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Abstract
Beam instrumentation is of critical importance for the

operation and optimization of modern particle accelerators.
With advancing accelerator technology and the increasing
requirements for higher quality beams, it is an ever-present
challenge that beam diagnostics must similarly progress. In
this paper the instrumentation considered most impactful for
the progress of fourth generation storage ring light sources is
presented with reference to possible lessons learned, appli-
cability to other accelerators and potential future directions.

INTRODUCTION
Advancing accelerators depend on the development of

enhanced diagnostics capabilities. This includes improved
resolution, data rates, reliability and future-proofing. Al-
though applicable to all particle accelerators, in particular
this is highly relevant for synchrotron radiation facilities cur-
rently undergoing or planning upgrades to fourth generation
diffraction-limited storage rings [1–3].

Figure 1: Overview of fourth generation synchrotron light
source upgrades [4].

Figure 1 provides an overview of the evolution of syn-
chrotron light sources where a common theme is the re-
duction in horizontal emittance of the electron beam. This
is achieved through the utilisation of multibend achromat
lattices, since the general trend (subject to lattice design
constraints) is

𝜀𝑥 ∝ 𝐸
𝑁3 (1)

where 𝜀𝑥 is the horizontal emittance of the electron beam,
𝐸 is the beam energy and 𝑁 is the number of dipole (bend-
ing) magnets. Increasing the number of bending magnets,
∗ lorraine.bobb@diamond.ac.uk

reduces the bending angle per unit-length to consequently
reduce the equilibrium emittance [5].

The purpose of the ultra-low emittance is to maximise
brilliance and coherence for user beamline experiments [3].
For diffraction-limited rings, the emission of synchrotron
radiation from the electron beam is almost indistinguishable
from that of a single electron (normalising for intensity).
To deliver such high quality beams requires the operation
of state-of-the-art diagnostics instrumentation and feedback
systems. Readers are advised to refer to [6] for a comprehen-
sive overview of beam diagnostics in ultra-low emittance
storage rings. Here the main challenges for beam diagnostics
are presented, with some insights into lessons learned and
potential future directions already under investigation.

CHALLENGES FOR BEAM DIAGNOSTICS
Table 1 shows a comparison of typical parameters for third

and fourth generation light sources [6] including the latest
operational facilities such as MAX IV [7], SIRIUS [8], the
ESRF-EBS [3] and HEPS [9]. Although beam energy and
current remain largely unchanged, significant performance
improvements are evident in the areas of emittance and beam
stability.

Beam Stability
Beam Position Monitors (BPMs) using capacitive but-

ton pick-ups are paramount for beam control and have un-
dergone a variety of designs in recent years for optimal
performance [10]. For nominal beam conditions in fourth
generation rings, the typical resolution and bandwidth re-
quirements are < 50 nm RMS and ≥ 10 kHz respectively
with approximately 100 kHz fast acquisition data rates for
orbit feedback [6, 11]. The position drift due to BPM elec-
tronics including cables over both the short-term (<1 s) and
long- term (1 s – 1 week) timescales must be minimal by
design and mitigated using compensation schemes such as
switching or pilot tone [12]. There has also been a steep
rise in the number of BPMs distributed around the ring for
improved sampling of the beam orbit.

There are a number of reasons for BPM upgrades not
limited to fourth generation machines in addition to en-
hanced performance requirements, such as obsolescence,
new capabilities and ensuring compatibility with other sys-
tems. Facilities must also decide whether to design BPMs
(i.e. analogue signal conditioning, digitisation and post-
processing) in-house or to procure commercially depending
upon criteria such as performance specification, cost, man-
power, expertise, volume, maintenance, platform form-factor
and standardisation as well as attracting new talent. A sur-
vey of 22 hadron and electron facilities was conducted at
the International Beam Instrumentation Conference 2023
(IBIC’23) with 60 % undertaking or planning BPM projects
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Table 1: Comparison of Third and Fourth Generation Synchrotron Light Sources

Parameter 3rd Gen. Light Source 4th Gen. Light Source

Energy ≈ 1.5 – 6 GeV ≈ 2 – 6 GeV
Current ≈ 100 – 500 mA ≈ 200 – 400 mA
Horizontal Emittance ≈ 1000 – 10 000 pm rad ≈ 20 – 330 pm rad
Vertcal Emittance ≈ 3 – 10 pm rad ≈ 2 – 10 pm rad
Coupling < 1 % ≈ 10 %
RMS Beam Size (h/v) at source point ≥ 100 µm / 10 µm ≈ 5 – 10 µm / ≈2 µm – 10 µm
Relative Short-term Beam Stability 10 % of beam size 2 – 3 % of beam size

Short-term Beam Stability RMS Position < 1000 nm ≈ 100 nm
Frequency Range 0.01 – 300 Hz 0.01 – 1000 Hz

Long-term Beam Stability RMS Position ≈ 1000 nm ≈ 1000 nm
Time Period day(s) week

Figure 2: Storage ring air temperature monitoring in close proximity to the beam pipe over one user run at Diamond Light
Source: (top) beam current and (bottom) measured absolute air temperature in degrees Celsius with subtraction of the
average temperature for no beam for each cell [13].

in-house, 30 % opting for commercial solutions and 10 %
unknown or undecided with differing architectures, com-
pensation schemes and platforms (e.g. 19” rack modules,
MicroTCA, VME etc.).

Lessons have been learned in relation to beam drift ob-
served in the event of beam trips and the necessary stabili-
sation time for the accelerator to reach thermal equilibrium.
This has highlighted the importance of environmental moni-
toring especially given that for optimal performance BPM
compensation schemes require subsystems inside the tunnel

near the beginning of the RF chain (downstream of the but-
ton pick-ups). At Diamond Light Source (DLS) it has been
observed that whilst the tunnel air handling system controls
the temperature around the ring to ±0.1 °C, larger air tem-
perature variations are seen in close proximity to the girders.
In preparation for Diamond-II [14], a temperature monitor-
ing project was recently completed seeing the deployment
of 262 girder-mounted air temperature sensors distributed
every 2 m around the storage ring. Initial results from this
system are presented in Fig. 2.
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Emittance
Synchrotron radiation at visible and X-ray wavelengths

is often exploited for beam size and emittance measure-
ment [15]. Due to their relative simplicity and robustness, X-
ray pinhole cameras (XPC) are well established instruments
for transverse beam profile monitors [16, 17]. Diffraction
from the pinhole aperture is unavoidable, resulting in a min-
imum beam size resolution of approximately 5 µm at 25 keV
photon energy. As shown in Table 1, this may be insufficient
for nominal beam in fourth generation light sources or when
the beam is squeezed during dedicated accelerator physics
studies.

X-ray Fresnel Diffractometry (XFD) may offer an upgrade
path to existing pinhole cameras to resolve micron-scale
source sizes [18]. With a common geometry to the XPC,
and only requiring the inclusion of a monochromator and
slit it may be feasible to install an interchangeable XPC and
XFD system.

Although light extraction is more challenging given me-
chanical constraints due to the reduction in beam pipe diam-
eter in fourth generation machines, visible light diagnostics
remain relevant [15]. Imaging using large orbital collection
angles (Δ𝜃𝑥 ≤ 15 mrad, Δ𝜃𝑦 ≤ 7 mrad) at MAX IV has
demonstrated sensitivity to emittance of a few pm rad [19].
Figure 3 shows the experimental setup using synchrotron
emission from a bending magnet, planoconvex lens and cam-
era [19].

Figure 3: Experimental setup for imaging at large orbital
collection angles [19].

POTENTIAL FUTURE DIRECTIONS
Diagnostics research is progressing to match the needs of

advancing accelerators. A few areas where promising new
diagnostics for a variety of machines, measurements and
applications are highlighted in this section.

Novel Emittance Control
Emittance control in the vertical plane is typically

achieved through the coupling of dispersion using skew
quadrupoles. Beam enlargement can also be introduced
by white noise excitation [20, 21]. An alternative method,
using transverse multi-bunch feedback (TMBF) to excite
the synchrotron sideband of the betatron tune has recently
been demonstrated. This technique is based on the the
Pulse-Picking by Resonant Excitation (PPRE) developed

at BESSY-II [22] with the potential of emittance control in
both horizontal and vertical planes as shown from initial
tests at DLS [23].

The application of machine learning for optimisation, fault
finding, beam control and virtual diagnostics is underway
at many accelerator facilities [24]. Rather than a traditional
emittance feedback system, source size stabilisation using a
feed-forward (FF) neural network (NN) was demonstrated at
the ALS. In Fig. 4 the rms vertical beam size variation (Δ𝜎𝑦)
with the FF off and on is 1.5 µm and 0.2 µm respectively [25].

Figure 4: Demonstration of transverse beam size control at
ALS using a feed-forward neural network [25].

Chemical Vapour Deposition Diamond
Chemical Vapour Deposition (CVD) diamond has a range

of applications within diagnostics instrumentation due to its
unique properties of extremely high thermal conductivity,
high charge carrier mobility and broad band optical trans-
parency [26]. To address the challenge of in-vacuum mirror
deformation for visible light extraction CVD diamond has
been tested as a suitable substrate at SuperKEKB [27]. For
monochromatic X-ray BPMs pixelated diamond detectors
have been developed using surface electrodes and embed-
ded graphitic wires [28]. In addition to photon beams, di-
amond based sensors have been utilised for charged par-
ticle beam diagnostics such as beam loss monitors and
dosimeters as tested on the FERMI free electron laser using
electron bunches with energy up to 1.5 GeV, 35 pC, sub-
picosecond duration, and transverse size down to approxi-
mately 0.1 mm [29].

Cherenkov Diffraction Radiation
Cherenkov Diffraction Radiation (ChDR) is emitted when

a charged particle moves in the vicinity of a dielectric
medium. The properties of coherent and incoherent ChDR
have shown sensitivity to a variety of beam parameters mak-
ing it a promising candidate for exploitation in future beam
diagnostics. Particularly interesting applications include the
use of ChDR for beam position monitoring using button pick-
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ups (see Fig. 5), and the discrimination of co-propagating
electron and proton beams for AWAKE [30].

Figure 5: ChDR button: (left) cross-section schematic and
(right) a photograph of a ChDR button (front) compared to
a capacitive button pick-up (back) [30].

CONCLUSIONS
This paper provides an overview of diagnostics challenges,

lessons learned and potential future directions for advancing
accelerators. Detailed discussion on the challenges of beam
diagnostics for beam stability and emittance for fourth gener-
ation synchrotron light sources is presented. Considerations
such as in-house development projects for new diagnostics
compared to procurement of existing solutions is discussed.
Future directions not limited to light source applications are
shown considering measurement techniques and methodolo-
gies, and materials.
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