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Abstract: Particle accelerators are large complex systems composed of hundreds-thousands of interconnected elec-
tromagnetic components including radio frequency (RF) resonant accelerating structures for beam acceleration and
longitudinal focusing and various magnets for beam steering and transverse focusing. Charged particle beams are
themselves complex objects living in a six dimensional phase space. They undergo complex collective effects such as
coherent synchrotron radiation and vary with time in unpredictable ways. Sources of variation include accelerator RF
phase and amplitude jitter, and magnet current jitter, and time-varying laser intensities and photoemission at the beam
source. As bunches become shorter and more intense, the effects of intra-bunch collective interactions such as space
charge forces and bunch-to-bunch influences such as wakefields also increase. Short, intense bunches are extremely
difficult to accurately image because their dimensions are beyond the resolution of existing diagnostics and they may
be destructive to intercepting diagnostics. Adaptive machine learning methods designed for time-varying systems have
the potential to aid in the diagnostics and control of high-intensity, ultrashort beams by interfacing online models with
real time non-invasive beam data, providing a detailed virtual view of intense bunch dynamics.

Motivation

A major challenge faced by advanced accelerators and in particular by those important to high energy physics (HEP), such
as wakefield acceleration (WFA) experiments, is the ability to precisely generate and control the acceleration of extremely com-
pressed (few fs/um), high charge (few nC), high peak current (>200 kA) electron bunches with low energy-spread and tailored
current profiles. In order to control the position-energy (z, E) 2D longitudinal phase space (LPS) of intense ultra-short bunches
at high energy (>10 GeV) requires the ability to non-invasively measure their 2D LPS distributions at high resolution (< fs/ym).
Furthermore, once they are generated, in order to precisely accelerate trains of closely spaced (ns) intense bunches requires the
development of novel algorithms for sub-ns control of the electromagnetic fields of radio frequency (RF) accelerating cavities.
Intense closely spaced bunches create strong wakefields in RF accelerating structures spoiling the emittance and acceleration of
trailing bunches. This issue is particularly challenging for high-Q cryogenically cooled copper (C?) or superconducting accel-
erating structures, which are extremely efficient and narrow bandwidth. The precise control of ultra-short, intense, and closely
spaced bunches in particle accelerators requires new adaptive machine learning (ML) algorithms for controls and non-invasive
diagnostics.

The 2019-20 HEP general accelerator R&D accelerator and beam physics (ABP) workshops identified the following four
grand challenges which we view as an interdependent system and are the motivation for this work:
1). Beam Intensity: How do we increase beam intensities by orders of magnitude? This requires the development of low
emittance sources of high intensity particle bunches, whose development would be greatly aided by more accurate diagnostics.
2). Beam Prediction: How do we develop predictive "virtual particle accelerators”? As bunch intensity increases, we need a
combination of adaptive model-based non-invasive diagnostics coupled to real-time data from existing diagnostics to provide a
virtual view of the 6D (x, px,, py,z, p;) phase space of intense charged particle bunches. These diagnostics can then inform the
design and development of higher intensity sources.
3). Beam Control: How do we control the beam distribution down to the level of individual particles? Utilizing a detailed
virtual view of the beam, we can develop adaptive controls that automatically manipulate the 6D particle distribution. As beam
control becomes more precise, it aids the development of new and more accurate virtual diagnostics by providing, for example,
a very precise known distribution at a certain accelerator location that can be used as input to a high quality physics-based model
for further predictions along the accelerator.
4). Beam Quality: How do we increase beam phase-space density by orders of magnitude, towards quantum degeneracy limit?
Once we have diagnostics and controls we can work on improving the beam quality (preserving low emittance through higher
levels of bunch compression) with active real-time adaptive feedback, and higher quality more predictable beams are in turn
easier to control and to predict at higher energies downstream.

WFA techniques have the potential to accelerate beams within a few meters to the same energies that would require kilometers
of traditional RF acceleration. WFAs can potentially serve as energy upgrades for an ILC, enable compact ILC designs, can be
used to study extremely high-intensity and high-energy nonlinear beam dynamics, and have the potential to enable compact free
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electron lasers (FEL). For example, the Facility for Advanced Accelerator Experimental Tests (FACET) at SLAC has demon-
strated acceleration of electrons' as well as positrons” to high energies within one meter of plasma. The AWAKE experiment
at CERN uses transversely-focused (~ 200um), high-intensity (3 x 10'"), high-energy (400 GeV) protons from CERN’s Super
Proton Synchrotron (SPS) accelerator to drive wakefields in a 10 meter-long plasma and accelerate electron bunches with MeV
energy up to energies of 2 GeV>. FACET-II is currently being commissioned with the goal of providing custom tailored current
profiles for various experiments with bunch lengths as low as (I pm or ~3 fs) and high peak currents (20 - 200 kA)*.

The WFA process is extremely sensitive to the detailed longitudinal current profiles of these bunches and it would be of
great benefit to have precise control over these profiles. However, the dynamics of extremely short and intense charged particle
beams are difficult to control and quickly/accurately model due to collective effects such as space charge forces and wakefields.
Furthermore, diagnostics are extremely limited for such high-current, high-energy, and short electron bunches. Even if lengthy,
detailed measurements of beams are made and used as input into the models, due to uncertain and time-varying components and
settings, the predictive power of the models drifts with time and quickly degrades. Therefore, currently WFA methods cannot
produce beams that match the quality (such as emittance, energy spread, and reproducibility) of conventional accelerators.

Proposed Innovation: Adaptive Virtual Diagnostics (Virtual TCAV) and Adaptive Feedback Controls
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FIG. 1. Adaptive virtual diagnostic demonstrated at FACET. A: Online model adaptively tuned to match energy spread spectrum prediction to
non-invasive measurement. B: TCAV measurements predicted as the beam changes with time. C: Virtual view of longitudinal phase space”.

Machine learning (ML) methods can be used to learn complex relationships between coupled parameters and beam properties.
Because both accelerator components and beams change with time, ML alone is not sufficient and requires the addition of
adaptive feedback to automatically compensate for un-modeled disturbances and changes.

We propose that adaptive ML techniques can be extremely useful for developing adaptive virtual diagnostics and adaptive
feedback controls for shorter, more intense charged particle beams that are of importance to HEP science. Our goal is to couple
model-independent adaptive feedback techniques from nonlinear feedback control theory that are by design robust to changes,
nonlinearities, and external disturbances that cannot be accurately modeled®®.

The development of virtual diagnostics for WFA were first demonstrated at FACET, as shown in Figure 1, where an on-
line model was adaptively tuned based on non-invasive diagnostics to provide a virtual TCAV measurement of the beam’s
longitudinal phase space (LPS). The ability of the virtual non-invasive diagnostic to track the beam’s LPS was confirmed by
simultaneously running a destructive TCAV measurement. Preliminary results towards developing an adaptive ML approach
were first demonstrated at the LCLS free electron laser where a neural network was trained to give instant estimates of parameter
setting required for achieving a desired LPS distribution as measured by the TCAV following the undulator and then adaptive
model-independent feedback was used to fine tune parameters and zoom in on and track the desired LPS distribution despite
time-varying beam and accelerator parameters’. The use of adaptive model-independent feedback control for automatic multi-
objective optimization of the AWAKE electron beam line for simultaneous orbit control and transverse emittance minimization
was also recently demonstrated at CERN'".

Various ML methods for particle accelerator applications are now being developed at facilities around the world. An ML
method has been developed to directly map accelerator parameter settings to LPS predictions'', ML techniques have been
developed to optimize FEL performance'?, a novel ghost imaging approach has been developed to map the time-varying quantum
efficiency of photocathodes'?, multi-objective Gaussian process optimization has been applied to the nonlinear storage ring
dynamics of SPEAR3', and various ML algorithms for identifying faulty beam position monitors and for optics corrections
have been tested at CERN'>~17,

A broad overview of recent developments and the state of the art in adaptive controls and machine learning for particle
accelerators can be found in the proceedings of the 2019 Advanced Control Methods for Particle Accelerators (ACM4PA)
workshop'®.

In future work, the goal is to develop coupled adaptive ML-based controls and ML-based online diagnostics'” that can utilize
recently developed model-independent methods for the optimal control of unknown systems, such as accelerators and their
beams”’, based on virtual diagnostics. The use of virtual diagnostics to guide automatic LPS control was recently studied in
simulation for FACET-I>' .
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