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Introduction

The grand challenge for beam diagnostics is to characterize the complete 6D phase-space distribution with
non-destructive, single-shot, low-latency, high-dynamic range, high-accuracy and high-resolution methods.
Such capabilities will be critical to controlling the beam distribution in future high-energy colliders. All
current accelerator facilities would benefit from progress in this research direction but future accelerators
will produce beams that surpass the limits of current diagnostics so advanced diagnostics are a must. As
accelerator advanced, their more complicated systems place and increase demand on the diagnostics for
performance optimization. At least factor of ten improvement in resolution will be required in the near
future to make progress on both accelerator technology development and building future accelerators. Now
is the time to make significant improvements of diagnostics to be ready for future accelerators. We are
advocating that advanced diagnostics R&D should be considered in the SNOWMASS process and that
more support from the community is required. Here we describe three research directions for advanced
diagnostics.

Measurement of extreme beams

One of the most important research directions in advanced diagnostics R&D is to improve their resolution.
Beam brightness increases with advancements in accelerator technologies and produce extreme beams; i.e.,
beam parameters beyond the current state of affairs. Examples include, nanometer scale beams at the
interaction point [1], beam’s with attosecond bunch length [2] and picometer emittances [3,4], etc, which
is smaller than he resolutions diagnostics have [5-9]. Under certain conditions, these resolutions can be
improved, but it is usually not close to the collider’s operating condition. It is important for the accelerator
community to prepare now, before we start to generate and use extreme beams for a real machine. This
effort has excellent synergy with other accelerator fields as there are already many on-going efforts to
develop diagnostics for other applications such as XFELs and UED/UEM. Many different methods are
under-development for the emittance measurement [5,6], and bunch length measurement [9,10] for
example. Now is a good time to develop and make significant progress on the diagnostics development
through synergy from collaborative and collective researches.

Single-shot measurement of 6D phase space

Measuring the 6D phase space would reveal all information about the beam needed to improve the
performance and control of the beam. Although it is the most valuable information, there is currently no
fast way to measure this 6D phase space. The current state of the art 6D phase space measurement uses a
scan-based method [11], but scanning measurements lose shot-to-shot information and is slow. Thus, the
information we can achieve is relatively limited. On the other hand, single-shot characterization of the 6D
phase space would provide all information of the beam on every single shot. The goal of this effort would
be to enable single-shot 6D phase space measurements which will provide a turning point to the accelerator



community in understanding the beam and lead to significant advances in accelerator applications. This
would be the goal of the measurement techniques.

We recognize that the goal of a single-shot measurement of the 6D phase space is the ideal and it will be
extremely difficult to achieve in practice. A reasonable starting point would be the development of single-
shot diagnostics for 2D phase space with a high resolution and a large dynamic range. The aim of this
research path is to continually expand the method to include the 4D and eventually the 6D phase spaces.

Non-destructive measurements

Non-destructive measurements have always been pursued due to its importance for machine tuning or
maintenance. It also provides valuable beam information to the users without interrupting the experiment.
Although several methods have already been developed, most of them have significant limitations such as
limited resolution [8] or working at only at limited locations [12]. We also note that most of the methods
that have been developed were for longitudinal measurements, but non-destructive transverse
measurements are scarce. Further development of the non-destructive method will not only provide efficient
operation but also improve accelerator performance and provide beam conditions to the users for a better
analysis of the data.

The need for non-destructive diagnostics is perfectly match to emerging importance of machine learning
techniques applied to accelerators. This coupling has tremendous progress on applications to beam
prediction and control [13,14]. Non-destructive measurements can provide continuous information to
machine learning algorithms and make their prediction more accurate. These two research thrusts make
good synergy. In our view, the development of the non-destructive method should go together with current
large investment in machine learning techniques to maximize the benefit out of both.
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