
coherent transport of entangled qubits. Using a sequence of single-qubit and two-qubit gates, atom pairs are each prepared in
the |�+i Bell state (Methods), and are then separated by 110 µm over a span of 300 µs. c, Parity oscillations indicate that
movement does not observably a↵ect entanglement or coherence. For both the moving and stationary measurements, qubit
coherence is preserved using an XY8 dynamical decoupling sequence for 300 µs (Methods). d, Measured Bell state fidelity as
a function of separation speed over the 110 µm, showing that fidelity is una↵ected for a move slower than 200 µs (average
separation speed of 0.55 µm/µs). Inset: normalizing by atom loss during the move results in constant fidelity, indicating that
atom loss is the dominant error mechanism (see Methods for details).

desired qubit arrangement.

Figure 1 demonstrates our ability to transport qubits
across large distances while preserving entanglement and
coherence [20]. We initialize pairs at an atom-atom dis-
tance of 3 µm (Fig. 1b) and then create a Bell state
|�+i = 1p

2
(|00i + |11i) in the hyperfine basis (Meth-

ods) [5]. To probe the resulting entangled-state fidelity,
we apply an additional ⇡/2 pulse with a variable phase
that results in oscillations of the two-atom parity h�z

1�
z
2i

(Fig. 1c) [5]. We then repeat this experiment, but now
move the atoms apart by 110 µm before applying the
final ⇡/2 pulse. Our transport protocol is optimized
to suppress heating and loss by implementing cubic-
interpolated atom trajectories (Methods), and is further
accompanied by an 8-pulse XY8 robust dynamical decou-
pling sequence [28] to suppress dephasing. The resulting
parity oscillations indicate that two-atom entanglement
is una↵ected by the transport process [20, 29]. Perform-
ing this experiment as a function of movement speed

shows that fidelity remains unchanged until the total sep-
aration speed becomes > 0.55 µm/µs, corresponding to
the onset of atom loss (Fig. 1d). We note that the entan-
glement transport in Figure 1b corresponds to moving
quantum information across a region of space that can
in principle host ⇠ 2000 qubits (at an atom separation
of 3 µm), on a timescale corresponding to < 10�3

T2

(Extended Data Fig. 3), directly enabling applications in
large-scale quantum information systems.

Programmable circuits and graph states

To exemplify the ability to generate nonlocal connec-
tivity between qubit arrays in parallel, we carry out
preparation of entangled graph states: a large class of
useful quantum information states, with examples rang-
ing from GHZ states and cluster states to quantum error
correction codes [30]. Graph states are defined by ini-

Rydberg arrays Superconducting circuits

• Locally resolved measurements

• Well-isolated from environment



Dynamics in closed quantum many-body systems

|Ψ(t)⟩ = e−i ∫ dtĤ(t) |Ψ(0)⟩ = Û(t) |Ψ(0)⟩

|ψ(0)⟩

|ψ(t)⟩
t

Quantum correlations are generated dynamically and spread in space

Lieb-Robinson theorem: local interactions lead to emergent “speed of light”

 qubit  
wavefunction

N Simple (e.g. uncorrelated)  
initial state

Evolving with 
local Hamiltonian



The “paradox” of thermalization
Closed system: |Ψ(t)⟩ = e−iĤt |Ψ(0)⟩

Basic postulate of statistical physics: system eventually reaches thermal equilibrium state

Microcanonical ensemble: ρmc ∝ ∑
α:Eα≈⟨Ĥ⟩

|Ψα⟩⟨Ψα |

Irreversible, non-unitary!

???



Microcanonical ensemble: ρmc ∝ ∑
α:Eα≈⟨Ĥ⟩

|Ψα⟩⟨Ψα |

???

Information isn’t lost, but is delocalized

State of a subsystem: ρA(t) = TrĀ( |Ψ(t)⟩⟨Ψ(t) | )

Thermalization:  if ρA(t) → TrĀ(ρmc) NA ≪ N

Thermodynamic entropy = Entanglement built up through time evolution

SA(t) = − Tr(ρA ln ρA) → NAsthermo

The “paradox” of thermalization… and its resolution

Closed system: |Ψ(t)⟩ = e−iĤt |Ψ(0)⟩



How to characterize the spreading of information?
Schrodinger picture: |Ψ(t)⟩ = Û(t) |Ψ⟩ Heisenberg picture: Ô(t) = Û(t)†ÔÛ(t)

Let  be an operator acting at location Ô = Ôr r

r

Ôr

(e.g..   spin operator)Ôr = ̂σz
r



r

Ôr(t1)

 acts on an increasingly large region around Ôr(t) r

Schrodinger picture: |Ψ(t)⟩ = Û(t) |Ψ⟩ Heisenberg picture: Ô(t) = Û(t)†ÔÛ(t)

Let  be an operator acting at location Ô = Ôr r (e.g..   spin operator)Ôr = ̂σz
r

How to characterize the spreading of information?



r

Ôr(t2)

 acts on an increasingly large region around Ôr(t) r

Schrodinger picture: |Ψ(t)⟩ = Û(t) |Ψ⟩ Heisenberg picture: Ô(t) = Û(t)†ÔÛ(t)

Let  be an operator acting at location Ô = Ôr r (e.g..   spin operator)Ôr = ̂σz
r

How to characterize the spreading of information?



r

Ôr(t3)

 acts on an increasingly large region around Ôr(t) r

Schrodinger picture: |Ψ(t)⟩ = Û(t) |Ψ⟩ Heisenberg picture: Ô(t) = Û(t)†ÔÛ(t)

Let  be an operator acting at location Ô = Ôr r (e.g..   spin operator)Ôr = ̂σz
r

How to characterize the spreading of information?



 emergent “light cone”:→

Ôr

Ôr(t)

 acts on an increasingly large region around Ôr(t) r

Schrodinger picture: |Ψ(t)⟩ = Û(t) |Ψ⟩ Heisenberg picture: Ô(t) = Û(t)†ÔÛ(t)

Let  be an operator acting at location Ô = Ôr r (e.g..   spin operator)Ôr = ̂σz
r

How to characterize the spreading of information?
Diagnose using commutator: [Ôr(t), Ô′￼r′￼

]

r′￼

Norm of commutator: 
<latexit sha1_base64="4Rv/vy21AdN+2qR1nUCj0+CKXHE="></latexit>

C(r � r
0
, t) = �Tr([Ôr(t), Ô

0
r0 ]

2)

“Out-of-time-order” correlator (OTOC)

Larkin, Ovchinnikov JETP (1969), 
Maldacena, Stanford PRD (2016)

Original motivation “quantum chaos”

“Butterfly” velocity



Dynamics is hard to study

<latexit sha1_base64="4Rv/vy21AdN+2qR1nUCj0+CKXHE="></latexit>

C(r � r
0
, t) = �Tr([Ôr(t), Ô

0
r0 ]

2)OTOC:

SA(t) = − Tr(ρA ln ρA)Entanglement entropy:

⟨O(t)⟩ = ⟨Ψ(t) |O |Ψ(t)⟩Expectation values:

But calculating any of these tends to be exponentially costly in the light cone volume  (vt)D

|ψ(0)⟩

|ψ(t)⟩
t

Kim, Huse: PRL (2013)

 Need solvable models that can capture generic behavior ⇒
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We want to keep unitarity and locality (light cones)

Haar random unitary circuits

Replace Hamiltonian evolution with a circuit of local unitary gates

 unitary matrices4 × 4

Motivation: Trotter decomposition e−i(Heven+Hodd)t ≈ (e−iHevenδte−iHoddδt)t/δt

We replace  with a more generic unitary  breaks energy conservationeihi,i+1δt ⇒
Option 2: make gates random and focus on average / typical behavior

To get a solvable model, we need to find appropriate gates

Option 1: impose specific structure, e.g. “dual unitarity” Bertini, Claeys, Prosen: arXiv 2505.11489

Fisher, Khemani, Nahum, Vijay (2023)

Haar measure: uniquely defined by requiring that 
                                                for any unitary P(U) = P(UV) = P(VU) V

We will choose each gate independently from Haar distribution over U(4)

Not this:



Calculating with Haar circuits: a warm-up

|Ψ(t)⟩ = U(t) |Ψ(0)⟩ =

|Ψ(0)⟩

U(t) t

⟨Ô⟩(t) = ⟨Ψ(t) | Ô |Ψ(t)⟩ =
Ô



Calculating with Haar circuits: a warm-up

Fold u u*

≡uijklu*i′￼j′￼k′￼l′￼
=

i i′￼ j j′￼

k k′￼ l l′￼

uijklu*i′￼j′￼k′￼l′￼
=

1
4

δii′￼
δjj′￼

δkk′￼
δll′￼

∼average
=

=

Ô

⟨Ô(t)⟩ = Tr(Ô)/2L

∼



Let’s do something more interesting: entanglement

Von Neumann entropy: SvN(t) = − Tr(ρA ln ρA)

Rényi entropies: Sn(t) =
1

1 − n
ln Tr(ρn

A)

Involves all powers of ρ

often easier to calculate 

Also to measure!
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Figure 3: Second-order Rényi entropy of 1- to 10-qubit partitions of a 20-qubit
system. The intial low-entropy Néel state evolves under HXY (J0 = 370 s

�1, ↵ = 1.01)
within 10 ms into a state with high-entropy partitions, corresponding to nearly fully mixed
subsystems. For the data taken at 6 ms (10 ms) time evolution, the two (three) data points
corresponding to highly mixed states are not shown due to their large statistical error bars.
For details regarding numerical simulations (dotted curves) and error bars, see (26).

purity is in agreement with control experiments, which show a purity loss of 0.08 due
to imperfect state preparation and an underestimation of the purity by approximately
0.17 due to decoherence during the random spin rotations (26). At short times, the
figure shows that the single-spin subsystem became quickly entangled with the rest of the
system, seen as a rapid decrease (increase) of the single-spin purity (entropy), up until the
reduced state became completely mixed. At longer times, the purity (entropy) of larger
subsystems continued to decrease (increase), as they became entangled with the rest. The
dotted curves represent numerical simulations for the experimental parameters, including
decoherence, during state initialization, evolution and measurement (26). While panels
(a,b) correspond to a specific set of connected partitions A, the data gives access to the
purities for all partitions A of the system; represented in panel (c) for a specific time t = 5
ms. Since the second-order Rényi entropy of every subsystem is, within three standard
deviations, larger than for the total system, this demonstrates entanglement between all
29 � 1 = 511 bipartitions of the 10-qubit system.

Next, a 20-qubit experiment was performed, in which the entropy growth of the central
part of the chain was measured during time evolution under HXY, for partitions of up
to 10 qubits. Our observations, shown in Fig. 3, are consistent with the formation of
highly entangled states. The entropy is seen to increase rapidly over the time evolution
of 10 ms, with the reduced density matrices of up to 7 qubits becoming nearly fully
mixed. The experimental data agree very well with numerical simulations (dotted curves)
obtained with a matrix-product state (MPS) algorithm (31), which includes the (weak)

6

Islam et al., Nature (2015)

Kaufman et al., Science (2016)

Brydges et al., Science (2019)

 SvN = lim
n→1

Sn

We will calculate Sann.
2 = − log Tr(ρ2

A)

“Annealed” average of 2nd Rényi entropy



Calculating Tr(ρ2
A)

ρA(t) = TrĀ( |Ψ(t)⟩)⟨Ψ(t) | )

} }
A Ā

= =



Calculating Tr(ρ2
A)

ρA(t) = TrĀ( |Ψ(t)⟩)⟨Ψ(t) | ) =

Tr(ρA(t)2) =
Fold

=
1 2 3 4

=
1 2 3 4



Calculating Tr(ρ2
A)

Tr(ρA(t)2) =

=
1 2 3 4

=
1 2 3 4

u ⊗ u* ⊗ u ⊗ u* = = ∼ + −
1
4

−
1
4

≡

Tr(ρA(t)2) = We mapped the average to the partition function 
of a 2D classical spin-1/2 model!



Calculating Tr(ρ2
A)

=
1 2 3 4

=
1 2 3 4

Tr(ρA(t)2) =
= =

+

2
=

4
5

 Recursion:  obeys  ⇒ Z(x, t) := Tr(ρ[0,x](t)2) Z(x, t) =
4
5

Z(x − 1,t − 1) + Z(x + 1,t − 1)
2

⇒ For product initial state: ⇒ Z(x, t) = e−Sann.
2 = ( 4

5 )
t

Sann.
2 ∝ t

Domain wall 
random walk

∼ + −
1
4

−
1
4

≡



Statistical mechanics of entanglement growth

Fisher, Khemani, Nahum, Vijay (2023)

    domain wall free energy  e−S2 ↔
Growth rate of entropy    line tension (ferromagnet)↔

Generalizes to non-random dynamics
Jonay, Huse, Nahum: arXiv 1803.00089

Zhou, Nahum: PRX (2020)



“Hydrodynamics” of operator growth
<latexit sha1_base64="4Rv/vy21AdN+2qR1nUCj0+CKXHE="></latexit>

C(r � r
0
, t) = �Tr([Ôr(t), Ô

0
r0 ]

2)OTOC:

Ô(t) = U†(t)ÔU(t)
Also involves 4 copies of U

 probability that operator spread to distance  by time ρR(x, t) : x t If x > 0 :
<latexit sha1_base64="SdUYuBRnuiCaEt8dkbC2z8KzvX4=">AAACGHicbVBNSwMxEM3Wr1q/qh69BIugIHVXpHosevGoYluhW5bZNG1Ds5uQZKVl6c/w4l/x4kERr735b8y2PWj1wcDjvRlm5oWSM21c98vJLSwuLa/kVwtr6xubW8XtnboWiSK0RgQX6iEETTmLac0ww+mDVBSikNNG2L/K/MYjVZqJ+N4MJW1F0I1ZhxEwVgqKJ77qieDucHBsjrAPUioxwL4EZRjwwNIITI8AT69Gk56gWHLL7gT4L/FmpIRmuAmKY78tSBLR2BAOWjc9V5pWmi0gnI4KfqKpBNKHLm1aGkNEdSudPDbCB1Zp445QtmKDJ+rPiRQirYdRaDuzO/W8l4n/ec3EdC5aKYtlYmhMpos6CcdG4Cwl3GaKEsOHlgBRzN6KSQ8UEGOzLNgQvPmX/5L6admrlCu3Z6Xq5SyOPNpD++gQeegcVdE1ukE1RNATekFv6N15dl6dD+dz2ppzZjO76Bec8Te9Qp+b</latexit>

⇢R(x, t) ⇡ @xC(x, t)

Obeys an exact random walk equation

Ôr

Ôr(t)

p2 (1 − p)2

2p(1 − p)
Von Keyserlingk, TR, Pollmann, Sondhi: PRX (2018)



“Hydrodynamics” of operator growth
<latexit sha1_base64="4Rv/vy21AdN+2qR1nUCj0+CKXHE="></latexit>

C(r � r
0
, t) = �Tr([Ôr(t), Ô

0
r0 ]

2)OTOC: Also involves 4 copies of U

 probability that operator spread to distance  by time ρR(x, t) : x t If x > 0 :
<latexit sha1_base64="SdUYuBRnuiCaEt8dkbC2z8KzvX4=">AAACGHicbVBNSwMxEM3Wr1q/qh69BIugIHVXpHosevGoYluhW5bZNG1Ds5uQZKVl6c/w4l/x4kERr735b8y2PWj1wcDjvRlm5oWSM21c98vJLSwuLa/kVwtr6xubW8XtnboWiSK0RgQX6iEETTmLac0ww+mDVBSikNNG2L/K/MYjVZqJ+N4MJW1F0I1ZhxEwVgqKJ77qieDucHBsjrAPUioxwL4EZRjwwNIITI8AT69Gk56gWHLL7gT4L/FmpIRmuAmKY78tSBLR2BAOWjc9V5pWmi0gnI4KfqKpBNKHLm1aGkNEdSudPDbCB1Zp445QtmKDJ+rPiRQirYdRaDuzO/W8l4n/ec3EdC5aKYtlYmhMpos6CcdG4Cwl3GaKEsOHlgBRzN6KSQ8UEGOzLNgQvPmX/5L6admrlCu3Z6Xq5SyOPNpD++gQeegcVdE1ukE1RNATekFv6N15dl6dD+dz2ppzZjO76Bec8Te9Qp+b</latexit>

⇢R(x, t) ⇡ @xC(x, t)

  biased diffusion⇒

Í

Similar behavior in deterministic systems:

∂tρR = vB∂xρR + D∂2
xρR

Ôr

Ôr(t)
Von Keyserlingk, TR, Pollmann, Sondhi: PRX (2018)



Going to higher moments
Sn =

1
1 − n

log Tr(ρn
A) Want to calculate Zn = Tr(ρn

A) Needs  copies of 2n U(t)

 are permutations of  elementsτ, σ nWeingarten calculus:

 stat-mech like model with  states and negative weights⇒ n!

Useful simplification: replace qubits with -dim. qudits and take d d ≫ 1

Zhou, Nahum: PRB (2019)

Replica trick: Sn =
1

1 − n
∂Zk

n

∂k k=0

New physics from fluctuations that was absent from   
Described by Kardar-Parisi-Zhang (KPZ) equation

Zn

Nahum, Ruhman, Vijay, Haah: PRX (2017)
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Adding conserved quantities
Want dynamics to conserve Q = ∑

r

σz
r

<latexit sha1_base64="FCB2Mavw8zlzVL+jJqTA9COopJU=">AAACHHicbVDLSsNAFJ3UV42vqEs3wWJxVRKV6rLoxmUF+4AmlMnkth06mYSZiVhCP8SNv+LGhSJuXAj+jdM2iLZemOFwzrnce0+QMCqV43wZhaXlldW14rq5sbm1vWPt7jVlnAoCDRKzWLQDLIFRDg1FFYN2IgBHAYNWMLya6K07EJLG/FaNEvAj3Oe0RwlWmupap14AfcqzJMJK0PuxWS6XPW/+Nz3g4Y+na5WcijMtexG4OSihvOpd68MLY5JGwBVhWMqO6yTKz7BQlDAYm14qIcFkiPvQ0ZDjCKSfTY8b20eaCe1eLPTjyp6yvzsyHEk5igLt1PsN5Lw2If/TOqnqXfgZ5UmqgJPZoF7KbBXbk6TskAogio00wERQvatNBlhgonSepg7BnT95ETRPKm61Ur05K9Uu8ziK6AAdomPkonNUQ9eojhqIoAf0hF7Qq/FoPBtvxvvMWjDynn30p4zPb9zTnsQ=</latexit>0

BB@

1

CCA

↑ ↑
↑ ↓
↓ ↑
↓ ↓

 random walku†
r,r+1σ

z
rur,r+1 =

σz
r + σz

r+1

2

 Diffusion of conserved magnetization⇒

 now leads to partition function with 6 states and negative weightsu ⊗ u* ⊗ u ⊗ u*

 Turns out to be still efficiently contractable using boundary MPS!→



Adding conserved quantities
Want dynamics to conserve Q = ∑

r

σz
r

TR, von Keyserlingk, Pollmann: PRX (2018)
Khemani, Vishwanath, Huse: PRX (2018)

Operator shape: conserving circuit
Ôr(t) = Ôdiffusive(t) + Ôballistic(t)

OTOCs develop power-law tails behind front

Rényi entropies become diffusive

Also seen for Ising spin chain
TR, von Keyserlingk, Pollmann: PRL (2019)



We can also add back (discrete) time translation symmetry

}
}

U

U
Choose 2 layers randomly then repeat them

Much harder (correlations in time)

But calculations possible as d → ∞
Chan, De Luca, Chalker: PRX (2019) Garratt, Chalker: PRX (2021)

Can calculate spectral form factor: K(t) = |Tr(Ut) |2

 Reveals the emergence of random matrix spectral statistics→



Breaking unitarity with measurements

Local spin measurement

Assume each spin gets measured with probability  at every time stepp

ppc0 1

Area-law 
(“disentangling”)

Volume-
law 

(“entangling”)

Monitoring 
rate

Leads to measurement-induced phase transition in entanglement
Li, Chen, Fisher: PRB (2018) Nahum, Ruhman, Siknner: PRX (2019)

Requires active monitoring

|ψ0⟩
|ψ(2)⟩{m(2)

1 ,m (2)
2 ,m (2)

3 ⋯}

|ψ(1)⟩{m(1)
1 ,m (1)

2 ,m (1)
3 ⋯}



Similar phase transitions occur in random tensor networks

“Holographic” tensor network

(Physical legs on boundary)

Entanglement: free energy of bulk domain wall

Large bond dim.  ferromagnet  Ryu-Takayanagi formula→ →

Hayden et al: JHEP (2016)

Random tensors (column of Haar random )u

Small bond dim.  paramagnet  RT breaks down→ →

Vasseur et al: PRB (2019)



Summary

•  Random circuits provide useful toy models to study quantum dynamics

•  Mappings to stat. mech.-like problems (=tensor network contractions)
|ψ(0)⟩

|ψ(t)⟩
t

•  We can introduce structure (symmetries, measurements, …) in a controlled way


