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Guangqi Gao+, Jiarui Liu+, Ezra Kissel∗, Michael Bregar$, Ke Sun+, Qiming Wu+, Raju Valivarthi$

Erhan Saglamyurek∗, Wenji Wu*, Maria Spiropulu$, Hartmut Häffner+, Inder Monga*

* Lawrence Berkeley National Laboratory, + University of California, Berkeley, $ California Institute of Technology

Abstract—Quantum network control is a major research area
of the QUANT-NET project. We strive to build a quantum
network control plane to orchestrate and manage all the physical-
layer technologies, and to explore what a quantum network
control plane should look like in the future, so as to automate
high-rate and high-fidelity entanglement generation, distribution,
and storage in an efficient, reliable, and cost-effective way. To
these ends, we have designed a two-level control framework
for quantum networks. Within such a framework, a two-level
scheduler has been implemented to support synchronous time
slot scheduling, network-wide non-real-time control, and node-
wide real-time control. This two-level control framework and
the scheduler are being deployed and evaluated in the QUANT-
NET testbed. Enabled by this two-level control framework and
the scheduler, several basic quantum network operations have
been automated in the testbed, which include automated quantum
node calibration and on-demand single photon generation. In this
paper, we present this two-level control framework, the scheduler,
and the automated quantum network operations that have been
enabled in the QUANT-NET testbed.

Index Terms—quantum network architecture, quantum net-
work control, quantum network real-time control, trapped-ion
quantum networking, quantum network calibration

I. INTRODUCTION

Quantum networks are envisioned to achieve novel capa-
bilities that are provably impossible using classical networks
and be transformative to science, economy, and national se-
curity [1]. These novel capabilities range from cryptography
[2], sensing and metrology [3], distributed systems [4], [5],
to secure quantum cloud computing [6]. To realize these
great potentials, quantum networks are actively researched
and developed worldwide across different physical platforms,
from solid-state systems such as superconducting circuits [7]
and nitrogen vacancy centers in diamond [8], [9], to neutral
atoms [10], [11], and also to trapped ions [12]–[15]. Today,
quantum networks are in their infancy. Like the Internet,
quantum networks are expected to undergo different stages
of research and development until they reach a level of
practical functionality. Existing quantum network testbeds and
prototypes are typically implemented in laboratory settings

†These authors contributed equally.
This research is supported by the Quantum Internet to Accelerate Scientific
Discovery ASCR Research Program funded through Berkeley Lab FWP
FP00013429.

with limited functionality and managed in a manual and
unstructured manner. However, as the size and complexity of
quantum networks increase, it is evident that manual control
of quantum networks is not a sustainable model. The issues
of quantum network control and software automation are
becoming increasingly important.

The U.S. Department of Energy (DOE) currently supports
Berkeley Lab (LBNL), UC Berkeley (UCB), California Insti-
tute of Technology (Caltech), and the University of Innsbruck
in constructing a testbed for quantum networking technologies
(QUANT-NET) [16]. The goal is to establish a testbed network
between LBNL and UCB, where both sites are connected with
an entanglement swapping substrate over ∼5 km optical fiber
and managed by a quantum network protocol stack. On top
of this entanglement swapping substrate the research team
will implement the most basic building blocks of distributed
quantum computing and quantum repeaters by teleporting a
controlled-NOT gate between two far trapped-ion quantum
computation nodes [17], [18]. Quantum network control is a
major research area of the QUANT-NET project. We strive to
build a quantum network control plane to orchestrate and man-
age all the physical-layer technologies, and to explore what a
quantum network control plane should look like in the future,
so as to automate high-rate and high-fidelity entanglement
generation, distribution, and storage in an efficient, reliable,
and cost-effective way. To these ends, we have designed a
two-level control framework for quantum networks. Within
such a framework, a two-level scheduler has been implemented
to support synchronous time slot scheduling, network-wide
non-real-time control, and node-wide real-time control. En-
abled by this two-level control framework and the associated
scheduler, several basic quantum network operations have
been automated in the QUANT-NET testbed, which include
automated quantum node calibration and on-demand single
photon generation. It should be noted however, that this two-
level control framework and the associated scheduler are not
only designed specifically for the QUANT-NET testbed, but
can also be extended to support other types of quantum
networks. This paper presents the two-level control frame-
work and the associated scheduler. The rest of the paper
is organized as follows. Section 2 presents related work in
quantum networking and background on the ARTIQ real-
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time control system. Section 3 discusses the basic needs of a
quantum network control plane. Section 4 presents the design
and implementation of the two-level control framework and
the scheduler. Section 5 discusses the application of this two-
level control framework and the scheduler in the QUANT-NET
testbed. Lastly, section 6 concludes this paper.

II. RELATED WORKS AND BACKGROUND

A. Quantum network testbeds

To date, a number of quantum network testbeds have been,
or are being built around the world to demonstrate the building
blocks of quantum networks [12], [15], [17], [19]–[25]. Each
testbed has its own unique design, architecture, and underlying
quantum technologies. Most of the research focus by leading
academic institutions are focused on the physics and device
related aspects of quantum communication, which includes
implementation of quantum teleportation, entanglement, and
quantum memory with transduction to make the wavelengths
compatible with telecom frequencies to enable transport of
photons over longer distances using telecom fiber. We do not
discuss QKD related quantum communications efforts.

B. Quantum network control

Today, quantum networks are in their infancy, and quantum
network control is still a new research area. Until now,
demonstrations of quantum network control have been per-
formed using ad-hoc software that is specific to each network’s
experimental setup, programmed to perform functions directly
into low-level control devices using expertise in experimental
physics. Wehner’s group has been working on “an operat-
ing system for executing applications on quantum network
nodes” [26], which is focused on a single quantum node
control. In contrast, our work focuses on the control of an
overall quantum network aka. a system of nodes, and not of
the control for an individual node.

C. ARTIQ real-time control system

ARTIQ is a leading-edge control system for quantum infor-
mation experiment [27]. It features a high-level programming
language, based on Python, that helps describe complex exper-
iments. ARTIQ software consists of real-time sections, called
“kernels”, and non-real-time sections. Kernels are compiled
and executed on dedicated FPGA hardware with nanosecond
timing resolution and sub-microsecond latency. The non-real-
time sections are executed on CPU with no tight timing
constraints.

ARTIQ software controls and manages Sinara hardware
to handle real-time operations in experiments. The Sinara
hardware family consists of several commonly used generic
devices of an atomic physics experiment, such as Transistor-
transistor logic (TTL), Direct Digital Synthesiser (DDS)-based
frequency synthesizer, Digital-to-Anlogue Converter (DAC),
and Analogue-to-Digital Converter (ADC) devices.

III. QUANTUM NETWORK CONTROL PLANE GOALS

In this section, we discuss the basic design goals for a
quantum network control plane.

Goal 1: Support high-rate and high-fidelity entanglement
generation, distribution, and storage in an efficient, reliable,
and cost-effective way. Entanglement is the fundamental build-
ing block of a quantum network. Key entanglement-related
functions include entanglement generation & distribution, en-
tanglement routing, entanglement swapping, and entanglement
distillation [28]. These functions typically involve in-network
operations and rely on the maintenance of state inside the
network, which is a divergence from the traditional end-to-
end principle for the Internet design [29]. Therefore, a control
plane that supports such a paradigm is required.

Goal 2: Schedule synchronized operations in a distributed
environment. Entanglement generation, distribution, and stor-
age in a quantum network typically involve multiple quantum
objects (e.g., qubits) located at physically dispersed locations,
and a set of operations that are to be executed on these
quantum objects in a distributed manner. Because quantum
objects in the Noisy Intermediate-Scale Quantum (NISQ) era
are fragile, sensitive to environmental noise, and have limited
coherence time, it is necessary to execute the set of operations
in a tightly synchronized manner before decoherence destroys
the quantum information [30].

Goal 3: Schedule calibrations that are to be executed reg-
ularly in a quantum network. Realizing a practical and useful
quantum network requires long coherence-time qubits, high-
fidelity quantum gate operations, and high-fidelity quantum
communications. To enable such capabilities, each quantum
network device and channel must be actively monitored,
calibrated, and optimized in a periodical manner [17].

Goal 4: Support real-time control in a distributed envi-
ronment. Timing constraints to perform entanglement-related
functions in a quantum network are stringent. In addition, the
accurate control and manipulation of quantum objects in a
quantum network requires a time resolution of µs scale or
less [12], [15], [17]. This means that the control plane requires
tight timing control, which imposes hard real-time constraints
at the lowest levels.

Goal 5: Ability to discover network resources, build and
maintain network topology, make routing decisions, manage
and configure quantum network devices, and monitor network
status. These are basic functions crucial for any network
control, and involves network-wide non-real-time operations.
The challenge is therefore to develop an efficient, extensible,
robust, and reliable quantum network control architecture to
provision these functions.

IV. A TWO-LEVEL CONTROL FRAMEWORK FOR QUANTUM
NETWORKS

A. Major design choices
We present major design choices in this section to realize

the goals described in Section III.
Design choice 1: Logically centralized control. Considering

that remote entanglement generation, distribution, and storage
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in a quantum network typically involves in-network operations
and rely on the maintenance of state inside the network,
centralization of control state and logic inside a logically
centralized control plane will support faster and more efficient
entanglement operations. This design choice helps to realize
Goal 1.

Design choice 2: Synchronous time slot scheduling (SynTS).
With such a scheme, the total duration of quantum network
operations is divided into fixed interval time-slots that run con-
tinuously. The control plane allocates available time-slots and
schedules quantum network operations for specific quantum
devices in allocated time-slots . Such a scheduling scheme
brings two benefits: (i) supporting synchronized operations in
a distributed environment and (ii) allowing calibration tasks
to be executed regularly in a quantum network. This design
choice helps to realize Goal 2 and 3.

Design choice 3: Real-time control in a distributed envi-
ronment. A systematic approach is applied to meet tight time
constraints: (i) time-critical functions run on dedicated real-
time control systems (e.g., ARTIQ real-time control systems);
(ii) dedicated control and clock channels are established for
real-time communication between relevant devices; (iii) non-
real-time functions such as monitoring proper functioning of
all components, re-initiating calibration, and data analysis are
executed in software in the CPU domain; (iv) non-real-time
communications run through TCP/IP channels. This design
choice helps to realize Goal 4.

Design choice 4: An open plugin framework. Quantum
network control with a plugin framework allows for dynamic
insertion of new services and functionalities in the control
plane. This design helps to realize Goal 5.

B. A two-level control framework

1) The big picture: Logically, a quantum network’s control
plane is split into network-wide (global) non-real-time control
and node-wide (local) real-time control (see Fig. 1). A two-

Dedicated ctrl/clk channels for 
real-time communications

Quantum node

Quantum node

Quantum node

Dedicated ctrl/clk channels for 
real-time communications

Dedicated ctrl/clk channels for 
real-time communications

Quantum Network Server

TCP/IP for non-real-time 
communications

TCP/IP for non-real-time 
communications

Non-real-time
network-wide functions

Global SynTS scheduler

TCP/IP for non-real-time 
communications

Non-real-time 
functions in CPU

Time critical 
functions in FPGA

Non-real-time 
functions in CPU

Time critical 
functions in FPGA

Non-real-time 
functions in CPU

Time critical 
functions in FPGA

Local SynTS 
scheduler

Local SynTS 
scheduler

Local SynTS 
scheduler

Fig. 1: A two-level control framework for quantum networks.

level scheduler is employed to support such a framework. (i) At
network level. A logically centralized Quantum Network (QN)
server coordinates all activities in the network. This server
controls and manages the underlying quantum network nodes
(i.e., devices) through a general message bus implementation
and broker service. Each class of quantum network nodes
has well-defined functions and interfaces. The QN server has
a global SynTS scheduler to handle network-wide (global)
non-real-time functions such as quantum network topology
discovery, quantum network monitoring, and quantum link
calibration etc. The server also handles user requests on an
event-driven basis. When serving a user request, the server per-
forms alternating cycles between calibration and operational
modes on the quantum network so that sustained high-fidelity
is achieved. (ii) At node level. Each quantum network node
is built using a dedicated real-time control system. Each node
has a local SynTS scheduler to handle node-wide (local) real-
time functions that have tight time constraints, such as qubit
control and quantum protocol implementation etc.

2) The two-level scheduler: The two-level scheduler adopts
synchronous time slot scheduling. The total duration of quan-
tum network operation is divided into fixed interval time-
slots that run continuously. Each quantum network function is
designed and implemented with a maximum runtime duration.
Therefore, a quantum network function is allocated with one
or multiple time slots, depending on its maximum runtime
duration. Each local scheduler generates and manages a sched-
ule composed of time slots allocated for locally-attached
real-time devices, responsible for the execution of quantum
network functions at its own node. The global scheduler
manages all local schedulers in the network. At request by
the global scheduler, multiple local schedulers can allocate
available time-slots and schedule quantum network operations
for specific quantum devices in allocated time-slots.

3) Support for regular calibration: The control framework
supports quantum network calibration. (i) Quantum channel
calibration. The global scheduler periodically schedules quan-
tum channel calibration on a per-quantum-channel basis to
minimize quantum channel loss, reduce background noise, and
compensate for polarization drifts for high-fidelity quantum
communication. (ii) Quantum node calibration. A quantum
node typically has one or multiple control parameters that
need to be calibrated for proper operations. For example,
in a trapped-ion quantum node where a single 40Ca+ is
trapped, a laser is applied to the ion to perform single photon
generation. Since the laser frequency drifts over time, the
exact frequency shift must be known in order to correct for
drifts when running single photon generation. A calibration of
the laser frequency must therefore be executed periodically to
monitor the frequency drifts and maintain up-to-date frequency
corrections. Quantum node calibrations are typically specific
to each individual node, and are scheduled periodically by the
node’s local scheduler.

4) Support for synchronized operations: The control frame-
work supports high-fidelity and high-rate entanglement gen-
eration, distribution, and storage in a quantum network. An

1304

Authorized licensed use limited to: Lawrence Berkeley National Laboratory. Downloaded on February 26,2026 at 00:44:14 UTC from IEEE Xplore.  Restrictions apply. 



Global SynTS scheduler

Entanglement 
GEN request Match & assign 

QN functions

Allocate common free time-slots

QN Server

Q-node A schedule

Q-node B schedule

BSM-node schedule

BSM-node
Local SynTS 

scheduler

Q-node A
Local SynTS 

scheduler Q-node B
Local SynTS 

scheduler

X X X

X X X X

X X

func_ion_photon_entanglement @Q-node A

func_ion_photon_entanglement @Q-node B

func_BSM @Q-node B

X X X

X X X

X X

Path 
selection

Quantum network

Path 
selection

X

Free time slot

Allocated time slot

1
2

3

5

4

6
7
8

5
5

4 4

7 8
7 8

Fig. 2: The two-level scheduler scheme.

ion-ion entanglement establishing process involving Q-nodes
and a BSM-node was previously presented in this paper [17].
Here, we illustrate how the control framework supports such
a process. In Fig. 2, we assume a trapped-ion based quantum
network as illustrated. At time T0, the QN server receives
an entanglement generation request between Q-node A and B
with a specified Quality of Service (QoS) requirement (e.g.,
rate). Afterwards, the control framework works as follows.

1) The QN server performs a request analysis. The request
is admitted only if its requirements can be fulfilled.

2) If the request is admitted, the QN server proceeds to call
a routing routine to select a path, Q-node A ↔ BSM-node
↔ Q-node B, along which to establish entanglement.

3) The QN server matches and assigns functions
required for remote entanglement generation for
each node along the path. We assume a single
function is required at each node, which are
func ion photon entanglement at Q-node A, func BSM
at BSM-node, and func ion photon entanglement
at Q-node B, respectively. The control framework
has full knowledge of these functions, which are
well-characterized and pre-configured.

4) The QN server reaches out to Q-node A, BSM-node, and
Q-node B for the time-slot allocation status of their local
SynTS schedulers.

5) Q-node A, BSM-node, and Q-node B all reply with their
local schedules.

6) The QN server proceeds to call the global sched-
uler to allocate common available time-slots for
func ion photon entanglement at Q-node A, func BSM
at BSM-node, and func ion photon entanglement at Q-
node B, such that these functions can be scheduled
simultaneously at time T1. Afterwards, the QN server
updates Q-node A, BSM-node, and Q-node B with the
newly assigned time-slots.

7) Q-node A, BSM-node, and Q-node B accept and confirm
the newly assigned time-slots.

8) At time T1, the local schedulers run
func ion photon entanglement at Q-node A, func BSM

at BSM-node, and func ion photon entanglement at
Q-node B, respectively.

Therefore, as requested by the global scheduler, multiple
local schedulers can schedule synchronized operations for
entanglement generation, distribution, and storage.

V. TESTBED EVALUATION

We implement and evaluate this two-level control frame-
work and the scheduler in the QUANT-NET testbed. As
illustrated in Fig. 3, the testbed consists of two trapped-ion
quantum nodes, and one BSM-node, which are located in
two labs separated by ∼5 km in Berkeley, and are connected
through telecom fibers. Each of these nodes is built by using a
dedicated ARTIQ-based real-time control system. Each node
runs a local Synchronous Time Slot (SynTS) scheduler to han-
dle local real-time functions that have tight time constraints. In
addition, a Quantum Network Server (QN Server) is deployed
to control and manage the underlying trapped-ion quantum
nodes and BSM-node, and the server runs a global SynTS
scheduler to handle network-wide non-real-time functions.

Trapped ion 
Quantum Node

Trapped ion 
Quantum Node

BSM 
Node

5 KM Telecom Fiber Link

Quantum 
Network Server

Fig. 3: Overview of the QUANT-NET testbed in Berkeley.

The two trapped-ion quantum nodes are able to generate
single photons. Enabled by this two-level control framework
and the scheduler, automated quantum node calibrations and
on-demand single photon generation (SPG) are supported in
our testbed. This system has been lively demonstrated in
OFC’25 [31]. In the following subsections, we discuss the
design and implementation of the trapped-ion quantum nodes,
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and how automated quantum node calibration and on-demand
single photon generation are implemented in our testbed.

A. The design and implementation of trapped-ion quantum
nodes

The underlying technologies in the QUANT-NET testbed
are trapped-ion quantum processors. One of the ultimate
goals of the QUANT-NET project is to demonstrate remote
entanglement between two trapped ion systems at LBNL and
UCB using a photonic Bell-State measurement (BSM) scheme.
To this end, we built two experiment setups. Recently, we are
able to confine and manipulate single ions and perform single
photon generation, which is a crucial step towards enabling
remote ion-ion entanglement generation.

S1/242

P1/242

D5/232

D3/232

P3/242

854 nm

39
7 

nm

850 nm

729
 nm

866 nm

m j = -3/2

m j = 1/2
m j = -1/2

m j = -1/2
m j = 1/2
m j = 3/2

m j = 5/2
m j = 3/2
m j = 1/2
m j = -1/2
m j = -3/2
m j = -5/2

m j = 3/2
m j = 1/2
m j = -1/2
m j = -3/2

Fig. 4: Level scheme of a 40Ca+ ion. A magnetic field splits each
fine structure into several Zeeman sublevels.

1) Single photon generation using 40Ca+ ions: In each
ion trap setup, a single 40Ca+ ion is confined in a surface-
electrode radiofrequency ion trap by a combination of static
(DC) and RF fields. The relevant energy levels of 40Ca+

are shown in Fig. 4. A static magnetic field is applied to
split the Zeeman sublevels of the relevant states (e.g., 4S1/2,
3D3/2, 3D5/2, 4P1/2, and 4P3/2). Two types of qubits can be
encoded in each 40Ca+ ion, a Zeeman qubit and an optical
qubit. The former can be encoded in the D-manifold, with
|0⟩ =

∣∣3D5/2,mj = 5/2
〉

and |1⟩ =
∣∣3D5/2,mj = 3/2

〉
,

and will be used for next stage ion-photon entanglement
generation. The latter can be encoded in the S-D optical
transition between the states |0⟩ =

∣∣3D5/2,mj = 5/2
〉

and
|1⟩ =

∣∣4S1/2,mj = 1/2
〉
.

The trapped ion is laser-cooled via the strong 4S1/2 ↔
4P1/2 transition, driven by light at 397 nm [32]. The me-
chanical effect of the laser on the ion motion depends on
the frequency detuning of the laser relative to the transi-
tion frequency, i.e. if the laser frequency is lower than the
4S1/2 ↔ 4P1/2 transition, the laser removes motional quanta,
thus leading to ion cooling (“red-detuning”). Conversely, if the
laser frequency exceeds the transition’s resonance frequency,
the ion is heated (“blue-detuning”).

This transition scatters a high rate of photons (on the
order of 107 photons per second), allowing ion detection via
a photo-multiplier tube (PMT). Since the ion can decay from
4P1/2 to the 3D3/2 state with a probability of approximately
6%, application of light at 397 nm would optically pump the

S1/242

P1/242

D3/23239
7 

nm

866 nm

S1/242

P1/242

D3/23239
7 

nm

866 nm

Fig. 5: Atomic level diagram for SPG using 40Ca+ ion.

population into the metastable state D, trapping the ion in a so-
called “dark state” for the entire experiment duration (usually
shorter than the level lifetime). To prevent population trapping
in the 3D3/2 state, a repump laser at 866 nm drives any
population which decays to 3D3/2 back to the 4P1/2 manifold.

As illustrated in Fig. 5, single photons are initially produced
in the 4S1/2 manifold by first applying only resonant 397 nm
light (blue solid arrow) on the 4S1/2 ↔ 4P1/2 transition in
order to optically pump population to the 3D3/2 manifold (the
“pump” pulse), and subsequently applying only resonant 866
nm light (red solid arrow) on the 3D3/2 ↔ 4P1/2 transition,
causing the ion to scatter 397 nm photons as it returns to the
ground manifold (the “drive” pulse). Dashed arrows represent
spontaneous decay pathways.

2) Trapped-ion Q-node setup and ARTIQ-based real-time
control: An ARTIQ-based trapped-ion Q-node is illustrated in
Fig. 6. Specifically, the major components and their interac-
tions in this Q-node are the following: (1) An RF ion trap and
an atom oven are enclosed in a vacuum chamber. When fed
with electric current, the oven will be heated and will begin
generating neutral Ca atoms. (2) RF and DC are applied to
trap the ions. (3) CW lasers are used for various controls,
such as photoionization, cooling, state readout, and coherent
operations like optical pumping, quantum gates, ion-photon
generation, etc. Each laser is fine-tuned by an AOM. By
controlling each AOM’s driving RF signals, the corresponding
laser light’s amplitude, frequency, and attenuation can be accu-
rately controlled. In addition, the laser used to manipulate the
optical qubit is stabilized using an ultra-low expansion (ULE)
cavity. (4) Magnetic coils (at the UCB Q-node) or permanent
magnets (at the LBNL Q-node) generate magnetic fields to
split the Zeeman sublevels of the relevant states. (5) The use of
a photo-multiplier tube (PMT) detects the fluorescence of ions
for qubit readout and quantum state tomography. And (6) other
components such as deflectors, and shutters enables tasks such
as shifting the direction of laser beams, blocking/unblocking
lasers during ion control operations.

As of the writing of this paper, DC trap voltages, AOMs,
and PMTs are controlled by an ARTIQ-based real-time control
system, as well as various shutters and switches. The ARTIQ
system consists of a control node, and several Sinara hardware
devices.

The control node is responsible for node-wide operations
that do not require tight timing constraints. Major functions
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Fig. 6: ARTIQ-based trapped-ion Q-node control.

Real-time control APIs Purposes
Exp SPG Generate single photon generation experiment pulse sequence
Cal freq 397 Generate 397 nm laser frequency calibration pulse sequence
Cal power 397 Generate 397 nm laser power calibration pulse sequence
Cal freq 866 Generate 866 nm laser frequency calibration pulse sequence
Cal power 866 Generate 866 nm laser power calibration pulse sequence

TABLE I: ARTIQ-based real-time control APIs developed for single photon generation and dependent calibration routines.

include: (1) Preparing and building up the ion control environ-
ment such as setting parameters, initialization of devices, and
system self-checking etc; (2) Coordinating control functions
such as triggering calibration and control sequences; (3) Col-
lecting, recording, and analyzing data; (4) Managing Sinara
hardware devices; and (5) Controlling non-real-time devices
via USB or network connections.

At the command of the control node, each Sinara hardware
device interfaces and interacts with the underlying ion control
devices, executing dedicated real-time operations:

• RF signal generation and control. Sinara DDS cards pro-
vide sub-Hz frequency resolution, controlled phase steps,
and accurate output amplitude control. The generated RF

signals are used to drive AOMs to accurately control
the amplitude, frequency, and phase of laser light for
ion/qubit control.

• DC generation and control. Sinara DAC cards provide
high-resolution and high-speed DAC, with a maximum
update rate of 2Msps. The generated DCs are used for
the DC trapping voltages.

• ADC processing. This is not currently used in the testbed.
• TTL I/O. Used for controlling devices such as mechanical

shutters and deflectors, notifying events, and detecting
input events, such as PMT counts.

3) The implementation of quantum network operations: As
discussed earlier (see subsection V-A1), the quantum physics
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operations for 40Ca+ ions/qubits initialization, control and
readout, and single photon generation, correspond to tailored
laser-pulse or voltage-control sequence applied to ions and
qubits. The amplitude, frequency, phase, timing, and duration
of laser light as well as the voltages used to manipulate the
internal as well as motional degrees-of-freedom of the trapped
ions must be accurately controlled in order to execute the
desired operations with a high success rate. To this end, real-
time control functions at the node level are purposely designed
to program the ARTIQ-control systems to output laser-pulse
or voltage-control sequences, collect input events, and record
data. These functions realize the quantum physics operations
required for trapped-ion quantum networking.

At each Q-node, real-time control functions are imple-
mented by QUANT-NET’s own real-time control software
framework, which interfaces with the underlying ARTIQ sys-
tem. The software framework is designed in a way such that
fundamental building blocks in trapped-ion quantum network-
ing can be developed in the ARTIQ framework, and that
these building blocks are modular, composable, and flexible,
providing the base for building more complex operations such
as automated node calibration and single photon generation.
Table I lists the ARTIQ real-time control functions that we
developed for single photon generation and the required cali-
brations.

To execute a quantum network operation, the QN server
typically prepares the related quantum nodes (e.g., Q-node
and BSM-node) in the ready state with resources assigned
and the related real-time control functions scheduled in a
distributed manner. When the real-time control functions run,
pulse sequences will be generated for underlying real-time
quantum control to achieve the desired operations.

B. Automated quantum node calibration in the testbed

As earlier described (see subsection V-A1), the experimental
sequence for generating single photons depends strongly on
the power and frequency of the 397 nm and 866 nm lasers,
which can be predetermined by using some experimental
sequences as calibration routines.

In general, during the calibration of a particular parameter,
a number of experiments are repeated while varying the value
of that parameter by scanning through a preset range, and
keeping all other parameters fixed. By analyzing the results
as a function of the scanned parameter, the optimal value can
be found and used for subsequent experiments or sequences,
such as the single photon generation (SPG) experiment.

Cal_freq_397 Cal_power_397 Cal_freq_866 Cal_power_866

Fig. 7: Calibration routines for frequency and power of the 397 and
866 nm lasers organized as a Directed-Acyclic Graph (DAG).

A set of calibration sequences are organized using a directed
acyclic graph (DAG) as shown in Fig. 7 (order of calibrations
are performed from left to right), and invoked by the local
SynTS scheduler at configurable time intervals, as scheduled

by agents running locally on each quantum node. For the SPG
experiment described, the full set of laser power and frequency
calibrations for the 397 nm and 866 nm frequency and power
was performed every 15 minutes.

Fig. 8 presents the 397 nm laser’s AOM frequency calibra-
tion at the LBNL Q-node over an 8-hour period, within which
the SPG data presented in Fig. 12 was taken. The vertical axis
reports the difference from the initial calibration value f397(0)
as a percentage of f397(0). For this data, f397(0) = 222.15
MHz. The apparent discretization of the calibrated frequency
is due to the resolution of the calibration scan, which spanned
a 40 MHz range in 50 steps.
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Fig. 8: Tracking of the 397 nm laser’s calibrated AOM frequency
f397 over a period of 8 hours, with periodic frequency calibration
invoked by the scheduler every 15 minutes.

At the Q-node, when a calibration routine is invoked, the
routine will read in stored parameters, and perform scans for
the frequency or power that is to be calibrated. For example,
when a frequency calibration routine for the 397 nm laser is
executed, the scan for the frequency in question is scanned
based on a scanning range with predetermined step sizes.
Frequencies and powers for other sequences, such as ion
storage and Doppler cooling, are read in from the parameter
storage, such as those for 866 nm and 854 nm lasers. For each
step of the 397 nm laser frequency scan, PMT photon counts
are captured and used as an evaluation metric to determine
the optimal frequency to be used for dependent sequences
or experiments, and stored back in to the Q-node’s local
parameter storage.

The base experimental sequence for these calibrations in-
volves collecting ion fluorescence for a set duration (in our
case 1 ms), with 397 nm and 866 nm lasers active. Frequency
scans are effectively spectroscopic experiments, measuring the
transition lines (S1/2 ↔ P1/2 and D3/2 ↔ P1/2). Fig. 9
shows a typical 397 nm frequency calibration result, with totals
counts plotted against laser frequency.

As the frequency increases, fluorescence rises until reaching
a maximum at the atomic transition frequency. Theoretical cal-
culations predict optimal Doppler cooling when the detuning
equals Γ/2, where Γ is the natural linewidth of the transition
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Fig. 9: Example of laser frequency calibration, taken from the UCB
quantum node. An offset (shown in the legend) has been applied to
the frequencies to combine the 397 nm and 866 nm data in a single
plot. For the 397 nm laser, the transition from red-detuning (cooling)
to blue-detuning (heating) is evident from the sharp drop in counts
around 70 MHz.

[32]. An automated procedure determines the best frequency
as the one yielding the midpoint between the peak fluorescence
and the light background level. At the UCB Q-node, this value
is saved for use in both Doppler cooling and state readout
397 nm controls. At the LBNL Q-node, this value is used for
Doppler cooling, while the resonant frequency (with a 500
kHz red detuning) is used for state readout. At both Q-nodes,
the resonant frequency is used for SPG attempts.
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Fig. 10: Example of laser power calibration. In the lab, attenuation
is scanned rather than the power directly; however the plot displays
power for improved readability.

Fig. 10 reports a typical 397 nm power scan, where total
PMT counts are plotted against the power attenuation at the
optimal frequency. The automated procedure saves two key
attenuation values: one giving the maximum photon count for
readout and SPG attempts, and the other achieving roughly 1/3
of the maximum photon counts (accounting for background)
for Doppler cooling and ion storage.

For the repump laser, analogous sequences are run, covering
the entire transition line. The ideal repump frequency and
power settings for both Doppler cooling and state readout are

those giving the highest photon counts.
These calibrations are autonomous, and can be launched

either sequentially or individually. Results are automatically
evaluated, tested with custom checks, stored, and shared
among all the experiments running on that node.

Pump

2 μs 

Drive

2 μs

n attempts

Doppler Cooling

1 ms

 1 attempt (5 μs)

Pump

2 μs

Drive

2 μs

1 block

Fig. 11: Single photon generation experiment pulse sequence.

C. On-demand single photon generation in the testbed

Single photon generation requests can be submitted by
users on-demand via the QN server. Next, the global SynTS
scheduler of the QN server prepares the related quantum nodes
(LBNL Q-node, UCB Q-node, or both) in the ready state.
At the command of the global scheduler, each relevant local
SynTS scheduler schedules and invokes Exp SPG - ARTIQ
real-time function for single photon generation. The pulse
sequence for the SPG experiment is depicted in Fig.11. SPG
attempts are composed of a pump pulse followed by a drive
pulse, each lasting 2 µs, separated by a 1 µs delay. Attempts
are further organized into blocks, each of which consists of
1 ms of Doppler cooling before n back-to-back attempts. For
our experiments presented in this paper, we used 1000 blocks,
each with n = 5000. A total of 17 experiments were executed
intermittently over the course of a 15 hour period, for a total of
17× 103 × 5× 103 = 85× 106 distinct SPG attempts. During
this period, the 397 and 866 nm lasers were automatically
calibrated at 15-minute intervals, facilitated by the scheduler.

Fig. 12: Background-subtracted photon count densities for both
LBNL (blue) and UCB (orange) nodes performing SPG intermittently
over a 15 hour period.

Fig. 12 presents data from the SPG collection attempts
that were performed intermittently over a 15 hour period of
continuous and autonomous calibration, where manual SPG
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were requested by users and performed simultaneously at both
LBNL and UCB quantum nodes. Some manual calibrations
were also performed during the data acquisition period. Fol-
lowing the drive pulse, a high numerical aperture objective
lens (NA = 0.6) directs scattered photons through free space
towards a PMT, which sends voltage pulses to a pulse counter
that records the relative time difference between a trigger pulse
(ARTIQ triggers this at the same time that the 866 nm pulse
begins), and the arrival of a pulse from the PMT.

At each Q-node, we record a histogram of the difference be-
tween arrival times of photon pulses and trigger pulses. These
histograms are background subtracted and normalized such
that integrating the background-subtracted histogram yields the
cumulative collection efficiency of a single SPG attempt. The
time axes are arbitrarily shifted such that the wave packet
onsets roughly overlap. Currently, the implemented scheduler
does not guarantee that SPG attempts are made at each Q-node
such that the photon wavepackets, which are of order 100 ns
long, overlap temporally. Due to a variety of experimental
factors, the performance of the LBNL and UCB quantum
nodes is not identical. The SPG efficiencies for data described
in Fig. 12 are 0.53% and 0.22% for the LBNL and UCB Q-
nodes, respectively. The known loss mechanisms for the Q-
nodes (with transmissions in parentheses) include: solid-angle
coverage of the objective (10%), polarization filtering caused
by orientation of collection axis with respect to magnetic field
(67%), transmission through a pellicle beam splitter (50% at
UCB, 70% at LBNL), transmission through a bandpass filter
(80%), and the efficiency of the PMT at 397 nm (20%),
yielding an upper limit on collection efficiency of 0.54% at
UCB and 0.75% at LBNL. The signal-to-noise ratio (SNR) is
computed for the full-width half-max of the data in Fig. 12 to
be 56.2 for the LBNL node and 32.6 for the UCB node.

VI. CONCLUSION

This paper presents a two-level control framework for quan-
tum networks. We discuss design goals and choices influencing
our framework, and we implement a two-level scheduler to
support synchronous time slot scheduling, network-wide non-
real-time control, and node-wide real-time control. Preliminary
results from the use of this two-level scheduler is discussed in
this paper and showcases the success of this implementation in
managing single-photon generation as well as auto-calibration.
Further evaluation is being done in the QUANT-NET testbed
as new experiments are incorporated. This framework will be
released to the community upon completion of internal testing.
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