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The Pulsed Energetic Electrons for Research (PEER) beamline at the ANSTO
Australian Synchrotron comprises a 100 MeV linac injector that is currently being
developed for ultra-high dose-rate, very high-energy electron radiotherapy
research. Previously, dosimetry studies discovered a lack of reliable charge
measurement to the in-air end station, though no change in response was
recorded in fast current transformer measurements, the only available
diagnostic device for measuring charge. This work describes the process of
simulating and then commissioning a purpose-built Faraday cup to ascertain
absolute in-air chargemeasurements at PEER. By combining simulation data with
experimental results, the PEER Faraday cup is shown to possess a primary
electron capture efficiency of (99.22 ± 0.10)%, with a net capture efficiency
due to secondary electron emission of (97.87 ± 0.24)%. These results show the
PEER Faraday cup performs as intended and, when scaled against simulations, will
be suitable for measuring absolute charge at PEER.
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1 Introduction

The ANSTO Australian Synchrotron is a third-generation light source with a 100 MeV
electron linac injector. During machine development periods, the Pulsed Energetic
Electrons for Research (PEER) end-station can use the linac for very high-energy
electron (VHEE, electrons with energy greater than 50 MeV) research. The linac is
believed to be capable of delivering average dose-rates many orders of magnitude
greater than 40 Gy/s, making it suitable for research into FLASH radiotherapy, an
emerging cancer treatment modality that utilizes ultra-high dose-rate (UHDR) radiation
due to its tissue-sparing qualities [1–3].

Of increasing interest is the combination of UHDR with VHEE to treat deep-seated
tumors [4–6]. To investigate the combination of UHDR and VHEE for novel radiotherapy
treatments, preliminary dosimetric investigations have been performed at PEER to begin
characterizing the beam delivered to the end-station. Previously, while using a fixed pulse
charge across a range of beam currents from 0.78 mA to 9.42 mA, Cayley et al. [7] showed
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that at beam currents below 2 mA, the responses of a Centre for
Medical Radiation Physics-designed MOSkin detector [8–12] array
and scintillating screen simultaneously revealed a loss of charge at
the in-air experimental stage, as evident in Figure 1. This loss of
charge was not reflected in measurements from an in-vacuum fast
current transformer (CT), demonstrating a lack of reliable charge
measurement over a range of different beam delivery parameters.
Hence, quantifying the absolute charge delivered to the PEER end-
station is a critical requirement for further dosimetry studies and
overall beamline development. With known charge values,
simulations can be created to predict dose, and accurate
measurements will also enable the quantification of relative
differences in charge delivery between consecutive irradiations
during experiments. Although the preliminary investigations
uncovered issues with the currently available diagnostics, PEER is
considered suitable for further VHEE radiotherapy research and
presents capabilities previously unavailable in Australia. To
continue developing the PEER beamline, further diagnostics, in
particular, in-air charge measurements, are critical to the
advancement of the beamline and future user research.

A Faraday cup (FC) is a device that measures charge in the form
of electrons, protons, or heavy ions. Many facilities globally have
designed and built devices suited to their needs, with FC use during
radiotherapy research documented over 40 years ago during proton
therapy [13]. Recently, the advancement of UHDR research has led
to the requirement for dose-rate independent diagnostics. FC
devices are considered dose-rate independent and, hence, are
often used to characterize other diagnostic devices [14–18].

In its most basic form, an FC is a block of conductive material
insulated from an external housing of a sufficient size and density to
absorb all of the energetically charged primary particles incident
upon it, ideally retaining the secondary particles generated within
[19, 20]. Although most often used in-vacuum, vacuumless designs
have been found to provide sufficiently accurate measurements
comparable to more complex, in-vacuum designs [20]. When

designing an FC, an important consideration is the energy and
type of the incident particles, as this will directly influence the
physical size of the device [21]. Electric and magnetic fields are often
used to filter and confine particles, especially in the case of proton
beams [22], but the device may also be used passively for electrons if
sized appropriately for the beam energy.

When charged particles are incident upon the conductive absorber
of an FC, an electric current is generated within the FC. This current
creates a signal that can be measured, for instance, with an oscilloscope
or electrometer, allowing the charge incident upon the FC to be
quantified. When measuring charge, the creation of secondary
electrons with energies sufficient to leave the conductive absorber
cannot be ignored. Those that are generated and stopped within the
absorber will have no contribution to the measurable signal. However,
those that leave will contribute to a loss in signal proportional to their
quantity relative to the number of incident primary particles. Many FC
designs use a high voltage ring at the beam entrance in order to repel
secondary electrons created prior to the FCwhile suppressing those that
are backscattered after being produced within the conductive absorber
[16]. Another method is to add a second conductive material of lower
density at the FC entrance, allowing primary particles to pass through to
the absorber while collecting backscattered secondary electrons [19, 23].
In the case of the latter, the FCmay be used without an external voltage
applied, which would require less complicated readout systems, less
electrical infrastructure, and would be considerably safer when used in
close proximity to personnel conducting experiments. Regardless, the
proportion of escaping secondaries must be known; if the proportion is
large relative to the number of particles within the incident beam, the
measurements will be inaccurate and not wholly reflect the charge
being delivered.

To quantify the charge delivered by VHEE to the in-air end station
at PEER, an FC was designed using locally available, off-the-shelf
materials. As the PEER beamline is in the early stages of
development, the FC should be a simple, portable, and cost-effective
device. It is intended to be used passively to allow for simplified
measurements and increased personnel safety while still allowing the
application of an external voltage for commissioning purposes. The FC
will be located in a small experimental area 900 mm downstream of the
exit foil of the PEER linac, shown in Figure 2. In order to estimate
absolute charge, a larger FC will minimize any scaling factors required,
as all the incident charge will be absorbed, and any secondary particles
will be retained. However, the limited space at PEER concedes the
opportunity to simply oversize the components in excess of what is
required, so a Monte Carlo simulation was used to assess the primary
electron-stopping efficiency and secondary electron escape. Once built,
the electrical readout was optimized for use with an external voltage
source for commissioning and comparison against simulations. Within
this paper, we show that the PEER FC performs as expected when
unbiased and, therefore, is suitable for in-air measurements of 100MeV
electrons delivered to the end-station at PEER.

2 Methods

2.1 Initial design

To be suitable for the in-air end station at PEER, the most critical
design metric of the FC was physical size limitation due to the

FIGURE 1
The loss of charge to the experimental stage at PEER for beam
currents below 2 mA is observed in both MOSkin and scintillating
screen data. The CT measurements were consistent across all beam
currents. Figure from Cayley et al. [7], reproduced with
permission.
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limited available space at PEER while remaining capable of stopping
100 MeV electrons and retaining secondary electrons generated by
the incident beam. Detailed in Figure 3, a cylinder of oxygen-free
copper with a length of 270 mm and diameter of 111 mm was used
for the conductive absorber, with a block of graphite measuring
100 mm × 100 mm × 50 mm placed in front at the beam entrance to
act as a secondary conductive absorber for backscattered electrons.
These dimensions were maximized within the size constraints. The
absorbers are supported by 3D-printed spacers made from polylactic
acid (PLA), a common plastic used in additive manufacturing that
also provides electrical insulation from the stainless-steel housing. A
100 µm thick Kapton entrance foil was used to seal the front of the
housing, with the addition of 40 µm thick aluminum foil to isolate
the FC from electrical noise present in the linac tunnel. An electrical
connection is provided by a 50Ω BNC feedthrough at the rear of the
cup. The FC is positioned 900 mm downstream of the linac exit foil,
centered upon the beam’s central axis, a position which will place it
behind future VHEE radiotherapy experiments conducted at PEER.

2.2 Monte Carlo simulation

A Monte Carlo simulation was used to assess the design. The
Geant4 toolkit (Version 11.00p03, with the G4EmStandardPhysics_
option4 physics list) was chosen as it is a robust and reliable software
package validated in many fields of physics [24, 25]. The simulation
consists of a 100 MeV electron beam generated within a vacuum
tube, with a 125 µm exit foil to replicate the conditions at PEER.

Beam parameters advised by Australian Synchrotron staff include an
energy distribution of σ equal to 0.7 MeV, with estimates of lateral
distribution and beam divergence determined experimentally using
beam profiles extracted from scintillating screen measurements. To
replicate the experimental setup, the entrance of the FC is placed at a
distance of 900 mm from the linac exit foil, centered upon the beam
axis. Using a range cut of 0.05 mm, the simulation is aimed to
calculate the number of primary electrons that stop in the FC and the
position where they are stopped. The positions of the origin and,
eventually, the absorption of secondary electrons are also scored in
the simulation.

Geant4, however, cannot be used to predict the electrical output
signal of a device. Hence, the information provided by the
simulation will be analyzed in the context of the expected
contribution to the electrical signal. For instance, if an electron is
generated and stopped within the same volume, there will be no
contribution to the signal. However, if the generation and stopping
volumes are different, a loss or accumulation of secondary electrons
within the copper and graphite absorbers will contribute to the
signal and render it unrepresentative of the incident electron beam.
Increasing levels of charge may affect the FC response due to space-
charge effects, which cannot be studied with Geant4. However, due
to the large physical dimensions of the conductive absorbers, it is
expected that the FC should respond linearly and that the
Geant4 simulations will remain representative of the physical device.

Within the simulation, the kinetic energy of any secondaries
escaping the absorbers was also scored to assess whether,
experimentally, they can be retained with the application of an
external DC voltage to bias the FC. With 3 × 105 histories
representing 3 × 105 primary electrons per simulation, five
repeats were used to calculate a mean, with a standard deviation
of less than 0.5%.

2.3 Experimental commissioning

2.3.1 Unbiased operation
For unbiased readout, the FC is connected to an oscilloscope

using a triaxial cable connected to the 50 Ω BNC feed, as shown in
Figure 3. The circuit schematic is shown in Figure 4. A LeCroy
Waverunner 8404 M oscilloscope with a 50Ω input was used with a
sample rate of 40 GS/s. Prior to measurements, the oscilloscope
input impedance was confirmed to be accurate to within 0.24% by
using a Keithley 6220 Precision Current Source and measuring the

FIGURE 2
PEER beamline design. The Faraday cup will be situated in the small experimental area after the exit foil of the linac, immediately adjacent to the
quadrupole and OTR screen that make up the first section of the booster ring transition. The physical size limitations of the FC are critical as extra space
cannot currently be created in this area.

FIGURE 3
PEER FC dimensions and material choices. The graphite and
copper may be left unbiased, or a DC voltage can be applied, if
necessary, via the 50 Ω BNC feedthrough.
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voltage generated across the input. Included in this value is the
manufacturer’s stated uncertainty for the Keithley current source.
To convert the measured voltage generated by the FC to charge, the
oscilloscope traces for each pulse were integrated over time for any
data below a value corresponding to the largest point within the
baseline signal prior to pulse arrival. The integration returns a value
in units of Weber (volt-seconds), which can then be divided by the
oscilloscope input impedance to calculate current-seconds,
equivalent to the charge contained within the pulse, as seen in
Equations 1 and 2.

∫t

0
V t( )dt � Vs (1)
Vs

R
� Is � q (2)

During any testing or commissioning at PEER, the standard
practice is to deliver charge in a single pulse (also known as a bunch-
train) consisting of 75 bunches, corresponding to a pulse length of
approximately 150 ns, although satellite bunches at the head and tail
will increase this value. The PEER bunch length is 100 ps with a 2 ns
bunch spacing. To increase the level of charge within a pulse, the
radio frequency (RF) power is increased in finite steps while holding
all other parameters constant. The CT was used to measure in-
vacuum charge prior to the final set of magnets, before the electrons
pass through the exit foil, for comparison with FC measurements.
The CT at PEER has not been calibrated for absolute charge and is,
therefore, only a measure of relative charge. It should not be
forgotten, however, that CT measurements have previously been
shown to become uncorrelated with dose measurements at the in-air
end station [7], so any deviation from linearity may not be a failure
of the FC. Rather, any such deviations are further justification as to
why an FC is required as part of a greater diagnostics suite for future
experiments.

2.3.2 Externally biased operation
If enough low-energy secondary electrons escape the FC, it may

be possible to use an external DC voltage to bias the FC and retain
those secondary electrons. In order to determine this and compare it
to the Geant4 simulation, increasing positive bias can be applied to
the conductive absorber until the relative response between different
voltages is flat. At this point, it can be assumed that either all the
secondaries have been retained or that no further improvements are
possible. A measurement of this level of accuracy would be suitable

for the intended use of the FC during future VHEE radiotherapy
experiments at PEER.

A Pulse Labs 5550B-104 bias tee was used to facilitate the
application of an external DC voltage to the FC while isolating
the oscilloscope. A bias tee is a device consisting of an inductor and a
capacitor, connected as shown in Figure 4. Commonly used to
prevent AC signals from passing the inductor on one leg of the tee to
the power supply while allowing the passage of DC, the reverse is
true via the other leg containing a capacitor for the connection to the
oscilloscope. However, in the case of the FC measurement, power
supply and oscilloscope protection are required while measuring the
incident pulse of electrons, which is essentially a transient DC signal.
As a preliminary experiment, the FC was tested unbiased, as well as
with a bias of −50 V, 0 V (bias circuit connected with power supply
set to 0 V), 50 V, and 102 V. The negative bias is used to confirm the
circuit is wired correctly and behaves as expected by producing a
signal less than that of the unbiased circuit. This preliminary
experiment produced results that did not improve with the
addition of positive external bias, which was at odds with
expectations. Inspection of oscilloscope traces revealed what
appeared to be a mismatch of the resistor-capacitor (RC) time
constant of the circuit with the pulse length of the linac due to a
constantly diminishing signal during the pulse and a significantly
positive tail. Although convention states that capacitors allow AC
currents while blocking DC, any transient currents will pass the
capacitor for a short period of time, proportional to the RC time
constant. Hence, when measuring a DC signal with a bias tee circuit,
the value of the capacitor in the bias tee will cause signal decay
according to e

−t
RC and can even reduce the initial signal significantly if

the RC time constant is low enough. A custom-built bias tee (CBT)
of increased capacitance (and inductance, to maintain 50 Ω
impedance) was designed to reduce signal decay over the pulse
length of 150 ns to less than 0.5%. When integrating over the length
of the pulse, a decrease of this magnitude will have a negligible effect
on the result of the integral.

With the biased FC signal corrected, the experiment was repeated
with a wider range of charge values. For voltages of −50 V, 0 V, +25 V,
+50 V, +75 V, and +100 V, as well as unbiased, RF power was again
increased in finite steps to increase the charge contained within a pulse.
Measurements were also made with 0 RF power at the beginning of
each iteration of the experiment to quantify signal due to background
noise, which was subsequently subtracted from both the CT and FC
measurements. At each level of RF power, 10 measurements were
recorded to allow a mean and standard deviation to be calculated.
During the period in which the experiments were conducted, the linac
suffered from a minor vacuum leak, producing fluctuations that could
not be immediately rectified due to operational requirements at the
Australian Synchrotron. This led to different levels of charge being
produced for a given RF power over the course of a shift. However,
charge production was constant for each data point during the short
time frame in which a series of measurements were made for a given
bias. Results were plotted, with a linear trend line fitted to each dataset,
to assess any change in signal during biased measurements by
comparing the slope of the line. Increased electron stopping
efficiency due to a positive bias on the FC absorber should lead to
a proportional increase in signal and can be compared to the expected
losses predicted by Geant4 when unbiased to assess the FC
performance.

FIGURE 4
The FC is connected to the oscilloscope via a bias tee to allow the
application of an external DC voltage during measurements. For
passive, unbiased use, the power supply and bias tee are removed, and
the FC is connected directly to the oscilloscope.
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3 Results

Figure 5 shows the simulated positions of stopped primary and
secondary electrons for 3 × 105 generated histories within the
simulation. In an unbiased circuit, the primary electron
stopping efficiency is predicted to be as high as (99.22 ± 0.10)%
including (1.38 ± 0.02)% that are backscattered from the copper
toward the graphite. Of the secondaries created in the copper and
graphite, relative to the generated primary electrons, only (2.49 ±
0.04)% are expected to escape. However, secondary electrons
created elsewhere, both within and from outside the FC may
stop in the conductive absorbers, as well as the stainless-steel
housing. Secondary electrons are also created in the stainless steel
housing, of which some leave.

Table 1 collates the results of these scenarios and expresses
their quantities, the primary electron capture efficiency, and net
capture efficiency due to escaping secondaries, and the expected
electrical signal loss relative to the 3 × 105 primary electrons
generated in the Geant4 simulation. Electrons leaving or
stopping in the conductive absorbers and stainless-steel
housing, as well as primary electrons that did not stop in the
conductive absorbers, will contribute to the expected electrical
signal, the magnitude of which has also been expressed in Table 1.
The energy of secondary electrons escaping the conductive
absorbers in the simulation has been plotted in Figure 6 to gain
a further understanding of the FC performance and to aid in the
analysis of experimental measurements.

Figure 7 shows the first results of the PEER FC. Initially, an
unbiased measurement was made, followed by the addition of a
Pulse Labs bias tee to the measuring circuit to allow a DC
voltage to be applied to the copper conducting block. Voltages

of −50 V, 0 V, 50 V, and 102 V were tested. Applying −50 V
yielded a lower stopping efficiency, as expected. However,
applying a bias of 0 V, 50 V, and 102 V also resulted in a
lower stopping efficiency relative to unbiased measurements.
The introduction of the Pulse Labs bias tee caused a large signal
loss, irrespective of the applied voltage. Figure 8B displays a
sample oscilloscope trace when using the Pulse Labs bias tee to

FIGURE 5
Geant4 simulation result of 3 × 105 histories scoring the positions at which primary and secondary electrons stop within the graphite and copper
blocks (shown as gray and orange rectangles, respectively) of the PEER FC. Transverse coordinates have been collapsed into a single dimension on the
vertical axis. The heatmap reflects the number of electrons stopped at that location.

TABLE 1 Numerical results of five repeats of the Geant4 simulation, scoring
the quantity of particles stopped in a volume that did not originate within or
leaving a volume after originating within. The net capture efficiency is
relative to the generated primary electrons. It is calculated by summing the
expected contributions to the signal with a negative term for those
contributions that will lead to a decreased current in the FC measuring
circuit. Stated uncertainties are sample standard deviations.

Percentage

Primary stopped in absorbers 99.22 ± 0.10

Primary stopped in housing 0.19 ± 0.01

Primary never stopped 0.61 ± 0.02

Secondary stopped in absorbers 1.3 ± 0.02

Secondary leaving absorbers 2.49 ± 0.04

Secondary stopped in housing 1.83 ± 0.02

Secondary leaving housing 2.47 ± 0.03

Backscattered from copper to graphite 1.38 ± 0.02

Primary electron capture efficiency 99.22 ± 0.10

Net capture efficiency 97.87 ± 0.24

Expected electrical signal loss 2.13 ± 0.24
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facilitate the external bias, compared to the unbiased trace
shown in Figure 8A. Clearly, the shape of the pulse has been
affected by introducing the bias tee into the measurement
circuit. The diminishing signal during the pulse, coupled
with the non-negligible positive tail, indicated a CBT with a
larger RC time constant was required.

By constructing a CBT with the capacitance raised by more than
an order of magnitude, the FC signal returned to a shape that was
visually comparable to an unbiased signal, and a sample trace is
shown in Figure 9A. It should be noted that this sample trace is
included only to demonstrate the shape of the pulse, and the
magnitude should not be compared to previous results in

Figure 8, as the measurements were performed over a month
later under different operating parameters due to operational
conditions at the Australian Synchrotron. As VHEE accelerators
are at the frontier of what is possible for maximizing charge within a
pulse while minimizing the temporal profile, possible changes in
operating conditions are to be expected and further highlight the
requirement for custom diagnostic solutions to perform
radiotherapy research.

After testing the CBT and ensuring the shape of the
oscilloscope trace was as expected, the FC was used to
measure the charge delivered by the linac, with and without
the CBT, again including a measurement at 0 RF power to assess
any electrical noise present in the linac tunnel and subtract it
from the results. The data presented in Figure 9B compare
unbiased measurements to those including the CBT with the
power supply set to 0 V and demonstrate that within uncertainty,
the CBT has no significant impact upon the resulting
measurements.

With the CBT allowing unhindered measurement of the FC
signal, the remaining external bias voltages were applied. Figure 10A
presents a comparison of −25 V, unbiased, and +100 V, the largest
positive voltage used. Linear fits for all positive external voltages
used, as well as unbiased, are found in Figure 10B, with markers
removed to aid readability. The results for external voltages of 25 V
through to 100 V do not display a trend proportional to the
magnitude of the voltage with an average improvement in the
signal of (3.90 ± 0.04)%. Hence, it can be assumed that at 25 V
or greater, all missing primaries and secondaries contributing to
signal loss are retained or that no further retention is possible within
the scope of the device, and any improvement may be due to
collecting an ionization current produced in the air surrounding
the conducting absorbers.

4 Discussion

The Geant4 simulation predicted that the FC would retain
(99.22 ± 0.10)% of the primary electrons generated by the linac
when placed 900 mm from the exit foil of the linac. However,
losses due to secondary electrons result in an expected net
efficiency of (97.87 ± 0.24)%. The simulation also predicted
that the minimum energy of the secondary electrons leaving the
copper and graphite absorbers would be 0.12 MeV. With this
minimum energy, it will not be possible to retain any of the
secondary electrons that leave the conductive absorbers by
adding an external bias within a range that is
practically possible.

The experimental results, while linear, may suggest the FC is not
collecting all the charge as the magnitude of measurements is always
lower than the CT. The CT that is currently installed, however, is an
in-vacuum device located prior to the final magnets on the PEER
linac that are normally used for shaping the electron beam and
steering it into the booster ring of the Australian Synchrotron. This
position can be seen in Figure 2. Uncalibrated and used only for
relative measurements, the CT is not a measure of absolute charge,
although it can still be used to compare the performance of the FC
across different levels of RF power and, hence, the charge contained
within a pulse.

FIGURE 6
Simulated energy spectrum of secondary electrons as they leave
the copper and graphite absorbers. The minimum energy is 0.12 MeV.

FIGURE 7
Charge measurements for the PEER FC, plotted against the CT
with a Pulse Labs 5550B-104 bias tee in the measurement circuit.
Measurements have been offset by the baselinemeasurement with no
RF power to the linac. Measurements with a positive DC voltage
applied to the FC yield a lower stopping efficiency than the unbiased
measurements, indicating an issue with the readout system as a lower
efficiency is not in agreement with theory. Uncertainties, if not visible,
are within markers.
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Initially, including a commercial bias tee in the measurement
circuit to facilitate the application of an external DC voltage resulted
in measurements of lower magnitude than those without external
bias. Further work led to the build of a CBT for this application, the
inclusion of which resulted in no change to the electrical signal, as
shown in Figure 9B. With this improvement to the measurement
circuit, the experiment produced results in which the application of a
negative voltage produced a decreased signal compared to the
unbiased circuit, while positive voltages showed no correlation to
an improved signal, leading to an average increase in signal
of (3.9 ± 0.04)%.

During the design phase of the FC, the ability to apply an
external bias to the FC was incorporated with the intent of
retaining all secondaries created within the copper and
graphite absorbers. However, as discussed above and shown in
Figure 6, the Geant4 simulation reveals that the energies of

escaping secondaries are orders of magnitude too great to be
retained with the application of 100 V. Hence, retaining these
secondary electrons with an external bias is not possible as a
voltage of the required magnitude, on the order of 106 V, simply
cannot be applied to the FC. These secondaries must undergo
minimal interaction within the copper and graphite, retaining
most of the energy imparted to them, and would be likely to leave
even if the size of the copper and graphite absorbers were to be
marginally increased. Hence, any effort to retain these
secondaries would require significant changes to the physical
size of the FC, which would not be possible due to the space
limitations at PEER.

The improvement in signal did not trend proportionally to the
magnitude of the applied voltage. A plausible explanation is that the
increase in signal is due to the collection of a small ionization current
in the air surrounding the absorbers. To briefly investigate this,

FIGURE 8
The oscilloscope trace recorded from unbiased FCmeasurements andwhen using a Pulse Labs 5550B-104 bias tee to facilitate the application of an
external DC voltage to bias the FC are shown above in (A, B), respectively. The shape of the biased trace is indicative of an RC constant that is too low to
allow measurement of the transient signal produced during the pulse of the linac.

FIGURE 9
(A) Oscilloscope trace recorded when using the CBT to facilitate the application of an external DC voltage to bias the FC. The shape of the trace is
what is expected from a linac pulse. (B) Results of the FC at 0 V via the CBT and unbiased with direct connection to the oscilloscope to investigate any
impact on the signal due to the inclusion of the CBT. The slopes of the fitted lines are the same, with a slope of 0.795 ± 0.004 for measurements with a
direct connection between the FC and oscilloscope and 0.799 ± 0.005 for the measurements with the CBT included in the circuit. The CBT has no
impact on the measurements. Uncertainties, if not visible, are within markers.
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consider that applying an external bias of 25 V–100 V produces an
electric field between the copper absorber (the dominant absorber by
surface area) and outer housing in the radial direction of
13.93 V cm−1 to 55.71 V cm−1. These values can be used to
calculate the electron drift velocity in-air using the Magboltz
code (version 11.19) [26], a Monte Carlo simulation for solving
the Boltzmann transport equations for electrons in gas mixtures. For
a simple mixture of 78% oxygen and 22% nitrogen at 20°C and
101.3 kPa, the Magboltz code calculates an electron drift velocity of
1.84 μmns−1 to 3.45 μmns−1. Within this range of drift velocities, the
maximum distance an electron escaping recombination in-air can
travel during the FC measurement is estimated to be 0.52 mm. This
suggests any ionization current collected must have originated
within very close proximity to the conductive absorbers. If all the
electrons created in the void between the conductive absorbers and
outer shell due to ionization of the air were collected, the expected
increase in the signal would be orders of magnitude larger. This
explanation could be investigated further by designing the FC to be
operated under a vacuum, as there would no longer be any
ionization of air. In this scenario, any operation of the FC with
an external bias would require a vacuum. However, the operation of
the FC under vacuum, without the application of an external bias,
would not produce any benefits. Given the strong performance of
the FC without an external bias, the increased complexity of
evacuating the FC will create a situation whereby diminishing
returns will quickly render further pursuits of marginal gains
unpractical.

As the increase in electrical signal cannot be due to the retention
of the secondary electrons created within the copper and graphite,
the improved results should be discarded as they do not reflect the
charge within the linac pulse that is incident upon the FC. Without
the application of an external voltage, oscilloscope isolation is not
required, reducing measurement complexities. Additionally, this
renders the PEER environment safer for future users working in

close proximity to the FC by removing any risk of contact with an
external voltage.

5 Conclusion

The results of this work demonstrate that the PEER FC is believed
to accurately represent the charge incident upon it for the intended use
of informing future dosimetry simulations at PEER and relative
measurements of charge between pulses during experiments. To
calculate the charge traversing the exit foil for different experimental
settings, we recommend that the PEER FC be used unbiased with the
application of a scaling factor determined by Geant4 simulation on a
case-by-case basis dictated by user requirements.

The designed and built Faraday cup is suitable for determining
in-air, the total charge delivered by 100 MeV electrons to the PEER
end-station, and will, therefore, form a valuable part of the
expanding suite of diagnostic tools for future UHDR VHEE
radiotherapy research.
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