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Abstract
A low-energy (0.5–3 MeV) demonstrator beamline for

proton therapy is under development as part of the TURBO
(Technology for Ultra-Rapid Beam Operation) project [1, 2].
In charged particle therapy, high energy layer switching
times prolong beam delivery times, where beamlines with
a large momentum acceptance (±42%) could alleviate this
bottleneck and increase treatment efficiency. This beamline
is being constructed for the University of Melbourne’s Pel-
letron accelerator which operates at low energies and high
current densities, requiring novel beam diagnostic instrumen-
tation to monitor key parameters. We develop a pepper-pot
mask method to measure the beam phase space distribution
and quantify the emittance, and a multi-layer Faraday cup
(MLFC) to measure the beam energy distribution, providing
the adaptations required to operate under our experimen-
tal conditions. This work contributes to the development
of a beam shaping section, and integration of a fixed-field,
closed-dispersion beam transport section, toward demonstra-
tion of a proton beamline with the potential to shorten beam
delivery times.

INTRODUCTION
A beam shaping section is required upstream of the large

momentum acceptance beam transport section to modify the
transverse distribution of the beam and to rapidly change
the mean energy. This necessitates instrumentation and
methods to be able to accurately measure and monitor fun-
damental parameters of the beam, including the transverse
beam phase space and energy distribution. Pepper-pot masks
are diagnostic devices used to measure the 4D transverse
beam phase-space, commonly used for high-intensity par-
ticle beams at low-energies [3–6]. The operating principle
of this technique is that a metal mask (e.g. steel, copper,
tungsten) with a grid of holes of known size and spacing, in-
tercepts the beam, splitting the incident beam into an array of
smaller beamlets. These beamlets then travel over a known
drift length to a scintillator screen or detector, where the
pattern of beamlet spots is captured. This array of beamlets
represent samples of the initial beam distribution, such that
the analysis of the diverged beamlet pattern over this drift
allows for an estimation of the beam position-angle phase
space. From this, a statistical estimation of the emittance
and Twiss (Courant-Snyder) parameters [7] to describe this
elliptical distribution can then be acquired. While this tech-
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nique is well established, only few studies have performed
this method for low-MeV proton applications [8, 9].

A MLFC is a highly accurate diagnostic device which
can measure the energy distribution of the proton beam [10–
14]. The MLFC is constructed using conductive media seg-
mented into multiple electrically isolated layers along the
beam axis. When the beam is intercepted, charge is de-
posited and accumulates within each layer, where it can be
measured independently to acquire a composite range distri-
bution. Proton ranges are monotonic and strongly correlated
with incident proton energy, thereby allowing direct beam
energy determination from the measured charge distribution.
This device provides benefits of minimal calibration require-
ments, compact form factor and robustness to high currents,
compared to alternate methods of energy determination such
as scintillation detectors or magnetic spectrometry [15,16].
However, MLFCs available off-the-shelf are built for clinical
energy ranges (70–250 MeV) and therefore are unsuitable
for our experimental conditions with low-MeV protons. The
adaptation to lower energies poses challenges on component
design and construction, requiring the conductive material
to be of lower stopping power or comprised of significantly
thinner layers to achieve an energy resolution comparable to
clinical systems. Due to this, MLFCs have not previously
been implemented for this energy range.

PEPPER-POT MASK-BASED METHOD
FOR MEASURING BEAM EMITTANCE
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Figure 1: Pepper-pot experimental measurement. Diagram
of apparatus (top), image of beamline (bottom).

Initial experimental work involving a pepper-pot based
emittance measurement has been performed, showing the re-
construction of the full 4D transverse phase space of the pro-
ton beam generated by the University of Melbourne Pelletron
accelerator (𝑥, 𝑥′ phase space is shown in Fig 2). We used a
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stainless steel pepper-pot mask with a grid consisting of 21
× 21 holes with 50 µm radius and 500 µm spacing. A proton
beam with a mean energy of 3 MeV and current of approxi-
mately 10 nA was sent through the mask and onto a YAG:Ce
scintillator screen [17], where the beamlet distribution pat-
tern was imaged by a camera (CMOS sensor) positioned at
90° orthogonal to the beam axis using a high-reflectance
silver coated mirror to reflect the beam off-axis (see Fig. 1).
A peak detection algorithm was then implemented to first
isolate the beamlets from the background signal via inten-
sity thresholding, apply a data mask derived from known
mask geometry (𝑥hole), and perform Gaussian fitting on each
resolved beamlet to extract beamlet centroid position, angle
and intensity (𝑥𝑐, 𝑥′𝑐, 𝜌), as well as per-beamlet position and
angle distribution (𝑥𝑖 , 𝑥′𝑖). The root-mean-square emittance
(𝜀RMS) was then determined, representing a statistical esti-
mation of area occupied by the beam in position-angle phase
space, computed from the second-order moments.

0

10000

−4 −2 0 2 4
x [mm]

−4

−2

0

2

4

y
[m

m
]

Beamlets detected

0 10000
0

50

100

150

200

250

P
ix

el
in

te
n

si
ty

[a
rb

.u
.]

−2 −1 0 1 2
x [mm]

−1.0

−0.5

0.0

0.5

1.0

x
′ [

m
ra

d
]

Beamlets detected

1σRMS

2σRMS

3σRMS

0.00

1.63

3.27

4.90

6.53

8.17

9.80

11.43

13.07

14.70

P
ro

to
n

d
en

si
ty

[a
rb

.u
.]

Figure 2: Pepper-pot camera image and beamlet detection
(top). Phase space (𝑥, 𝑥′) reconstruction (bottom). Notably,
the 1𝜎RMS phase space ellipse appears to underestimate the
emittance compared to other definitions (2𝜎RMS, 3𝜎RMS).

Table 1: Pepper-pot reconstructed parameters.

Parameter Value Error Unit
𝜀RMS 0.241 0.0144 mm · mrad
𝛼 −3.710 0.221
𝛽 8.742 0.522 m
𝛾 0.001 69 1.01 × 10−4 mm−1
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The following equations are derived from the transfer

matrix for a charged particle beam with a drift 𝐿, and are
used to to compute Twiss parameters at the location of the
mask [7]:

𝛽(𝐿) = 𝛽0 − 2𝛼0𝐿 + 𝛾0𝐿
2

𝛼(𝐿) = 𝛼0 − 𝛾0𝐿

𝛾(𝐿) = 𝛾0

The parameter values and errors shown in Table 1 were de-
rived using the above expressions (where 𝐿 = 0.745 m, which
is the distance of mask to screen). There are many errors en-
countered in a pepper-pot measurement, including beamlet
width due to finite hole size and hole spacing (contributes to
both 𝑥𝑖 , 𝑥′𝑖), limited camera resolution (contributes to both
𝑥𝑖 , 𝑥′𝑖), inherent beam variation and noise in measurement
apparatus (contributes to 𝜌𝑖). Of these contributions, the
hole size and spacing is assumed to be dominant, as the
hole diameter imposes a physical limit to the achievable
spatial and angular resolution of the system, where camera
pixel size and electronic noise are comparatively small rel-
ative to the beamlet dimensions observed experimentally.
In many pepper-pot measurement methods, this error is ac-
counted for solely as a scalar term in the

〈
𝑥′2

〉
definition. In

this work, we choose to represent these error contributions
rather using a per-beamlet (𝑥𝑖) covariance matrix (Σbeamlet)
which is added to the centroid covariance matrix (Σcentroids)
in the form of a weighted average across all beamlets. It is
from this resultant matrix where the root-mean-square emit-
tance (𝜀RMS) value is computed as the square-root of the
determinant. This approach treats each beamlet as a finite
phase space distribution rather than a point sample with an
independently assigned angular uncertainty, thereby incor-
porating both positional and angular uncertainties, as well as
their correlation, naturally weighted by the detected beam-
let intensities. Consequently, this yields a more complete
and physically representative estimation of the reconstructed
beam emittance.
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MULTI-LAYER FARADAY CUP FOR
MEASURING BEAM ENERGY

DISTRIBUTION
A prototype MLFC consisting of conductive layers of

Aluminium foil (2.0 µm thick) is currently being constructed
for proton beam energies from 0.5–3 MeV, with a projected
mean resolution of 0.065 MeV. Many careful design con-
siderations were taken due to the fine spatial and precision
requirements imposed. For instance, the insulating mate-
rial between conducting layers has been removed from the
beam path through the implementation of an apertured PCB-
based layer design. This configuration ensures that incident
protons interact only with the conductive material, thereby
improving the achievable proton energy resolution. The
overall detector design, including material selection, was
informed through analysis of stopping power and projected
range data for a broad range of conductive materials from the
National Institute of Standards and Technology (NIST) PStar
tables [18], in conjunction with Monte Carlo simulations
performed using TOPAS [19], and 3D component modelling
conducted using CAD software (Fusion 360) [20].

Aluminium foil (99.1% purity, 100 mm × 100 mm ×
2.0 µm) was sub-divided into 49 (7 × 7 grid) composite
layers (12 mm × 12 mm × 2.0 µm) using a UV–laser cutter
(355 nm). For each layer, a PCB (0.25 mm thick) was de-
signed and fabricated with contact points for each layer to be
bonded, allowing accumulated charge to be grounded and
detected as a current. A thicker, side-plate PCB (1.3 mm
thick) has also been designed for the dual purpose of passage
of electrical signals from each layer PCB, and to add struc-
tural integrity to the layer stack. The layer geometry and
electronic schematic designs were performed using Fusion
360 [20] and KiCad [21], respectively. This yields a total
height of 4 cm when 48 layers stacked, where parallel-plate
capacitance is sufficiently low for our temporal requirements
(68 pF). Each channel passes through a transimpedance am-
plifier for low-bias, low-noise amplification, tuned to detect
nA level currents as mV output voltages, over a 1 MW resis-
tor. A trio of (16:1) multiplexers scan through 48 signals
with an anticipated temporal resolution of 1–5 Hz per chan-
nel (sufficient for our use case). Finally, an Arduino Nano is
used for analog-to-digital conversion, multiplexer control-
ling, and readout to a computer. The PCBs and ultra-low
profile surface mount device (SMD) electrical components
have been externally manufactured for the construction of an
initial prototype, and internal manufacturing of in-vacuum
housing components are required for future experimental
validation.

In order to experimentally test this device, an energy re-
construction algorithm is required to interpret the detected
signals. The layer composition and stopping power tables
are used to correlate detected ranges to initial energies. A
few corrections are required to accurately perform this re-
construction. These include accounting for scattering and
straggling effects, which lead to a reconstructed energy dis-
tribution that is both broadened and systematically shifted
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Figure 3: Reconstructed proton beam energy distribution
from simulation data (using TOPAS, 108 histories per run).
Initial energy distributions shown as histograms, recon-
structed distributions shown as scattered crosses fitted with
dashed lines.

towards lower energies. This arises from stochastic varia-
tions in energy loss as well as angular deviations in particle
trajectory as the beam propagates through the layers. This
reconstruction has been simulated and is shown over a range
of proton energies in Fig. 3. This plot demonstrates accu-
rate reconstruction of initial beam energies and verifies our
design provides sufficient energy resolution for our purposes.

CONCLUSION
Here we have described the design and development of

beamline diagnostics under novel conditions, consisting of
a pepper-pot mask for beam emittance measurement and
an MLFC for beam energy measurement. These are being
constructed for use in a scaled-down large momentum ac-
ceptance beam delivery system for proton therapy, where
both diagnostics have been adapted for low-MeV proton
beams. This custom-built suite of diagnostic instrumenta-
tion may provide a potential solution across many fields of
research within accelerator physics, material science such as
PIXE [22], aerospace engineering to study cosmic radiation
damage on microelectronics [23], or radiobiological studies
investigating cellular reaction to radiation [24]. Future work
will involve further prototyping, optimisation of reconstruc-
tion scripts, introduction of live control and readout systems,
and integration with the beam shaping and transport section
for TURBO.
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