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Abstract
When relativistic electrons are used to irradiate tissues, such as during FLASHpre-clinical irradiations,
the electron beam energy is one of the critical parameters that determine the dose distribution.
Moreover, during such irradiations, linear accelerators (linacs) usually operate with significant beam
loading, where a small change in the accelerator output current can lead to beam energy reduction.
Optimisation of the tuning of the accelerator’s radio frequency system is often required.We describe
here a robust, easy-to-use device for non-interceptivemonitoring of potential variations in the
electron beam energy during every linacmacro-pulse of an irradiation run.Our approachmonitors
the accelerated electron fringe beamusing two unbiased aluminium annular charge collection plates,
positioned in the beampath andwith apertures (5 cm in diameter) for the central beam. These plates
are complemented by two thin annular screening plates to eliminate crosstalk and equalise the
capacitances of the charge collection plates. The ratio of the charge picked up on the downstream
collection plate to the sumof charges picked up on the both plates is sensitive to the beam energy and
to changes in the energy spectrum shape. The energy sensitivity range is optimised to the investigated
beamby the choice of thickness of the first plate.We present simulation andmeasurement data using
electrons generated by a nominal 6MeV energy linac as well as information on the design, the practical
implementation and the use of thismonitor.

1. Introduction

In recent years, the study of FLASH irradiation has attracted significant interest. A number of recent studies have
demonstrated that irradiation at ultra-high dose rates (FLASH)diminishes the severity of toxicities in normal
tissues compared to irradiation at the conventional dose rates (CONV) currently used in clinical practice
(Favaudon et al 2014, Loo et al 2017,Montay-Gruel et al 2017, Bourhis et al 2019a, 2019b,Montay-Gruel et al
2019, Vozenin et al 2019,Wardman 2020). Themechanism responsible for reduced tissue toxicity following
FLASH radiotherapy is yet to be elucidated and it is expected that both basic and pre-clinical workwill continue
with the aimof understanding the FLASH effect and applying the technique in clinical studies (Adrian et al 2020,
Wilson et al 2020). Several publications have highlighted the difficulties associatedwith accurate dosimetry
(Karsch et al 2012, Petersson et al 2017, Jorge et al 2019)when dose rates in the range of 30Gy s−1

—several
MGy s−1, delivered inmultiple or single pulses are used. Ion recombination effects in ionisation chambers
generally preclude their use at these high dose rates (Boag 1950, Boag andCurrant 1980, Gotz et al 2017). Hence,
offline dosimeters like alanine andfilm are the preferred dosimeters (Fainstein et al 2000,Hayes et al 2000). To
date,most preclinical work has been performed using electron beams generated by linear accelerators (linacs) of
energies 4–20MeV (Schüler et al 2017, Jaccard et al 2018, Lempart et al 2019). Due to limited penetration of such
beams in tissues, beam energy is clearly one of the parameters of interest. The use of protons for FLASH
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irradiation (Patriarca et al 2018) has also been investigated and itmay be possible to adapt the approach
described here to such studies. A horizontal-firing linac, optimised for FLASHwork is used in thework
described here.

Maximising the output beam current is usually required for FLASHwork, and the extent towhich 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 acceleratingwaveguide. The effects of beam loading on linacs (Burshtein and
Voskresenskii 1963) are well-known; loading by the electron beam inevitably results in a drop of output energy
and a change in the output spectralfluence. Two types of acceleratingwaveguide are commonly used, namely the
standingwave (SW) and travellingwave (TW). In a SW linac, the RF power is fed to the acceleratingwaveguide
using a power coupler which sets up standing electromagnetic fields in the acceleratingwaveguide and these
fields are ultimately responsible for electron acceleration. In a TW linac, RF power is also fed to the accelerating
waveguide using an input RF power coupler, which sets up a progressive electromagnetic wave in the
acceleratingwaveguide to accelerate the electrons, and any power remaining at the end of the accelerating
waveguide is dumped into amatched load, using an output RF power coupler. In a TWaccelerator, as used in the
setup described here, the RF power coupling into the acceleratingwaveguide is not affected by beam loading
(Kulkarni et al 2016), unlike in the SW linac. Furthermore, in the TW type, the frequency of the RF drive can be
varied according to the degree of beam loading (Arai et al 1984) to obtain themaximum energy gain and the
minimumenergy spread electron beam. In a heavily beam-loaded SWwaveguide structure, the phase shift of
accelerated electronswith respect to the accelerating field is significant, causing a drop in energy (Arai et al 1980).
When the electron beam is bent through 90 or 270 degrees, as is commonly performed inmedical linacs, usually
with a quasi-achromaticmagnetic deflector, some degree of energy selection is applied but often the output
energy does indeed varywith beam loading. An on-line energymonitoring device is thus useful, particularly
when the same accelerator is used for both high dose rate and lowdose rate (CONV) irradiations.Moreover, it is
useful to be able to return to particular previously used beam characteristics.

At themost basic level, beam energy can be determined using electron activationmethods
(Klevenhagen 1985). This exploits nuclear reactions that have threshold energies near to that of the energy of
interest. This type of procedure is somewhat elaborate and therefore rarely used. Determining depth dose curves
of electron beams obtained inwater is themost commonly usedmethod in the clinic (1984) to determine the
energy-related parameters of an accelerator. Thismethod uses the empirical relationships between the kinetic
energy and range parameters of the penetration of the electrons inwater.

Severalmethods have been employed in attempts to obtain details of electron spectra, whichmore directly
reflect the distribution of incident electrons differential in energy, angle and position. These include electron
scattering approaches (Blais and Padgorsak 1992) and spectral analysis approaches usingmagnetic deflection
(Deasy et al 1994). Determinations from rangemeasurements (Johnsen et al 1983) have also been used.One
simplemeans of checking beam-energy by rangemeasurement uses plastic scintillation fibres together with a
copperwedge-shaped absorber; light emitted from the fibres is detectedwith photo-diodes (Aoyama et al 1995).
Other ‘wedge’methods exploit ionisation chambers for detection (Gao et al 2019). TheČerenkovmethod
(Khupal 1973) has also been used for themeasurement of themaximum incident electron energy only. Photon
counting approaches (Blad et al 2002) have also been successfully implemented.However, all of these
approaches intercept the beam and thus cannot be used during experiments or patient irradiations.While non-
intercepting devices have been described in the literature, these require installation at the time ofmanufacture
(Ruf et al 2014) or requirefitting of additional cavities to the acceleratingwaveguide (Leggieri et al 2016).

Most of the abovementioned approaches and devices are relatively complex. A simpler approach that
provides an indication of beam energy involves beamdeposition on sequential aluminiumplates, the thickness
of which results in differential absorption of different energies in the plates (Fuochi et al 2003, 2005). This
approach forms the basis for the energymonitor described here; however our devicemonitors the fringe beam
and thus does not intercept the central portion of the beam, allowing it to be used continuously during
irradiations. Each outputmacro-pulse during the irradiation can bemonitoredwith our device. A device is
described here that aims tomonitor energy changes during an experiment, to return to particular previously
used beam characteristics and not to obtain the energy spectrumper se.More complex versions of this approach
using a series of ionisation chambers have been published (Geske 1990), and could be adapted for non-
intercepting operation.However, these approaches not only require complex electronics but the use of
ionisation chambers with high dose rate beams is not straightforward, as indicated earlier.
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2. Experimental

2.1. Irradiation source andworking distances
All experiments were carried out on our FLASH-optimised in-house developed 6MeVnominal electron energy
linac. This uses an Elekta SL75TWwaveguide, an S-bandRFmagnetron source (EEV-M5125 type, 2.89GHz)
and thyratron (CX1140)-basedmodulator, providing a repetitive beamof energetic electrons of∼3.4μs pulse
width, from a diode-type gun and original focusingmagnets and supplies. All the accelerator control systems are
bespoke, with pulse triggering performed by a phase-locked-loopwith a 25Hz reference (derived from50Hz ac
mains) capable of providing pulse repetition rates in the range 25–300Hz. All accelerator control and
monitoring is provided through a PICmicrocontroller via an optically isolated (duplex fibre)USB interface and
bespoke software. The number of pulses being delivered in a session can be varied over awide range and down to
a single pulse, or the session can be allowed to run until a ‘stop button’ is pushed. The accelerator is arranged to
fire horizontal beams through a thin outputwindow (10μmthick beryllium-copper foil) into a temperature-
controlled experimental area. The beamdiameter at thewindow is usually≈5mm.Additional beam scattering
is usually employed, provided by a titanium foil, 30μmthick, positioned 8.5mmdownstream from thewindow.

In the setup described here, the beam energymonitoring device is placed just in front of, and ismechanically
connected to, a collimation arrangement that uses brass plates of 6mm thickness, interchangeable so as to
permit a range of outputfields to be obtained. The irradiated sample is usually placed directly after this
collimator.When using electron beams, dose at depth is significantly reducedwhen using beams of small cross
sections, and the scattering properties of thewindow (alongwith any additional scattering foils placed in front of
thewindow) are exploited to generate a typical beamprofile such as that shown infigure 1.Usually relatively
large beams (several centimetres in diameter) are generated in order to obtain a relatively flat profile in the
central portions of the usable beam. The consequences of this are that a substantial portion of the fringe beam is
available formonitoring, while the energy loss through scattering is acceptably low (Berger and Seltzer 1978,
Patil et al 2011).

Our energymonitor and collimator arrangement is placed on rails allowing it to bemoved away from the
beam line windowby up to∼100 cm. Theworking distance (distance between the scatterer and themonitor) is
measuredwith a string potentiometer type of sensor (Strainsense,MiltonKeynes, UK, typeCD80-2000-R01K-
L15-L4). The construction and practical implementation of the energymonitoring device are shown infigure 2.

The energymonitoring device consists of twoflat annular discs (collector plates) throughwhich the non-
intercepted central portion of the beampasses. These are surrounded by an earthed structure both outside and
around the aperture, forming an imperfect Faraday cup type of arrangement placed coaxially with the beam
path. The two collector plates are insulated from each other and from the Earthed structure. These two plates
intercept the fringes of the beam.

The thickness of the front collector was selected according to themean beam energy to bemonitored, while
the thickness of the rear collector plate is arranged to be thick enough to absorb all the fringe beam electrons,
except at very largeworking distances where only part of the fringe beam is intercepted. The dimensions of all the
components are shown in table 1. The separation between the screens and plates was 1mmexcept between the
second screen and the rear collector, where a separation of 3mmwas used. The separation between the rear
collector plate and the outer structure was 1mm.

Since our linac delivers pulsed beams, collector–collector plate crosstalk andmonitor output signal rise and
fall timesmust be accounted for. As it is useful tomonitor energy changes during the pulse(s), capacitive

Figure 1.Application of non-intercepting energymonitor. Scattered electrons result in aGaussian-like intensity distribution and only
the central (flatter) portion is used for irradiating samples. Thewings of theGaussian are available formonitoring.
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isolation between the plates should be ensured, or at least accounted for. Capacitive crosstalk between the
intercepting plates has previously been investigated in a similar, albeit intercepting, device as the one described
here (McChesney et al 2018). In our case, isolation is achieved by placing a thin (0.4mm) screening plate between
the collector plates, ensuring that any capacitive coupling between them is eliminated and allowing
measurements to bemade using different types of load on the collector plates.

Furthermore, the front collector plate presents a somewhat large area to any nearby interference sources.
When performingmeasurements at very low dose rates, the beam charge picked up by the front plate can be as
low as a few pico-coulombs and clearly potential interference could be problematic. A thin (0.4mm) front
screening plate is thus alsofitted. The screening plate thicknesses are a compromise betweenmechanical rigidity
and added beam scatter and attenuation.

It is not only useful tominimise collector plate capacitances to ground to ensure a fast response; it is useful to
equalise the source capacitance from each collector plate to ground. This ensures that similar rise/fall times are
obtainedwhen the collector plates are loaded by similar resistances. This source capacitance similarity is ensured
by increasing the gap between the second collector plate and the intermediate screening plate, achieved by
placing a spacer on themounting arrangement. All the charge collection plates are held by threeM3 studs
screwed into the Earthed body and the plates are insulatedwith ceramic washers. The front screening plate is
held by the same studs and by outsideM3nuts. Finally, two SMA connectors arefitted at the side of the energy
monitor and connectedwith short connections to the respective collector plates.

The calculated andmeasured capacitances were 285±3 pF, limiting theminimum time constant to
14.3±0.2 ns and the 10%–90% rise/fall times to 31.5±0.5 ns into a 50Ω load. Two lengths of 4.5metre, 50Ω
terminated at a nearby recording instrument are used. These increase themeasurement 10%–90% rise/fall
times to 80.7±1.4 ns, still acceptable formonitoring electron pulsewidths of∼3.4μs, particularly as the rise
and fall times of the beam current,measured independently, are>150 ns. The plate and cable capacitances were
determined bymeasuring the resonant frequency of a lightly loaded (5MΩ) tuned circuit formed by a known-
value inductor (203.5μH) and the capacitance of interest.

Figure 2.Panel A:Outline construction of the energymonitor and collimator assembly. Panel B: image of the completed energy
monitormounted on rails to allow variation of sample distance.

Table 1.Dimensions of energymonitor.

Part Outside diameter (mm) Inside diameter (mm) Thickness (mm)

Front screen 148.0 63.0 0.4

Front collector plate 148.0 63.0 6.0

Intermediate screen 148.0 63.0 0.4

Rear collector plate 148.0 63.0 16.0

Central structure 62.0 50.0 28.5

Outside structure 175.0 150.0 57.5
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All components of the energymonitor components were constructed fromaluminium, other than
collimator (brass), mounting screws (steel) and insulators (ceramic). Aluminiumwas chosen because it is
rugged, is readilymachined, has a low backscattering coefficient (Ibbott 1985) as well as a high threshold energy
for (γ, n) reactions (Eth=13.1MeV) (Varlamov et al 1967).

The thickness of the front collector ultimately determines the sensitivity of the device for different energies
andwas therefore chosen tomatch our accelerator’s beam energy. The aluminium thicknessmust be large
enough such that a proportion of the incoming electrons is collected, as shown infigure 3. The practical electron
beam range (Rp) and the half-value depth (R50) in aluminium can be determined from such depth–dose
distributions (ISO/ASTM51649 2004). The percentage depth dose in aluminium is also presented infigure 3.

All plate chargemeasurements are of course imperfect as some charge is lost through secondary emissions,
photon generation and other surface processes. Nevertheless, the charges collected on the front and the rear
collector plates remain proportional to the beam current. All distances presented here are distances between the
scatterer and the front of the first screen plate. These are referred to as ‘working distances’.

2.2. Energy determination andmonitor positioning
Others have adopted the use of the term ‘energy ratio’ (Fuochi et al 2005)defined by:

=
+

E
Q

Q Q
, 1ratio

F

F R

( )

whereQF is the charge collected on front plate andQR is the charge collected on rear plate. The term
Eread=QR/(QF+QR)has been adopted in this work since the value ofEread increases with energy and is thus a
more intuitive indicator. In both cases, a beampulse charge-independent (i.e. a ratiometric)measure ofEread is
obtained.

Beam energy variations result from variation of pulse width, electron gun emission andRF tuning. TheEread
value also changes with variation of the distance between the scatterer and the experiment position. Changing
theworking distance inevitably causes different proportions of the lower energy scattered electrons to be picked
up by the energymonitor, as shown in outline form infigure 4, while simulations are shown infigure 5 panel B.
Both the beam linewindow and the scatterer will cause a shift of the energy fluence towards lower energies at
larger angles. In addition, air between the scatterer and the energymonitor will further add to beam scatter and
will broaden the spectralfluence. Air scatter is particularly significant at longworking distances.

A range of calibration curvesmust therefore be determined at different working distances. Clearly, the device
described here is amonitor, rather than an absolutemeasurement device. Itsmain purpose is to allow the linac
operator to optimise beamparameters on-line andmaintain a given (usually high) linac energy during the
experiment at different working distances. These calibrations can be approximately derived throughMonte
Carlo particle simulations, where percentage depth–dose in phantoms, lateral profile and charge pickup
measurements are used to derive themost likely input beam energy distributions.

Figure 3.Representation of typical normalised percentage depth–dose curve distribution (solid line) and electron number distribution
(dotted line) resulting from a 6MeVmono-energetic electron beam interactingwith the successive plates in themonitor, assuming
negligible dose deposition and negligible electron loss in the air gaps between electrodes. The grey areas correspond to the collector
plate positions. The electron beam enters from the left.
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2.3. Simulation
MonteCarlo simulation studies under idealised conditions have been performed in order to evaluate the
performance of the energymonitor. All electron transport, dose, charge and energy simulationswere performed
with EGSnrc (nrc.canada.ca/en/research-development/products-services/software-applications/egsnrc-
software-tool-model-radiation-transport and nrc-cnrc.github.io/EGSnrc/). The EGSnrc usercode ‘.cavity’was
used to simulate electron and photon transport. Theminimumandmaximum simulated energies for electrons
(ECUT, EMAX)were set to 0.512MeV and 50MeV respectively. Theminimumandmaximumenergies for
photons (PCUT, PMAX)were set to 0.01 and 50MeV.No variance reduction techniqueswere used for
simulations. Other transport parameters were set to the default EGSnrc settings in the simulations.

Simulations were used to establish the expected spectral fluence of electrons impinging on the energy
monitor. The output from any electron linac is far frombeingmono-energetic and this poses a fundamental
problemwhen attempting to simulate the performance of the device. Simulations at different working distances
have been performed,minimising differences betweenmeasurements and simulations of percentage depth dose,

Figure 4.Diagrammatic representation of scattered beamoutput, of different experiment positions and portions of scattered beam
available for experiment and formonitoring. A range of energies is produced by the scatterer (represented here as Low,Medium and
High energy bands for simplicity), though in reality a continuous energy distribution is present. At the closest working distances the
fringes of the higher energy components are not intercepted by themonitor.

Figure 5. Left panel A: Simulated pre-window linac spectral fluence at near-maximumdose rate (FLASHdose rate) empirically
determined throughmodelling of depth dose, lateral profiles and charge pick-upmeasurements over a range of working distances.
Right panel B: Simulated energy degradation, due to thewindow and the scatterer, of the proportion of the beam intercepted by the
energymonitor at different working distances. The plots shownormalised cumulative spectra that indicate significant lower energy
components are intercepted at closeworking distances. The cumulative spectra at longerworking distances are similar to that at 52.7
cmworking distance.
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lateral profiles and charges collected at different working distances.We also simulated values ofEread (where
Eread=QR/(QF+QR)) and ofQT (whereQT=QF+QR) at different working distances.We further
simulated beam charge collection in the central, non-intercepted region. The beam charge passing through the
central holewas collected on a thick aluminium (50mm) target.

We also simulated lateral profiles and depth dosemeasurements and compared these withmeasurements for
a given spectralfluence over a range of beamdivergences and found that these affected results when only
unrealistic extreme divergence valueswere used (e.g.>±10°).

Air at standard conditions for temperature and pressure was assumed to be present around all components,
except before the acceleratorwindow, where vacuumwas assumed. The uncertainty associatedwith the particle
countwas=1% in all simulations.

2.4. Charge readout
All electricalmeasured datawere recorded as voltages on a Picoscope 4603 digitiser (Pico Technology, StNeots,
Cambridgeshire, UK), converted to current by dividing by the digitiser’s 50Ω input impedance and then
converted to charge by integrating this current across the accelerator output pulse width.No significantDC
offsets were observed that would interfere with such charge determinations. Charge integrations were
performed usingMatlab.

2.5. Beammeasurements
Depth dosemeasurements were performed using solidwater (15×15 cm2 rectangular slabs of RW3, PTW-
FreiburgGmbH, Freiburg, Germany) andwith radiochromic film (GafchromicTMEBT-XD, Ashland Inc.,
Covington, KY,USA) sandwiched between a series of 5mm thick slabs. Lateral profilemeasurements were
performedwith radiochromic filmpositioned just in front of the energymonitor (in air). Thefilmswere read
outwith afilm scanner (Epson Perfection v850 Pro, Seiko EpsonCorporation, Nagano, Japan) and analysed
with ImageJ (version 1.52a,WayneRasband,NIH,USA). Thefilmswere previously calibrated in a 6MeV
clinical electron beam from aVarian Truebeam (VarianMedical Systems Inc., Palo Alto, CA,USA) linac at the
Churchill Hospital site inOxford, UK.

3. Results

The simulated pre-window energy distribution derived as outlined in section 2.3 is shown infigure 5, panel A.
Unfortunately, we did not have access to equipment tomeasure energy spectra butmeasurements of the beam
lateral distributions and percentage depth dose at specific conditions allowed us to determine empirically the
most likely spectral fluence.Numerous spectral fluence shapes were simulated until the differences between
measured and simulated lateral profiles and percentage depth dose plots wereminimised. A similar spectral
fluence to the one derived here has been obtained by others (Johnsen et al 1983,McLaughlin et al 2018). The
linac outputwindow and the scatterer inevitably introduce lower energy components in the output spectrum,
particularly at large scattering angles, as shown infigure 5 panel B. Increasing proportions of lower energy
components are thus picked up by themonitor as theworking distance is reduced.

Simulated lateral dose profiles (in air) at different working distanceswere comparedwithmeasured lateral
dose profiles. Furthermore, a percentage depth dosemeasurement at aworking distance of 62.7 cmwas
determined and comparedwith simulations. These data are presented infigure 6, and show good agreement
betweenmeasurements and simulations using the spectrumpresented infigure 5, panel A. Comparisons
between acquired and simulated chargemeasurements, as shown infigures 7 and 8 also show good agreement.
However, all the data presented infigures 5–8 do show some slight differences, well within±3%, between
measured and simulated data. This can be due to several factors: (1) the pre-window electron beam is assumed to
be collimated, when in reality some slight convergence of the beam is likely to exist due to the use of an upstream
focusingmagnet, some 1.6m away from the outputwindow; (2) the beammay not be truly coaxial with the
energymonitor, though every effort has beenmade tomake it so; (3) the beam cross-sectionmay not be perfectly
symmetrical; (4) the charge collectors act as imperfect collectors without the usual ‘deep’ cup hole used in
Faraday cups (5) at longer working distances, backscatter from additional structures that are not readily
simulatedwill influence the charge collection by themonitor. These structures include themonitor base plate
and rails, an optical table ontowhich the rails aremounted and a leadwall on one side of themonitor rails,∼25
cm away from the beam axis. Although 3Dmodels of these structures were available, transfer of these data into
EGSnrcwas not possible. Since these structures were located relatively far from the beam axis we only simulated
the performance of themonitor in its housing. The simulation results were linearly scaled, with no offset, and
overlaid ontomeasured data.
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Figure 6. Left: Comparison ofmeasured (solid grey lines) and simulated (round black points) lateral profiles at 27.7, 42.7 and 62.7 cm
working distances, showing acceptable agreement between acquired and simulated data sets. Right: comparison ofmeasured (solid
squares) and simulated (dotted lines and round points) percentage depth dose data in a solidwater phantomat aworking distance of
62.7 cm.

Figure 7.Panel A: Comparison ofmeasured charges on the front and rear plates (solid round black points) and simulated charge
pickup on the plates (small grey points and dashed lines). Panel B: Comparison of sumofmeasured charges on both plates,QT, (solid
round black points) and sumof simulated charges (small grey points and dashed lines). A reasonable agreement (<±3%) is obtained
betweenmeasurement and simulation.

Figure 8.Panel A: Comparison betweenmeasured (solid round black points) and simulated (small grey points and dashed line) ratio
of rear plate charge to the sumof charges on both plates as a function of distance from scatterer. This charge ratio is the readout of the
energymonitor. Panel B: comparison ofmeasured (solid round black points) and simulated (small grey points and dashed line) charge
passing through the central aperture as a function ofworking distance.
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At a longworking distance,most of the low energy components from the linac output have been scattered
out of the beam capture range of thefinite diameter collection plates of the energymonitor. This is clearly shown
in the oscillograms infigure 9: an increase in current collected by the front plate represents an increase of the low
energy components collected. These are present at the shorterworking distances at the start and the end of the
pulse but are not prominent at longworking distances. At the start of the pulse not all the electrons have been
correctly bunched in the linacwhile at longer times, the linacmodulator’s pulse forming network output voltage
starts to decay.

Nevertheless, the plot infigure 8, panel A is considered to be an appropriate outputmeasure of the overall
beam energy distribution. It is thismeasure that ismaximisedwhen the accelerator’s RF frequency is adjusted in
order tomaximise the beam energy. The variation in thismeasurewith RF tuning as a function of distance is
shown infigure 10 panel A.Here, the linacmagnetron is tuned in the smallest frequency steps available to us
(each step corresponding to∼40 kHz change in the 2.998GHzmagnetron frequency). This plot shows that the
optimum tuning point to provide themost energetic electron output can be easily determined. It also shows that
accelerator tuning is best performed at distances at which the collection plates are able to sense the largest
proportion of the scattered beam (WD≈50 cm). At very long distances, themeasuredEread output drops
slightly because of air scatter and due backscatter fromother structures on either side of themonitor. These
structures were not part of the simulations performed. It is noted that when themagnetron frequencywas
significantly detuned, well past the extremes of the tuning curve shown infigure 10(A), unstablemachine
operation is inevitable andmust be avoided.

Furthermore, as the beam current is reduced, the average linac energywill inevitably increase. Variations of
Eread at different working distances and beam currents are shown infigure 10 panel B.Output beam current

Figure 9.Representative charge pulses collected through the central aperture (upper traces) the front plate (middle traces) and the rear
plate (lower traces) at working distances of 17.7 cm (panel A) 27.7 cm (panel B) and 92.7 cm (panel C).Measurement performedwith
50Ω loads over a bandwidth ofDC− 5MHz.

Figure 10.Panel A: Energymonitor Eread plotted as a function of∼40 kHzmagnetron tuning increments for several scatterer-monitor
distances. Tuning responses at longer distances are similar to that acquired at 52.7 cm. Panel B: Plot ofEread as a function of output
beam intensity,modified by changing injection currents, and demonstrating the consequences of beam loading in the accelerator.
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reductionwas achieved by lowering the gunfilament temperature by reducing currentflowing through the gun
filament. Approximate conversion ofEread values to beam energy can be deduced fromdata presented in
supplementary figure 1 (available online at stacks.iop.org/PMB/66/045015/mmedia)where themonitor’s
response tomono-energetic beams is presented.

It is noted that when the accelerator’s RF system is optimally tuned for FLASH irradiation, there is negligible
variation ofmonitored energy with time orwith number of pulses delivered, and the output energy is centred at
6.35MeV.We did notmeasure the energy drop as a function of peak pulse current, but as noted infigure 10(B),
the energy can increase significantly during operation at conventional dose rates, up to∼7.5MeV ormore.

4.Discussion

A simple and effectivemonitoring device that can provide on-linemonitoring of electron beam energies
delivered by a 6MeVnominal energy linac has been described. The details of the energymonitor construction
are provided, and typical data that can be acquiredwith it are presented. The device can provide: (1) an
indication of themost likely electron pulse energy in near real-time; (2) indications of any variations in that
energy during potentially unstable accelerator operation; (3) operation over awide range of pulse charges,
corresponding to those required for FLASH irradiations as well as conventional, low dose rate, irradiations and
(4) a straightforwardmeans of tuning the accelerator to provide specific energies. Simulations have been
performed to validate the performance of the energymonitor and although these onlyfitmeasured data to
within<±3%, it is unlikely that this can be significantly improved uponusing an empirically determined linac
output spectrum.Means to determine the electron spectral fluence independently were not available; instead it
was postulated that our linac is likely to deliver a spectrumwhose FWHMwould be similar to output spectra of
similarmachines. In our simulations, themean energy was adjusted and slight changes to the spectrum shape
weremade in order tominimise differences betweenmeasured and simulated data representing lateral profiles,
percentage depth–dose data (figure 6), charges collected by themonitor plates and to charges passing through
the central aperture (figures 7 and 8). The device sensitivity is further exemplified infigure 10which confirms
that the linac can be readily tuned to provide themaximum energy used during FLASH irradiations.
Alternatively, when performingCONVdose rate irradiations, themachine can be detuned to provide energies
comparable to those used during FLASH irradiations, by using low output current intensities that would
otherwise result in higher energies due to reduced beam loading. In practice the energymonitor described here is
most useful when irradiating samples over a large dose rate range, spanning FLASHdose rates (ranging from a
fewMGy s−1 down to some tens ofGy s−1) and all theway down toCONVdose rates of a fewGymin−1. The
energymonitor can be used tomodify the accelerator tuning in a repeatable fashion to previously used beam
energies. Specific energies cannot be selected on our accelerator and it was thus not straightforward to determine
the sensitivity of themonitor to typical beams over a range of output energies. However, we have simulated the
monitor’s response tomono energetic simulated beams, as shown in the supplementarymaterial in figure S1.
The sensitivity to energy is nonlinear, as was expected. TheEread values (at aworking distance of 52.7 cm) varies
from0.17 to 0.49 units between 4 and 5MeV, from0.49 to 0.7 units between 5 and 6MeV, from0.7 to 0.83 units
between 6 and 7MeV, from0.83 to 0.89 units between 7 and 8MeV and from0.89 to 0.93 units between 8 and 9
MeV; this nonlinear response clearly shows enhanced sensitivity for 6MeV and lower energies, as is appropriate
for our accelerator.

The same principle described here can be exploited formonitoring energy changes inmore energetic linacs
or of course less energetic ones. The front plate thicknessmust be increased in the former case and decreased in
the latter case. Although the design can be optimised, when electron energies significantly above 20MeV are
used, or largefield irradiations are performed, theweight of the platesmay limit its usefulness and appropriate
means of positioningwill be required. Furthermore the device central aperture diameter and outside plate
diameter should bemodified in order to suit the collimation used.While we do not claim that the device
described here can be systematically used in all FLASH set-ups, we trust that it can be suitably optimised as
required.

Simulation of the output from inherentlymono-energeticmachines such as electronVan deGraaffs or
Rhodotrons is simpler as significantly lower variations in Eread withworking distancewill be obtained.
Simulations shown in supplementary figure 1 have also been performed to establish the sensitivity ofEread to
beam energy. These show that that the Eread ratio does provide a high sensitivity tomono-energetic beam energy
changes. It is however noted that theEread ratio does not reflect the beam energy that impinges on the sample,
which is usually irradiatedwith a slightly higher energy. TheEread ratio only indicates themix of energies from
the scattered primary beam that is sampled by themonitor plates. It is assumed that the linac spectral fluence,
when the linac is operating at a given pulse current, does not change. Irradiations performed at lower peak
currents and at longer distances are always backed up by percentage depth dosemeasurements at these different
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conditions. This is why this device is an energymonitor rather than an energymeter. An interceptingmonitor,
constructed in a similarmanner, would indeed be able to ‘measure’ the beam energy.

The charges collected on themonitor output plates can bemeasured using any established charge
measurement approach. Additional details of signal acquisition and signal processing are presented in the
supplementary data.When using an oscilloscope input and a 50Ω-terminated interconnecting cable, and a
singlemacro-pulse widths of∼3.4μs, charges of the range of 100 pC (corresponding to∼−30μApeak current)
to 150 nC (corresponding to∼−45mApeak current) can be readily acquired. Indication of temporal changes in
energy can be acquired over this range.

Should a lower pulsewidth be used, lower charges/pulse can bemonitored but the plate and cable
capacitancemust be evaluated and reduced as necessary. Of course, if the oscilloscope input impedance is
increased to 1MΩ then a leaky integrator is formed andmuchmore sensitivemeasurements can be performed.
This approach can be used tomonitor significantly lower total charges/pulse (down to a fewpico-coulombs) but
the ability to view intra-pulse changes is then lost. An average energy reading (Eread) during amulti-pulse
irradiation sequence can also bemonitored if required; however, use of very low leakage integrators then
becomes essential.

Various approaches for signal acquisition, including the use of a bespoke integrator, coupled to a readout
system are described in the supplementarymaterial.We prefer tomonitor the energy pulse-by-pulse; this
provides uswith statisticalmeasures of potential beam energy variations.

5. Conclusion

A simple, dose-rate independent device formonitoring energies of electron beams used for FLASH irradiation
has been presented here. The device response has been analysed usingMonte-Carlo approaches and has been
validatedwith experimental data acquiredwith a pulsed electron beamdelivered from a linear accelerator. The
energymonitor has been found to be particularly useful during accelerator tuning procedures. Since itmonitors
the fringes of the beamused during irradiations of pre-clinical samples, it can be used during FLASH andCONV
dose rate irradiations. It can provide a real-time readout of beam energy variations, should they occur due to
excessive beam loading as can all too easily occur at very high FLASHdose rates. Furthermore, the device
described can confirm, in real time, the energy associatedwith a given irradiation, whether this is a FLASHor
CONV irradiation. This permits biological straightforward comparisons to be performed between FLASH and
CONV, ensuring that comparable energy deposition at depth is obtained in the two cases. Although the FLASH
effect is not dependent on energy, it is dependent on dose and the dose to deeper tissues is significantly reduced
during low energy irradiations. This is an inherent limitation of using lowMeV electron beams for FLASHwork.
Ourmonitor therefore plays a useful role in quality assurance both prior to and during pre-clinical irradiations.
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