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Abstract
The Crocker Nuclear Laboratory (CNL) is advancing a next-
generation control system architecture tailored for scalable,
high-speed, and AI-integrated Cyclotron operations. The
platform adopts a hybrid approach: LabVIEW® and Com-
pactRIO (cRIO) provide deterministic device-layer control,
while a modular Python-based supervisory and application
layer enables high-level coordination, responsive visualiza-
tion, structured data, and logging. Communication proto-
cols were benchmarked to guide system design, revealing
that ZeroMQ achieves sub-millisecond latency—over ten
times faster than standard TCP/IP implementations ( 100 ms).
This performance difference is critical for real-time respon-
siveness and the future deployment of autonomous control
strategies. The architecture is designed to operate in paral-
lel with existing infrastructure. While the system has been
tested on the main Cyclotron Magnet, it is readily extendable
to other subsystems, including the beam source, extraction
beam, and beamline transport elements. It establishes a ro-
bust foundation for adaptive optimization, predictive fault
detection, and fully AI-native accelerator control, in line
with recent trends in modern control architectures.

INTRODUCTION
The CNL at UC Davis operates a 76-inch isochronous

cyclotron for proton therapy, aerospace testing, and nuclear
science [1]. To enable AI-driven control and high-precision
beam diagnostics, we present a hybrid control architecture
that combines deterministic LabVIEW® (1 kHz real-time
I/O) [2], Python-based analytics [3], and custom electron-
ics—achieving picoamp-level current sensitivity and over
tenfold lower latency than TCP/IP via ZeroMQ.

While LabVIEW and NI hardware ensure safety-critical
control [2], Python orchestrates high-rate telemetry logging
(via SQLite), machine learning workflows [4], and respon-
sive operator interfaces. This modular design operates in
parallel with the legacy control system, allowing seamless
commissioning without system downtime. To overcome
limitations in low-current measurement, we developed a
high-dynamic-range ammeter (pA–µA) [5] and galvanically
isolated [6] readouts to extract signals from existing analog
meters without introducing interference.

The benchmarks demonstrate ZeroMQ’s submillisecond
round-trip latency [3], facilitating real-time feedback for au-
tonomous tuning. The architecture provides a scalable frame-
work for predictive maintenance and optimization across cy-
clotron subsystems, with immediate applications in beamline
stability. Figure. 1 shows a labeled cutaway view of the CNL
∗ eprebys@ucdavis.edu

cyclotron, highlighting key magnetic elements controlled by
the system.

Figure 1: Schematic of the CNL 76-inch isochronous cy-
clotron.

DEVICE LAYER: HARDWARE
INTEGRATION AND BEAM DIAGNOSTICS

The device layer, shown at the base of the system architec-
ture in Fig.2, interfaces directly with the cyclotron’s analog
and digital signals via National Instruments (NI) cRIO. This
layer acquires over 50 real-time inputs/outputs—including
actuator voltages, interlock states, and beamline diagnos-
tics—at deterministic 1 kHz rates using LabVIEW® [2]. To
support high-sensitivity feedback, CNL developed a cus-
tom analog front-end for beam current monitoring. The
circuit integrates multiple gain stages and a logarithmic
amplifier topology based on the LT1012 precision opera-
tional amplifier [5], achieving a dynamic range spanning
from picoamps to over 100 µA. To ensure compatibility
with the existing analog monitoring infrastructure, galvanic
isolation was implemented using precision isolated ampli-
fiers [6]—allowing accurate current measurements without
introducing electrical interference or compromising legacy
systems. This design eliminates switching artifacts com-
mon in range-selectable instruments and enables precise,
continuous diagnostics across wide current levels. In com-
bination with high-current actuator telemetry, the device
layer provides full-spectrum observability of the cyclotron’s
physical state—forming the foundation for AI-based feed-
back, real-time beam stabilization, and predictive anomaly
detection.
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Figure 2: High-level control system architecture layered into device, control, supervisory, and application tiers.

REAL-TIME CONTROL LAYER

The control layer is implemented in LabVIEW® [2] and
operates as the deterministic core of the system. Running at
1 kHz, it acquires all device-layer inputs, applies logic for
actuator control, and enforces safety interlocks with guar-
anteed timing. Analog inputs from NI cRIO modules are
converted into structured arrays and evaluated in real time.

Commands from the Python supervisory layer are de-
coded into current setpoints and on/off states for each actua-
tor. To prevent hardware stress and beam disruption, each
actuator channel includes a programmable ramp generator
that enforces slew-rate limits. Voltage and current values
are continuously monitored, and any out-of-range condition
triggers an interlock response that safely disables the affected
channel and notifies the Graphical Unit Interface.

Importantly, the control loop operates independently of
the network connection. If communication is lost, the last
known setpoints are held and monitored locally.

This architecture guarantees deterministic behavior while
enabling responsive interaction from external services and
future AI-based optimization engines.

SUPERVISORY LAYER
The supervisory layer, located between the control and

application tiers in Fig. 2, handles real-time communication
and structured data flow. It is implemented as a lightweight
messaging service running on the same PC as LabVIEW®.
Initially deployed using a TCP/IP socket server, this layer
was later benchmarked against ZeroMQ under identical con-
ditions. ZeroMQ achieved sub-millisecond latencies, more
than 100 times faster than TCP/IP [3]—making it the pre-
ferred protocol for future deployments requiring low-latency,
high-throughput interaction.

Approximately every 10 ms, the supervisory layer ex-
changes compact binary messages with the Python applica-
tion. Incoming packets include current setpoints and on/off
flags; outgoing packets return analog readings and digital
states for real-time GUI updates. Telemetry is continuously



16th International Particle Accelerator Conference, Taipei, Taiwan

JACoW Publishing

ISBN: 978-3-95450-248-6

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2025-THPS113

3198

MC6.T04 Accelerator/Storage Ring Control Systems

THPS113

THPS: Thursday Poster Session: THPS

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2025). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



logged into an SQLite database on a dedicated thread, cap-
turing actuator values and timestamps at 1 Hz. This ensures
persistent data collection even during GUI outages and pro-
vides a rich dataset for trend analysis and machine learning.

By abstracting the interface between deterministic con-
trol and high-level application logic, the supervisory layer
ensures robust, extensible operation while supporting high-
speed feedback and future autonomous control.

HIGH-LEVEL APPLICATION LAYER
The application layer is implemented in Python and serves

as the primary interface for operators and advanced compu-
tational modules. It connects to the supervisory layer via
ZeroMQ, replacing an earlier TCP/IP-based implementation.
Operating independently of the deterministic control loop,
this layer supports responsive interaction and high-frequency
data exchange with minimal latency.

A graphical interface provides real-time visualization of
all actuator states, current feedback. Users can adjust set-
points and toggle channels directly through the GUI, with
updates transmitted every 10 ms. All incoming telemetry
is parsed continuously and rendered with low latency for
intuitive monitoring.

In parallel, the application layer logs all values—cur-
rents, digital states, and timestamps—into a local SQLite
database at 1 Hz. The architecture supports integration of
data-driven modules, including anomaly detection, predic-
tive diagnostics, and reinforcement learning-based beam op-
timization [4,7]. Python’s native compatibility with machine
learning frameworks ensures autonomous control strategies.

This layer completes the separation between real-time
control and supervisory intelligence, enabling modular ex-
tensions, remote operation, and AI-native optimization work-
flows.

CONCLUSION AND OUTLOOK
The control system developed at CNL establishes a mod-

ular AI-native foundation for real-time cyclotron operation.
By combining deterministic LabVIEW® control with cRIO
NI hardware and a Python-based supervisory and applica-
tion layer, the architecture enables robust, scalable, and low-
latency performance. Each layer is optimized for its func-
tion—fast, hardware-timed I/O at the device and control
levels; flexible communication and logging at the supervi-
sory layer; and extensible visualization and AI integration at
the application level. ZeroMQ has been validated as the pre-

ferred messaging protocol, offering sub-millisecond respon-
siveness critical for autonomous feedback and optimization.

Initial commissioning tests demonstrated reliable system
performance. The custom ammeter achieved stable beam
current monitoring across a dynamic range spanning from
picoamps to microamps. The SQLite logging infrastruc-
ture successfully handled more than 50 channels at rates
exceeding 1 kHz without data loss, supporting future ma-
chine learning data set generation and long-term diagnostic
traceability.

This infrastructure lays the foundation for closed-loop
beam optimization, predictive fault mitigation, and intelli-
gent system tuning powered by real-time feedback and AI.
Future work will focus on integrating online learning agents,
anomaly detection modules, and autonomous beamline coor-
dination—advancing toward fully self-optimizing cyclotron
operation.
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