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In recent years, FLASH irradiation has attracted significant interest in radiation
research. Studies have shown that irradiation at ultra-high dose rates (FLASH)
reduces the severity of toxicities in normal tissues compared to irradiation at
conventional dose rates (CONV), as currently used in clinical practice. Most pre-
clinical work is currently carried out using charged particle beams and the beam
charge monitor described here is relevant to such beams. Any biological effect
comparisons between FLASH and CONV irradiations rely on measurement of
tissue dose. While well-established approaches can be used to monitor, in real
time, the dose delivered during CONV irradiations, monitoring FLASH doses is not
so straightforward. Recently the use of non-intercepting beam current transformers
(BCTs) has been proposed for FLASHwork. Such BCTs have been used for decades in
numerous accelerator installations tomonitor temporal and intensity beamprofiles. In
order to serve as monitoring dosimeters, the BCT output current must be integrated,
using electronic circuitry or using software integration following signal digitisation.
While sensitive enough for FLASH irradiation, where few intense pulses deliver the
requisite dose, the inherent insensitivity of BCTs and the need for a wide detection
bandwidthmakes them less suitable for use duringCONV “reference” irradiations. The
purpose of this article is to remind the FLASH community of a different mode of BCT
operation: direct monitoring of charge, rather than current, achieved by loading the
BCT capacitively rather than resistively. The resulting resonant operation achieves very
high sensitivities, enabling straightforward monitoring of output during both CONV
and FLASH regimes. Historically, such inductive charge monitors have been used for
single pulse work; however, a straightforward circuit modification allows selective
resonance damping when repetitive pulsing is used, as during FLASH and CONV
irradiations. Practical means of achieving this are presented, as are construction and
signal processing details. Finally, results are presented showing the beneficial
behaviour of the BCT versus an (Advanced Markus) ionisation chamber for
measurements over a dose rate range, from <0.1 Gys−1 to >3 kGys−1.
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1 Introduction

The study of ultra-high dose rate (FLASH) irradiation using charged particle beams has
attracted significant recent interest. A number of studies have demonstrated that FLASH
irradiation reduces the severity of toxicities in normal tissues compared to irradiation at
conventional dose rates (CONV), as currently used in clinical practice [1–8]. The mechanism
responsible for reduced tissue toxicity following FLASH radiotherapy has not yet been

OPEN ACCESS

EDITED BY

Fabio Di Martino,
Pisana University Hospital, Italy

REVIEWED BY

Giuseppe Felici,
Sordina IORT Technologies S.p.A., Italy
Anna Vignati,
University of Turin, Italy

*CORRESPONDENCE

Kristoffer Petersson,
kristoffer.petersson@

oncology.ox.ac.uk

RECEIVED 13 March 2023
ACCEPTED 21 August 2023
PUBLISHED 11 September 2023

CITATION

Vojnovic B, Tullis IDC, Newman RG and
Petersson K (2023), Monitoring beam
charge during FLASH irradiations.
Front. Phys. 11:1185237.
doi: 10.3389/fphy.2023.1185237

COPYRIGHT

© 2023 Vojnovic, Tullis, Newman and
Petersson. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physics frontiersin.org01

TYPE Original Research
PUBLISHED 11 September 2023
DOI 10.3389/fphy.2023.1185237

https://www.frontiersin.org/articles/10.3389/fphy.2023.1185237/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1185237/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2023.1185237&domain=pdf&date_stamp=2023-09-11
mailto:kristoffer.petersson@oncology.ox.ac.uk
mailto:kristoffer.petersson@oncology.ox.ac.uk
mailto:kristoffer.petersson@oncology.ox.ac.uk
https://doi.org/10.3389/fphy.2023.1185237
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2023.1185237


elucidated and it is likely that both basic and pre-clinical work will
proceed for some time to come. Understanding the FLASH effect in
multiple tissue sites and species will be essential before widely
applying the technique in clinical studies [9–15].

One of themajor factors limiting the preclinical use of FLASHRT is
the difficulty in obtaining accurate dosimetry and in measuring FLASH
irradiation parameters (such as dose, mean and instantaneous dose rate,
dose per pulse, etc.) using well-established, conventional radiation
detectors [16, 17]. The ability to monitor and control the output of
radiation source during both FLASH and reference CONV scenarios is
particularly desirable. Commonly, radiation must be monitored in real
time. For CONV irradiations, transmission ionisation chambers in the
head of an electron linear accelerator or within the output beam lines of
a charged ion installation can be used. The transmission chambers can
be used to monitor dose, dose rate, beam flatness, beam symmetry, and
so on, in real time as the beam traverses the chamber. In the case of
FLASH irradiations, the accuracy of transmission ionisation chambers
suffers because of saturation effects caused by the high dose per pulse
conditions present during FLASH18. Several publications have noted
the difficulties associated with accurate dosimetry [18, 19] when dose
rates in the range of 30 Gy s−1 to several MGy s−1, delivered in multiple
or single pulses are to be monitored. Ion recombination and other
effects in ionisation chambers will preclude their use at these high dose
rates [20–24] unless they are operated at very high bias voltages and
appropriate corrections are applied. Hence, off-line dosimeters like
alanine and radio-chromic film are the preferred dosimeters [25–27];
other approaches are reviewed by [28]. To date, most preclinical work
has been performed using electron beams generated by linear
accelerators (linacs) of energies 4–20MeV [29–31]. The use of
protons for FLASH irradiation, or other hadron beams [32, 33] has
also been investigated and it may be possible to adapt the approach
described here to such studies.

Maximising the output beam current is usually required for
FLASH work, and the extent to which this can be achieved in a given
linac design, assuming that beam current is available from the gun, is
determined by the available radio frequency (RF) power and other
accelerator design parameters, such as the shunt resistance and
quality factor of the accelerating waveguide. Typical peak beam
currents of 10 mA to 1 A, over pulse widths ranging from 1–4 μs are
used for FLASH work, at repetition rates of several hundred macro-
pulses per second. CONV irradiations are often performed at similar
or lower repetitions rates (10–200 Hz) and lower peak beam
currents, or performed with shorter-lasting macro-pulses. In
addition to the need to perform dosimetry, it is often useful to
be able to return to specific previously used beam characteristics and
to have the ability to check performance: an on-line beam charge
monitor is thus essential, providing the ability to monitor each
output macro-pulse during the irradiation sequence. Indeed, for
clinical applications, such monitors are mandatory [34].

2 Materials and methods

2.1 Non-intercepting beam charge
monitoring

Beam current transformers (BCTs) are non-intercepting,
inductive current monitors that have shown promise for real-

time monitoring of electron FLASH beams [35, 36]. These
devices are toroidal inductive sensors where the moving electron
charge forms a primary turn that induces a voltage in the secondary
toroidal winding. BCTs are based on well-established current
transformer design approaches [37] that can be used even at
picosecond times [38]. They offer unique advantages whenever
time-varying electrical currents (in conductors or in beams) are
to be measured. No direct connection to the measured circuit is
necessary, ensuring isolation and relative freedom from spurious
ground currents.

For a given irradiation geometry and with a given beam energy,
measurement of beam charge has been found by others to correlate
well with delivered dose [35, 36], as would be expected. We have
successfully used, for many years, inductive non-intercepting charge
monitoring as a surrogate indicator of dose. It is noted that such
monitors are only able to measure the charge pulses leaving the
accelerator and not charge pulses impinging on the tissue or target of
interest. Such devices must thus be independently calibrated in order
to provide a (surrogate) dose readout, and re-calibrated when the
working distance is changed [39, 40], or beam scattering [41–43]
introduced.

Wide bandwidths (typically 5–20 MHz) are required to monitor
microsecond wide pulses that are usually associated with rise/fall
times of tens to hundreds of nanoseconds. Means of constructing
and analysing such devices have been described [44, 45], where
resonances in the secondary winding due to capacitance between the
core winding and electrical shields are appropriately damped.

The electron beam can be assumed to be a current filament
moving through the axis of a toroidally wound coil ofN turns, it can
be considered to act as a single-turn primary, generating a current, is,
in the secondary:

is � N−1dφ/dt (1)
where dφ/dt is the rate of change of magnetic flux due to the moving
charge. The output current thus approximates to the first time
differential of the beam current. A voltage output is obtained by
sampling is through a small enough value of output resistance,
typically a few tens of ohms. It is noted that little magnetic flux
crosses the surface of the secondary winding, none in the ideal case,
and the magnetic core thus receives little magnetization.
Furthermore, it can be shown that the secondary current is equal
in magnitude and phase throughout the secondary, provided that
the time of propagation of the magnetic field is considered to be
negligible. The secondary current flows at all points simultaneously,
particularly when the load resistance is very small. It is thus not
necessary for current induced at various points along the secondary
to propagate to the output to be monitored. Travelling waves around
the secondary thus play relatively little part in such a transformer,
although common-mode resonances can be induced in some
circumstances [44].

For a pulsed electron linear accelerator in the mega-electron
voltage (MeV) range, the voltage induced at the output of a BCT can
be readily approximated as a function of the electron density of the
pulse and the cross-sectional area of the BCT [46]. Using BCTs to
measure the output of FLASH beams is useful because the beam(s)
can be monitored in real time with negligible perturbation and, just
as importantly, without saturation effects [35]. However, because of
the necessary load resistance must have a low value in order to
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achieve a suitably low minimum frequency, their sensitivity, for
CONV beams in particular, can be limiting. This does not imply that
BCTs cannot be used to monitor CONV irradiations, but the signal
levels are low and electrical interference from the accelerator and
from other sources make their design and implementation
challenging.

However, such transformers can be made to operate in a
distinctly different manner that permits direct integration of the
current pulse; these devices will be termed BeamCurrent Integrating
Transformers (BCITs). A readout of the integrated pulse current is
preferred when a readout proportional to beam charge is required.
The charge per pulse is proportional to dose delivered by the beam
and dose monitoring is of interest during FLASH and CONV
irradiations. This integrating mode is achieved by simply loading
the secondary coil capacitively and by using a high load resistance:
assuming negligible core and loading losses, a resonant circuit is
formed, resulting in an oscillating output voltage, Vs, across the coil
of peak value given by:

Vs � Qp/N × C (2)

Where Qp = charge flowing through primary = beam charge per
pulse;N = number of turns wound on core and C = load capacitance
(assuming an infinite load resistance).

It is highlighted that this resonant mode of operation is not
particularly novel; such devices were extensively used with low
repetition rate accelerators (or single-shot machines) [47–50].
Nevertheless, it has become clear to the authors that BCITs have
been largely “forgotten” by the FLASH community and our
intention is to stimulate renewed interest in these simple,
effective and useful dose monitoring devices. What is novel here
is the use of a differential arrangement that allows effective damping
of the oscillation initiated by a given charge pulse, in readiness for
the “next” pulse charge to be observed. This arrangement can handle
very high repetition rates, such as occur during FLASH, while also
providing the requisite sensitivity for CONV irradiations.

This resonant operation mode has significant advantages. The
voltage across C is proportional to the beam pulse charge, rather
than to the peak pulse current. For dosimetry purposes, if beam
energy and irradiation geometry are invariant, charge measurement
is what is needed. If observation of the temporal pulse profile is
needed, a current monitoring device is required. This resonant mode
offers technical advantages as compared to the (low) resistive load
operation: the electronic system for the signal detection is
significantly simpler since only low-frequency components are
needed. Furthermore, measurement of the resonant peak voltage
can be performed at some time after the radiation has ended. Any
electromagnetic interference resulting from the accelerator’s
modulator and radiofrequency system thus does not contribute
to the measurement. Finally, the output voltage is significantly
higher than that of resistively-loaded BCTs since the resonant
circuit operates into a high load resistance. This could be
considered as a disadvantage as the circuit loading must be
minimised, potentially increasing the likelihood of unwanted
electrostatic coupling into the device. However, electrostatic
shielding is straightforward to implement.

Any oscillating tuned circuit involves the transfer of energy
between inductor and capacitor. This exchange will persist as long as
the circuit losses allow; in the devices discussed here, oscillations can

last for many hundreds of microseconds or longer. This feature
appears unattractive when high pulse repetition rates need to be
monitored. After the measurement of the pulse charge, this energy
transfer must be damped in readiness for the “next” charge pulse.
The simple solution is to introduce, post-pulse-measurement, a
significantly lower load resistance that will damp down tuned
circuit oscillation: a switched load resistance is suggested. Such
switching inevitably introduces additional unwanted charge into
the circuit through switch charge transfer processes; this in turn
limits the highest output sensitivity that can be reached.

A very simple modification to the basic BCIT is to operate it in a
balanced or differential mode by introducing a centre-tap into the
inductor, and sensing the output voltage with a differential or
instrumentation amplifier. Damping resistors are then switched
in at both ends of the centre-tapped inductor at the time the
resonance is to be damped. Since these introduce equal and
opposite charges, they no longer contribute to spurious signals
and sensitivity is maintained. The ultimate sensitivity has been
shown [51] to be limited by the band-limited noise introduced
by the tuned circuit shunt resistance. With careful design, the
sensitivity can reach 10–11 coulombs for short-lasting pulses. For
microsecond long pulses from typical electron linacs, there is little
point in aiming for sensitivities much better than 10–10 coulombs per
pulse (e.g., peak current of 25 μA for 4 µs): the radiofrequency-
induced dark current associated most linacs used for radiobiological
studies is well above this peak current. BCITs even with sensitivity
near to 10–9 coulombs per pulse can thus be considered to be near-
perfect charge monitoring devices for use with electron linacs.

Differences between BCT, BCIT and differential BCIT operating
modes are illustrated in Figure 1. A conventional BCT is shown in
the top left panel. The temporal pulse shape of the electron pulse is
reproduced by the wideband amplifier and this must be integrated in
subsequent circuitry or software to provide an output proportional
to beam pulse charge. A BCIT is outlined in Figure 1, lower left
panel: the secondary inductance resonates with the load capacitance
C resulting in a ringing waveform that decays slowly, at a rate
defined by circuit losses and by Rp; this arrangement is not
appropriate for sensing repetitive pulses, unless Rp is made low.
When the value of Rp is high and circuit losses are low, the pulse
charge can be measured many hundreds of microseconds after the
passage of the electron pulse, essentially eliminating all interference
from the accelerator power systems.

A switched damping resistor, Rd, is introduced in the top panel
on the right of Figure 1. While this can quickly damp the resonance,
after a few cycles when Rp is high, charge feedthrough from the
switch introduces spurious signals in the output. At low charge
levels, these unwanted signals can all too easily interfere with any
subsequent charge signal processing. Nevertheless, for measuring
charges of the order of a >10–8 coulombs, this arrangement is
perfectly acceptable for FLASH work. A much more sensitive
arrangement can be constructed along the lines shown in
Figure 1 bottom right. Here a symmetrical arrangement, using a
centre-tapped core winding and a pair of reset switches and
damping resistors, along with a low bandwidth differential
amplifier allows substantial increases in sensitivity to be achieved,
allowing sub-nanocoulomb charges per pulse to be measured.

In practice, even though the inductor responds to magnetic
fields only, some electric field coupling takes place since the cores
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tend to be physically large in order to allow beam traversal. A
differential arrangement is much less prone to such interferences.
An electrostatic shield can be placed around the inductor to further
eliminate any such unwanted signals.

It is noted that the switched damping resistor could also be replaced
by using a soft, slow release that allows the shunting impedance to rise
slowly. This approach has been exploited [48] using a field-effect
transistor operated as a voltage-controlled resistance, driven by an
exponentially decaying shorting waveform. Such an approach would
still require time to complete the reset process. When used with high
repetition rate machines, the differential approach presented here offers
a fast-acting and easy-to-implement solution.

2.2 BCT and BCIT output comparison

It is constructive to compare the performance of BCTs, BCITs
and differential BCITs and examine practical requirements. While
the BCT signal is clearly simpler to ‘understand’, describing the pulse
amplitude, shape and width, the BCIT signal carries information
only about pulse-integrated charge. Attempts to derive other pulse
characteristics as provided by the BCT from a BCIT signal, through
differentiation of the leading edge, would result in comparable or
worse signal-to noise ratios than what BCTs provide.

Both high and low frequency specification of BCTs needs to be
considered. For typical 1–4 μs wide linac macro-pulses, a decay time
constant of at least ×102 to ×103 higher is required if the pulse is to be
faithfully reproduced. While BCTs with responses down to DC have
been developed [52, 53], the decay time constant in simple single-
winding BCTs is determined by the secondary inductance Ls and the
load resistance, Rl:

BCT decay time constant � Ls/Rl (3)
Typical inductances of 100 mH are necessary when Rl is 50 Ω.

The inductance can be calculated using details presented in
Supplementary Information S1. Core permeabilities range
from μr ≈ 103 to >104 for typical MnZn ferrites, while for
high-nickel magnetic alloy tape wound cores [54] these values
can reach 5 × 104 or higher; the highest permeability materials are
amorphous or nanocrystalline soft magnetic materials [55] or
“supermalloys” [56] that reach relative permeabilities of >105 or
higher. A high permeability allows N to be reduced for a given
sensitivity, and improved performance can be obtained with
nanocrystalline materials compared to high permeability
ferrites. With ferrites, typically 50-100 turns are required to
reach the required inductance.

In the case of BCITs, the resonance frequency, f, is given by the
usual tuned circuit relation (L = inductance, C = capacitance), when
Rp is made large and winding losses can be neglected:

f � 1/2π ���
LC

√
(4)

Similar limitations to those associated with BCT inductance
apply to BCITs in order to ensure that charge pulses are integrated
with minimal error. It can be shown [48, 49] that the percentage
error Δ in integrating a radiation pulse width, τ, using a BCIT
resonant frequency f can be approximated by:

Δ %( ) ≈ f2τ2 × 1000/6 (5)
For a <1% integration error, a resonant frequency of <~22.2 kHz

should be attained. Using the same inductance as in the BCT
(100 mH), this suggests a ~500 pF integrating capacitor.

FIGURE 1
Top left: conventional beam current transformer with secondary current is flows through load resistor Rl; the electron pulsewaveform is reproduced
and may be integrated in subsequent electronic processing. Bottom left: conventional beam current integrating transformer where is initiates a
resonance. Top right: beam current integrating transformer with damping, where artefacts from reset switch charge feedthrough through Cstray result in
spurious signal that may interfere with subsequent processing of signals. Bottom right: differential beam current integrating transformer, where all
reset artefacts are suppressed, leaving the system ready for the ‘next’ electron pulse.
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In the above example (100 turns) a typical FLASH electron pulse
current of 50 mA peak (200 nC in 4 µs) will thus result in a
secondary current of 0.5 mA peak. A peak output voltage of
25 mV across a 50Ω load will be obtained using a BCT.

The output voltage of a BCIT, for the same charge and number
of turns can be calculated using equation (2) and found to be 4 V, a
factor of 160x higher, clearly demonstrating the superior output
afforded by the use of a BCIT. Furthermore, a BCT output would
need to be boosted by a high bandwidth amplifier, of
bandwidth >5 MHz for typical slow rise/fall times present in a
linac output pulse. In the case of a BCIT, subsequent processing
bandwidths need not exceed a few tens of kHz.

The minimum charge detectable by a BCT depends on the noise
voltage generated by a load resistor and by current noise
performance of any subsequent amplifier. When the load is, e.g.,
50Ω, the resulting thermal noise is ≈ 2 μV over a 5 MHz bandwidth
and at room temperature, as derived from the usual thermal noise
relation:

RMSnoise � 4kBTRlB (6)
Where Rl = load resistance; kB = Boltzmann’s constant; T = absolute
temperature; and B = detection bandwidth.

In order to perform a comparison, it will be assumed that the
gain of the subsequent amplifier is 160x, and that a well-designed
voltage amplifier would have a noise voltage density of ~1–2 nV Hz-
1/2, resulting in a total input-referred noise voltage of ~500 μV. The
rms signal-to-noise ratio (SNR), for a 200 nC charge, in this example
is 50:1. Of course once the BCT output is integrated in a subsequent
signal processing system, the Signal to Noise Ratio (SNR) improves
as the measurement bandwidth is reduced.

In the case of the BCIT the noise performance is determined by (a)
the thermal noise of the real part of the effective source impedance, (b)
the noise generated by the amplifier input current flowing across Rp

and, (c) the noise introduced by the preamplifier. This last component
can be considered to be negligible. The magnitude of the first two
components has already been analysed in a detailed manner [51] and
will not be repeated here. It has been shown to be:

rms noise of components a( ) and b( ) �
������������
kBT + 1

2
qiin

Rp

C

√
(7)

where iin is the amplifier input current and q is the charge of an
electron.

The value of Rp is dominated by core and winding losses and
typical values will be a few mega-ohms. Furthermore, the noise
bandwidth is centred on the narrow, tuned circuit resonance and
values of the coil inductance, the core losses, etc. must be included to
derive the expected noise. Typically, noise voltages of the order
20–100 μV, significantly more that the contribution due to (c). It is
noted that any subsequent filtering of the BCIT signal will not yield
an improvement in the SNR, since the noise spectral density is
associated with a clearly pronounced peak at the BCIT resonance
frequency. This also indicates that only the peak output value, or the
peaks of the first few cycles, yield information with a high SNR.

The rms SNR in a BCIT, for a 200 nC charge, is thus >> 104:1 and
this is achieved without any signal processing. In the case of the
differential BCIT, it would not be expected that this SNR would
reduce significantly, since the amplifier noise contribution would
remain small.

If we were to integrate the BCT output for, say ~100 µs, (a typical
time similar to when a BCIT reading would be obtained) its SNR
would improve to ~2000:1; this is still worse that what can be
achieved with a BCIT.

However, the noise performance of the BCT can be improved
substantially by increasing the core permeability and achieving the
required inductance using fewer turns and hence providing a higher is.
Furthermore, as the pulse width is reduced, the BCT’s SNR for a
constant charge pulse improves. A significantly better approach is to
increase the BCT Ls/ Rl ratio by following it with a transimpedance
(virtual earth) amplifier, as recently highlighted [57]. The low number
of turns (<10 typ.) needed to reach the required sensitivity (high is),
may, however, introduce some variations in the output signal when the
beam position is varied, depending on the leakage inductance. In fact,
BCTs can be used to determine the spatial characteristics of electron
beams [58]. Very high permeability cores would then be required (~105)
to support the pulse width and the requirement for high detection
bandwidths would remain. Moreover, the permeability of such cores
drops drastically with frequency. In addition, when short rise/fall time
are used, connection to the virtual earth can result in reflections and
ringing that spoil the edge response. In addition, the need for
subsequent signal processing remains. For comparison, a BCIT
fashioned in this way can handle very long, low amplitude charged
pulses [59, 60].

Whichever approach is used, a BCT always operates as an
alternating current transformer and cannot transmit a direct current
component: the transformer output voltage must have positive and
negative portions of equal area [47]. This implies that there is a need for
some formof baseline restoration to be applied. In addition, the winding
resistance places a limit on the highest Ls/ Rl ratio achievable. This
winding resistance can be compensated for by following the BCTwith a
stage with a negative input resistance [61] or other topologies can be
used [52, 53].

The use of BCIT is generally advantageous as large signals can be
readily obtained for typical linac macro-pulses used during both
FLASH and CONV irradiations, using cores of even moderate
relative permeability. More importantly, when CONV irradiations
are performed, the SNR of BCTs can all too easily become limiting.
One of the specific advantages of the BCIT is that the same charge
monitoring system can be used for CONV and FLASH irradiations
and that measurements are acquired long after most accelerator-
induced interference has elapsed.

The BCIT described here was used with an in-house developed,
FLASH-optimised [13] 6 MeV nominal electron energy horizontal-
firing electron linac. This is constructed around a travelling wave
accelerating waveguide (type SL75TW, Elekta, Crawley,
United Kingdom), an S-band (2.89 GHz) magnetron radiofrequency
source (type MG5125, Teledyne e2v—United Kingdom, Chelmsford,
United Kingdom) conventionally modulated by a thyratron (type
CX1140, Teledyne e2v—United Kingdom, Chelmsford,
United Kingdom) and a 4 μs pulse forming network.
Radiofrequency, and hence electron, pulse triggering is performed by
a phase-locked-loop with a 25 Hz reference (derived from 50 Hz ac
mains) capable of providing pulse repetition rates in the range
25–300 Hz. Electrons are generated by a diode type of gun that is
pulsed synchronously with the radiofrequency source and that can
deliver any required number of pulses. The electron beam current is
varied by changing the thermionic emission temperature of the gun.
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The BCIT is placed after the accelerating waveguide and before a thin
output window (10 μm thick beryllium-copper foil); electron pulses are
fired into a temperature controlled experimental area. Additional beam
scattering is usually employed, provided by a titanium foil, 30 μm thick,
positioned 8.5 mm downstream from the output window.

Since a travelling wave type of electron linac is used, the beam
output energy can be readily varied by slight detuning of the
magnetron matching network. The beam energy is monitored
[62] and is maintained at a constant value irrespective of electron
pulse amplitude.

2.3 A practical differential BCIT

A differential BCIT was developed around a ferrite core of 26 ±
0.8 mm thickness, 107 ± 2 mm outer diameter and 65 ± 1.3 mm
internal diameter (3F3 material from Ferroxcube, Netherlands,

T107 format, available at the time of writing from Farnell Ltd,
Canal Rd, Armley, Leeds United Kingdom as part #2103396). The
relative permeability of the 3F3 ferrite is ~2000 at 25°C, though this
value rises with temperature to ~2,500 at 50°C. We note that this
particular ferrite is far from optimal but was readily available at low
cost. If required, significantly better performance can be achieved by
using other core types, as listed in Supplementary Information S2.

The core was first protected with transformer tape and was
wound with 2 × 70 turns using 0.55 mm diameter enamelled copper
wire, spaced ~1 mm between turns on the core inner diameter. The
wound core was dipped in polyurethane varnish, dried, overwound
with insulating transformer tape and again dipped in varnish. The
core inductance factor is specified as 5.184 µH, suggesting that an
inductance of 101.6 mH would be obtained.

The completed core is then fitted onto the accelerator output
beam line, as shown in Figure 2. An earthed electrostatic screen
surrounds the core, coil connections are brought out of the inner

FIGURE 2
Construction of BCIT around a 50.8 mm diameter beam line. The wound core is enclosed in an electrostatic shield fashioned from copper-clad
FR4 printed circuit board end cheeks a brass screen cover; a break in the board copper ensures that a shorted turn is not formed. The electron beam
return path is ensured by using an outer shield made from brass end-plates and a copper outer cover, using conductive gaskets to ensure good electrical
continuity. An insulating portion on the beam line prevents the formation of a shorted turn in this outer metalwork. A differential preamplifier board
and a calibration board are fitted on either side of the beam line is fitted next to the wound core as is a calibration board.
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end-cheeks through low loss PTFE feedthroughs and these connect
directly to a differential amplifier placed within the outer shield. This
inner shield makes it easy to perform electrical calibrations without
risk of interference injection. The outer shield is only connected to
the beam line and serves to provide a return path for the electron
pulse back to the accelerator.

Other construction methods can also be used without significant
changes in performance; the approach described here was
appropriate for our installation. It is, of course, essential that no
shorted turns are accidentally formed; it is also important that the
whole system is made mechanically rigid so as to prevent induction
of signals from external magnetic fields. Furthermore, since stray
capacitance is always present, a rigid mechanical construction
ensures stable sensitivity.

The differential BCIT was simulated using LTspice XVII® [63]
and the circuit was excited with pulses of different charge. The
simulation was performed using measured inductance, capacitance
and core parameter values; the resonance damping resistors, Rd,
were 2 × 15 kΩ and 3 pF switch feedthrough capacitance was
assumed. Following resonance excitation and a few cycles of
oscillation, a reset pulse (~360 μs wide) was simulated. The
differential outputs, shown in the top panels of Figure 3, show
the expected response and clean damping of the resonance. The
lower panels of Figure 3 show the single-ended responses at either
end of the transformer. It is clear that as the input charge is reduced,
artefacts resulting from reset switch feedthrough become more
prominent at the differential approach eliminates these unwanted
signals.

2.4 BCIT signal processing

The differential damping pre-amplifier is presented in Figure 4.
This is based around an INA111 instrumentation amplifier, U1 in
Figure 4, (Texas Instruments Inc, Dallas, Texas) that features low
input bias currents and that provides negligible loading of the tuned
circuit. The resonance damping was achieved by using U2 and U3 in
Figure 4, a pair of field-effect opto-couplers, (type H11F1, Onsemi,
Phoenix, Arizona, United States). The gain of the instrumentation
amplifier is made switchable, using x1, ×10 and ×100 relative
amplification factors, permitting a very wide dynamic range to be
covered. Gain switching is performed with a pair of reed-relays (type
9007-12-01, Coto Technology, Tokyo, Japan) energised with a
bipolar control signal through diodes D1-D4. The gain-setting
resistor values shown provide the correct gain within ±0.02% and
were made up using selected resistors, measured with a component
bridge (model LCR400, Thurlby-Thandar Instruments Ltd.
Huntingdon, Cambs., United Kingdom). The full-scale output, at
a ×1 gain, corresponds to 1 μC. Should a less sensitive system be
required, the value of tuned circuit capacitance (C in Figure 4) can be
increased and the resonant frequency lowered. For convenience, we
used a value for C such that a sensitivity of 100 nC/V was obtained:
for 140 turns, 714.3 pF is required, made up from the parallel
combination of a physical tuning capacitor and system stray
capacitance; see Supplementary Information S3 for details.

No physical Rp resistor is fitted across the tuned circuit. Core
losses are responsible for an equivalent shunt resistance, the value of
which can be estimated from measurement of tuned circuit

FIGURE 3
LT Spice Simulations of BCIT responses for different charge inputs. Additional charge is introduced by the leading edge of the reset pulse while the
trailing edge excites a series resonance from the feedthrough capacitance and the transformer inductance. These additional charges become
increasingly prominent as the primary charge is reduced, but are eliminated through differential sensing.
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bandwidth BW or its quality factor (QF). This can be determined
using the usual tuned circuit relationships:

BW � 1/RpC (8)
QF � Rp

�����
Ls/C√

� Rp/2πLs � 2πfRpC (9)

We did not perform a detailed analysis on core losses, since the
complex permeability of many commercially available soft ferrites
(such as the 3F3 material used in this work) varies with frequency;
nevertheless, straightforward modelling approaches are available
[64] for readers who may be interested in using alternative
ferrites. In this application, core losses are quite acceptable and
cause a repeatable decay of <<0.5% of the integrated charge signal in
the first quarter cycle of the resonance.

Photographs of the internal components of the charge monitor
are presented in Figure 5. A “break” in the printed circuit board end-
cheek prevents the formation of a shorted turn. No special
precautions were used during construction other than ensuring
that the differential amplifier input circuitry is arranged in a
symmetrical manner.

Absolute charge calibration is achieved by using a single turn
winding and a series capacitor across a voltage step generator. A
precision polystyrene capacitor, in the range 0.1–10 nF and a known
voltage step thus generate a known charge input. In our set-up we
are able to choose between three capacitor values, as shown on the
left of Figure 4 and on the right of Figure 5.

Although output data can be captured and analysed directly on a
modern digital oscilloscopes with a deep memory, it is convenient to
use a peak detector to sample the first negative peak of the
differential amplifier output. This circuitry is shown in Figure 6
and is installed remotely from the charge sensor. A simple difference
amplifier, U4, (type INA133, Texas Instruments Inc, Dallas, Texas,
United States) takes care of any common mode voltages that may be
introduced between the two locations. A conventional peak detector,
formed by U5-7 and D5-6, provides the required output signal that
can be subsequently sampled. The high slew rate of U5 (type
ADA4637-1) copes with reverse recovery while U7 (type AD825)

prevents droop on the peak-hold capacitor, 10 nF polystyrene, while
the analogue switch, U6, type ADG1201 features a <1 pC charge
injection. These devices are manufactured by Analog Devices Inc
(Wilmington, MA, United States).

Any small DC offsets can be corrected using a trimmer
potentiometer. There is a 4% loss resulting from the use of two
1 kΩ line isolating resistors at the output of the differential amplifier.
This is readily compensated for in software. Finally, a generic
operational amplifier is used to drive the gain control line from
logic gain-control inputs.

A transient digitiser, (PicoScope 6403, 200 MHz Bandwidth,
1 GS/s, 512 MS memory; Pico Technology, St Neots, Cambs.,
United Kingdom) is used to acquire charge data from the beam
pulses. Alternatively, a custom-designed digitiser (Supplementary
Information S4) can be used to provide statistical data of beam
performance, pulse counting, etc. and to stop accelerator pulsing
when the required charge or dose is delivered.

2.5 Timing

There is nothing particularly critical about timing signals required
by the BCIT. While the device could be operated in a mode where a
reset pulse is generated a few milliseconds after an output above, e.g.,
10 mV were detected, in practice it is much simpler to use a pre-trigger
pulse derived from the accelerator timing system. This pre-trigger pulse
is delayed and acts as a reset pulse, e.g., <2 ms after the linac pulse. Any
jitter in this pulse is not critical, provided enough time is allowed for the
reset action (>0.5 ms) and for any data acquisition systems to acquire
and transfer charge data. Since most linacs operate at repetition rates
of <500 Hz, this requirement is easily satisfied.

2.6 Beam measurements

Dose deposition measurements were performed using solid
water (15 × 15 cm2 rectangular slabs to a total of 10 cm of RW3,

FIGURE 4
Circuit diagram of the BCIT differential preamplifier. The circuit is constructed on a double-sided printed circuit board, 85 × 25 mm.
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PTW Freiburg GmbH, Freiburg, Germany) and with radiochromic
film (EBT-XD, Ashland Inc., Covington, KY, United States). The
films were read out with a film scanner (Epson Perfection v850 Pro,
Seiko Epson Corporation, Nagano, Japan) and analysed with ImageJ
(version 1.52a, Wayne Rasband, NIH, United States). The films were
previously calibrated in a 6 MeV clinical electron beam from a
Varian Truebeam (Varian Medical Systems Inc., Palo Alto, CA,
United States) linac at the Churchill Hospital site in Oxford,
United Kingdom.

An Advanced Markus® ionisation chamber (AMC) (model
34045, PTW-Freiburg, Freiburg, Germany) was used for dose
measurement in conjunction with an electrometer (UNIDOS
webline, PTW-Freiburg, Freiburg, Germany). The chamber was
operated at a bias voltage of −300 V.

3 Results

3.1 Charge response

The response of the calibrated differential BCIT to electrical
charge pulses introduced through the single-turn calibration
winding are presented in Figure 7. These data indicate a good
dynamic range and acceptable readout errors in the range of
20 pC to 1 μC.

The plots also indicate an acceptable overlap across ranges. On
the most sensitive range, differential amplifier and peak detector DC
offsets were removed. It was not readily possible to estimate the
absolute error as we did not have access to a step generator of
adequate precision, but there is no reason to expect that this could

FIGURE 5
Practical details of BCIT front-end electronics. Left: the BCIT differential preamplifier board. Right: the BCIT calibration board.

FIGURE 6
Peak detector interface between the differential amplifier and subsequent signal digitisation. For clarity, power supply decoupling components are
not included in this circuit diagram.
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not be calibrated out. In use, it is always preferred to use the highest
gain possible, commensurate with the ~10 V maximum output.

BCIT responses to our linac output pulses (nominally 3.8 μs
wide) are summarised in Figure 8. In the top panel, the
differential amplifier gain is set to unity. At the 50 μs/division
timebase, not enough time has elapsed to show the start of the
reset signal. The charge integration at the start of electron pulse is
obvious. However, it is clear that some charge is lost, resulting
from core losses, at each half-cycle subsequent to the start of the
resonance. This is commensurate with the expected decay
resulting from resonance curve bandwidth (Supplementary
Information S3).

In Figure 8 middle panel, the differential amplifier gain is set to
x10 and the timebase of the recording instrument/display is
increased to 0.5 ms/div. The linac pulse repetition frequency is
300 Hz. A clean damping of the resonance is observed starting
some 2 ms after the electron pulse. Finally, in the lower panel of
Figure 8, the amplifier gain is increased to x100. In this last trace,
output band-limited baseline noise is observed ~5.6 mV rms or
~8 mV peak-peak, (equivalent to ~8 pC peak-peak). This
narrowband noise waveform is just what would be expected in a
resonant system such as that used here. Inevitable mechanical
vibrations of our beam line contribute to this noise, as do
varying magnetic fields not related to the beam pulse. Charges
per pulse of <~20 pC on a pulse-pulse basis should be avoided,
corresponding to 20 mV output (×100 gain) and ~5 μA peak pulse
current. However, since FLASH is usually performed over <200 ms,
charge from ten or more pulses is summed and the noise induced
errors can be considered negligible, even when lower peak currents
are employed during longer-lasting CONV irradiations. The charge
monitor can be used to good effect to optimise the accelerator tuning
during FLASH irradiations, as shown in the Supplementary
Information, Supplementary Figure S4.

3.2 Application of the differential BCIT as
dose monitor

As mentioned earlier, charge and dose are distinctly different
physical quantities. Nevertheless, dose can be monitored with a
charge monitor when beam energy, beam position and beam
scattering are kept constant. In our case, since the core was
wound evenly and since the beam diameter within the monitor is
small we would not expect to, and we do not, observe significant
changes in response to a given charge resulting from beam
movement. On the other hand, any angular beam movement is
likely to affect the dose distribution at the sample.

In Figure 9, measurements of dose with radiochromic film
(mean across a 5 × 5 mm2 areas in the centre of films, 23 ×
34 mm) are compared with measurements of charge from the
AMC and with beam charge as determined by the BCIT. Both
film and the AMC were positioned in the centre of the horizontal
beam, at 10 mm depth in solid water, and at a source-to-surface
distance (SSD) of 50.0 cm, (see Supplementary Information S7) and
measurements of charge from the BCIT, during CONV irradiations
at 25 Hz pulse repetition rate and low pulse currents (left panel) and
during FLASH irradiations at 300 Hz repetition rate and high pulse
currents (right panel). The charge per pulse was varied by adjusting
the beam injection at the accelerator’s gun and all data at a given
charge per pulse were acquired simultaneously. Our installation
includes an energy monitor [62] and the data presented in Figure 9
have been acquired under conditions where the energy has been
maintained constant (at 6 MeV).

While the BCIT can readily monitor dose per pulse ranging
from <<2 cGy/pulse to over >>5 Gy/pulse, many older linacs, such
as ours, are subject to beam loading effects [65, 66] that inevitably
result in changes of beam energy at very high charges per pulse.
More modern linac designs are less prone to such effects, and BCITs

FIGURE 7
Left: Differential BCIT monitor response to electrical charge pulses introduced through the calibration single-turn winding for different gains,
covering the range 20 pC/pulse to 1 μC/pulse: the charge is defined by the amplitude of a voltage step from a pulse generator and by the single-turn
coupling capacitor. Right: Percentage readout errors across the same gains and the same input charge/pulse range. For clarity, error bars (±1 SEM) are
only included for charges below 2 nC. Readings for 25 pulses were used to calculate SEM limits.
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can then operate as excellent dose monitors well above several tens
of Gy/pulse.

At low charges per pulse, the readout from the AMC is linear
and dose monitoring can be performed successfully, as would be
expected, as shown on the left panel of Figure 9.

However, at high charges per pulse, and doses per pulse above
0.2–0.5 Gy, the AMC output is no longer proportional to dose per
pulse or charge per pulse: the AMC’s ion collection efficiency
decreases as the dose per pulse increases [18, 67, 68], in
accordance with Boag theory, extended to include a free

FIGURE 8
Responses of the differential BCIT to individual 3.8 μs linac electron pulses, ranging from 330 pC to 170 nC, using sensitivities of 100 nC/V (top).
10 nC/V (middle) and 1 nC/V (bottom).
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electron component [69, 70] as well as other experimentally
derived corrections [24, 71]. Linearity is, however, preserved
in the BCIT’s response, as shown in the right panel of
Figure 9, up to at least ~10 Gy per pulse. The relationship
between beam charge and dose is, of course dependent on the
irradiation geometry.

In its current state, our accelerator provides only nominal
3.8 μs wide pulses as the short-pulsing driver has been de-
commissioned. Many other installations reduce the pulse
width for CONV irradiations. We reduce the pulsing
repetition rate, down to 25 Hz, from 300 Hz used during
FLASH irradiations. The expected variation when shorter
pulses are used are presented in Supplementary Information
S8. It is clear that the charge monitor, when used for
monitoring dose, can provide similar information to “Monitor
units (MUs)” conventionally employed [72] for dose delivery
monitoring. The long-term (6 months) absolute stability of the
calibration of the device has been found to be ±5% (SD) for doses
of the order of a few Gy/pulse and ±2.6% (SD) for doses of the
order of a few mGy/pulse. These errors include errors resulting
from potential beam misalignment. The device can thus provide
an indication of dose delivered to a particular sample geometry in
real time. Long-term electrical calibrations (i.e., determined by
introducing known voltage steps through the calibration winding
and capacitor) have been found to be <±0.5% (SD).

4 Discussion

A non-intercepting beam charge monitor that can be used for
dose monitoring has been presented. It is noted that even though
this device is far from optimal, its simplicity and performance
make it particularly suitable for use during both FLASH and
CONV irradiations. The device is based on a resonant toroidal
transformer, arranged in a balanced configuration in order to
permit fast damping of the resonance in between electron pulses,
a requirement for use with high pulse repetition rates. In

principle, with appropriate changes in reset timing, pulse
repetition rates in excess of several thousand pulses per
second could be handled.

The magnetic performance of the core can be improved
substantially by using more stable, higher permeability materials,
as described in Supplementary Information S2. The particular core
used is, however, readily available at low cost. This charge monitor
was installed in 2015 and has operated without problems since that
time. We have not observed any radiation-induced damage to the
electronics. One potential disadvantage of the approach presented
here is that the differential amplifier has to be mounted physically
close to the toroidal winding and is thus not readily radiation
shielded. Nevertheless, no obvious radiation damage has been
observed after several years’ operation. The simplicity, immunity
from accelerator induced noise and low cost of signal processing are
all considered be advantageous.

We have presented results here using nominal 3.8 μs
electron pulse width. However, the same device has been
used without problems with much shorter electron pulses,
down to ~15 ns and below, using a now de-commissioned
short pulse driver. Our intention was to highlight operation
for commonly used 4 μs linac macro-pulses, where the BCITs
offer significant advantages over BCTs that have attracted
recent attention when used for FLASH. Although we used a
peak detector to provide a charge-pulse readout, software peak
detection could also be exploited.

The device described here is appropriate for pulsed electron
beams. In principle a lower sensitivity version of the same could
be used for emerging photon FLASH sources [73, 74], although
the sensitivity of BCTs is likely to be adequate for such work,
when intense electron pulses are used on a photon-generating
target. Many specialised electron linacs that are used for electron
irradiation also generate pulses in the 1–4 μs region and charges
in the range 4 nC to ~2.50 μC [75, 76]. Similar beams are
generated by FLASH and intraoperative radiotherapy (IORT)
machines. For FLASH, typical maximum charges/pulse of 400 nC
are used, delivered at 100 mA peak and 4 μs pulse width

FIGURE 9
Left panel: Response of AMC (dotted line and filled circles) and BCIT (solid line and open triangles) dosemonitors during CONV irradiation performed
with low peak current, (~25 μA - 1 mA) low repetition rate (25 Hz) electron pulses. Right panel: Response of AMC (dotted line and filled circles) and BCIT
(solid line and open triangles) dose monitors during FLASH irradiation performed with high peak current, (~1–>100 mA) high repetition rate (300 Hz)
electron pulses. In both panels, the error bars correspond to a 2% uncertainty in dose measurement with radiochromic films.
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(corresponding to ~2.5 × 1012 electrons). Our monitor readily
monitors charge per pulse in this range, with an upper limit of
~1 μC/pulse for a 10 V output signal. For other pulsed charge
monitoring applications, charges/pulse ~20 pC can be measured
with repetitive sources when much of the BCIT/amplifier noise is
subtracted out, corresponding to peak currents of ~5 μA. Though
unnecessary for work with linacs, this lower limit can be readily
extended by using higher permeability, lower loss cores, as
outlined in the Supplementary Information S2, down to a few
picocoulombs.

Our results clearly show the benefit of using BCIT to monitor
dose delivery during FLASH studies, as the BCIT response is linear
with dose (as measured with film) over the dose rate range tested
(0.1 Gys−1–3 kGys−1). Measurements with an ionisation chamber
(AMC) in the same dose rate range shows a loss of linearity above
0.2–0.5 Gy per pulse, due to decrease in ion collection efficiency with
increasing dose per pulse (Figure 9).

Neither BCTs or BCITs are able to provide beam cross-section
and spatial distribution information since they are only sensitive to
the beam charge passing through them. Other approaches must be
used for determination of beam dimensions, flatness, symmetry
energy and other parameters [77, 78].

The BCIT described here is mainly aimed at work with
electron macro-pulses generated by electron linacs; dose
monitoring must be provided in such machines used clinically,
where the IEC 60601-2-1 Medical electrical equipment standard
applies [34], in conjunction with IEC 60976 [76]. While a BCT
can be used to monitor temporal variations of instantaneous
beam current, it requires a large signal processing bandwidth and
its output must be digitised, baseline-restored, and integrated in
software in order to derive a value for beam pulse charge.
Integration is inherent in a BCIT and it does not require a
large measurement bandwidth. The sensitivity possible with a
BCIT is therefore excellent. While there are few fundamental
reasons why a BCT system of comparable sensitivity cannot be
developed, practical realisations with BCTs tend to be complex.
BCTs demand the use of a few turns in order to provide good
sensitivity, and the core must therefore have a very high
permeability in order to provide enough inductance to support
the pulse width. BCTs can also be constructed in a balanced
arrangement in order to provide adequate rejection of
accelerator-induced electrical noise [79]. Charge calibration is
also much simplified in BCITs compared to BCTs.

BCTs provide information on temporal pulse profiles. In most
machines, instantaneous dose rate changes within the pulse are
minimised. Nevertheless, the output pulses are rarely associated with
a flat ‘top’ and are often associated with overshoots and
undershoots/oscillations during the pulse. Although the FLASH
phenomenon is dose-rate dependent, it is unlikely that such dose
rate variations within the pulse are responsible for the biological
findings and in all published work to date with BCTs, the current
pulse is integrated in software.

Other similar machines developed for FLASH work [80–82] and
linear induction accelerators [73] provide beams appropriate for
monitoring with the device described here. The optimum resonant
frequency, for lowest narrowband noise, is ~50–60 kHz and macro-
pulses would then be limited to ~1–2 μs. The use of lower number of
turns, e.g., 2 × 5–10 turns on very high permeability cores will always

be beneficial, provided the resonant frequency is appropriate for the
pulse width utilised.

For protons or hadron FLASH irradiations, where charges per
pulse are lower and pulse structures are varied [83, 84], the
challenges are distinctly different [85]. More complex inductive
monitoring such as parametric beam monitors [52, 86] that can
operate down to DC or synchronous beam monitors [87] would
perhaps be better suited, while other types of monitoring can also be
used [88].

5 Conclusion

Key information for the design of a beam charge integrating
transformer that exploits resonance to achieve a high sensitivity has
been presented. Simple additions to permit use of such resonant
transformer with high repetition rate pulsed electron beams have
been described. Such non-intercepting beam charge monitors can be
used to monitor dose delivery during both CONV and FLASH
irradiations, or indeed when single, individual, pulses are used. A
wide dynamic range can be readily handled. They are not susceptible
to saturation effects and can thus be used for high charge/pulse
FLASH beams. However, the charge in CONV beams can be also
monitored with the same device, as a result of their good sensitivity.

Although resistively-loaded beam current transformers have
gained recent popularity for use during electron FLASH
measurement, their sensitivity, particularly for long pulses, is
often not optimal. Furthermore, such transformers require wide
bandwidths, hardware- or software-based integration along with
baseline correction. One of our aims in presenting this work was to
bring to the foreground resonant inductive beam sensors that
inherently integrate the beam charge per pulse and offer far
greater versatility during radiobiology experiments using electron
pulses. Physicists are interested in temporal pulse profiles, and
rightly so. Dose per pulse, however, is of greater immediate
interest to radiobiologists. The low electrical bandwidths of
BCITs and almost perfect immunity from accelerator-generated
noise provides a significant advantage in work involving charge
pulses acquired over a wide dynamic range, including when low
doses/pulse need to be monitored. The charge measurement is
performed several hundred microseconds after the electron pulse
and is thus free of any interference generated by the linac modulator
and radiofrequency system. It is hoped that these versatile devices
will gain wider acceptance by the electron FLASH community.
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