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Purpose: Investigating and understanding of the underlying mechanisms affecting the charge collection efficiency
(CCE) of vented ionization chambers under ultra-high dose rate pulsed electron radiation. This is an important
step towards real-time dosimetry with ionization chambers in FLASH radiotherapy.

Methods: Parallel-plate ionization chambers (PPIC) with three different electrode distances were build and
investigated with electron beams with ultra-high dose-per-pulse (DPP) up to 5.4 Gy. The measurements were
compared with simulations. The experimental determination of the CCE was done by comparison against the
reference dose based on alanine dosimetry. The numerical solution of a system of partial differential equations
taking into account charge creations by the radiation, their transport and reaction in an applied electric field was
used for the simulations of the CCE and the underlying effects.

Results: A good agreement between the experimental results and the simulated CCE could be achieved. The
recombination losses found under ultra-high DPP could be attributed to a temporal and spatial charge carrier
imbalance and the associated electric field distortion. With ultra-thin electrode distances down to 0.25 mm and a
suitable chamber voltage, a CCE greater than 99 % could be achieved under the ultra-high DPP conditions
investigated.

Conclusions: Well-guarded ultra-thin PPIC are suited for real-time dosimetry under ultra-high DPP conditions.
This allows dosimetry also for FLASH RT according to common codes of practice, traceable to primary standards.
The numerical approach used allows the determination of appropriate correction factors beyond the DPP ranges
where established theories are applicable to account for remaining recombination losses.

Introduction

Currently, ultra-high dose rates (UHDR) are used to study the so-
called FLASH effect. It was found that irradiation with UHDR greater
than 40 Gy/s can lead to sparing of healthy tissue while maintaining
tumor control. This sparing effect has been discussed and reviewed
recently in the literature [1-5]. Most studies of this biological effect
have been performed with dedicated electron linear accelerators or
modified medical accelerators with pulsed beams [6-11]. The dose-per-
pulse (DPP) is in the range of 0.6 to 10 Gy that are orders of magnitude
higher than in conventional radiotherapy. Typical pulse durations are in
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the range of 0.5 to 10 ps, resulting in extremely high instantaneous dose
rates within one pulse (pulse dose rate) in the order of MGy/s. A recent
review of the various electron beam parameters used to demonstrate the
FLASH effect can be found in [12]. In order to exactly determine the
parameters under which the FLASH effect occurs, an accurate dosimetry
is essential. So far, mainly passive dosimeters like alanine dosimeters,
radiochromic films, or thermo-luminescent dosimeter (TLD) are being
used under these conditions [7,13-15]. This is basically due to the fact
that vented ionization chambers (IC) usually used for reference dosim-
etry in conventional radiotherapy show very large recombination losses
under pulsed UHDR conditions [15-18]. However, the use of passive
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dosimeters is complex, very time-consuming and usually lacking the
traceability to primary standards. Thus, there is a need for active real-
time dosimeters and traceability. With this, it is desirable to use ICs
also under ultra-high DPP conditions as a secondary standard. The direct
way to minimize recombination losses for a given IC geometry is to in-
crease the electric field strength. Alternatively, decreasing general
recombination effects can be achieved combining electrode distance
reduction and chamber voltage increase [16]. Reducing the electrode
distance has been shown to be more effective than increasing the
chamber voltage. Based on theoretical considerations and experiments,
it has been shown that a reduction of the electrode distance down to
0.25 mm can be well suited [19]. In this work, well-guarded vented
parallel-plate ionization chambers (PPIC) with three different electrode
distances are investigated experimentally and by means of simulations
under ultra-high DPP conditions. The well-guarded design ensures that
the electric field inside the sensitive volume is homogeneous. This
avoids regions with lower field strength and therefore higher recombi-
nation losses as observed in [16]. Furthermore, this homogeneous
electric field agrees to the model used for the numerical simulations.
Since it has been shown that the standard theories based on Boags’s
model of recombination fail at ultra-high DPP [16-18], the numerical
approach of Gotz et al. [20] was used. Detailed simulation of the
different effects contributing to the charge collection efficiency (CCE)
have been performed. Furthermore, the numerical approach has been
extended to account for charge multiplication.

Methods
Investigated parallel-plate ionization chambers

Prototypes of PPICs with different nominal electrode distances d of 1,
0.5 and 0.25 mm were manufactured by PTW for this investigation. The
diameter of the measuring electrode is 5 mm. Therefore, the prototype
with d = 1 mm has the same dimensions of the sensitive volume as the
Advanced Markus chamber type 34045, which was already very well
investigated under ultra-high DPP conditions [16,21]. This serves as a
benchmark for our investigation. The collecting electrode and the sur-
rounding guard ring are realized by a carbon print on a circuit board.
The guard ring is 2 mm wide and therefore two times greater than the
largest electrode distance. Thus, it can be assumed that a homogeneous
electric field within the collecting air volume is given. The electrode
distance is defined by the depth d of the cavity in the high voltage
electrode (see Fig. 1). This part is made of pure graphite, can be man-
ufactured with high machine precision and is the only part that con-
tributes to the tolerance of the electrode distance in this IC design. The
housing is made of polystyrene (PS) and waterproof.

All used ICs were calibrated to absorbed dose-to-water with a Co-60
source under reference calibration conditions at the PTW secondary
standard laboratory. The calibration coefficients N¢o.69, pw and the
electrode distance of the different ICs are listed in Table 1. The nominal
electrode distance dpomingg was verified using micro-CT images. The
measured distance between the electrodes dp.qs was determined and
used in the following simulations.

The dose measured with the IC Dy was calculated using the
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Table 1
The electrode distances d, the calibration coefficients Ngo.0, pw, and the
correction factors Kcross Of the PPICs used in this investigation.

ICID dnominal (mm) dmeas (mm) Nco-60, pw (C/Gy) kecross
PPIC_1A 1 0.979 1.324E + 09 0.952
PPIC_1B 1 0.986 1.358E + 09 0.939
PPIC_0.5A 0.5 0.508 2.697E + 09 0.967
PPIC_0.5B 0.5 0.506 2.695E + 09 0.966
PPIC_0.25A 0.25 0.256 5.571E + 09 0.989
PPIC_0.25B 0.25 0.259 5.630E + 09 0.995

following equation.

DIC = (M - MO)*NCOfJO, Dw*kcrossf:kT,P*kP (1)

Here M is the reading of the dosemeter, My is the reading of the
dosemeter without irradiation. To account the deviation of the mea-
surement condition from the calibration condition, especially with re-
gard to the radiation quality (20 MeV electrons vs Co-60), the correction
factors keross Were applied. These factors were determined by a cross-
calibration performed against calibrated alanine dosimeters using the
20 MeV electron beam at the lowest DPP used in this investigation. The
well-established alanine dosimetry system at PTB, that has been stan-
dardized and extensively tested [22,23], was used as the dose rate in-
dependent reference. The alanine dosimeter has been calibrated with
Co-60. To account the used electron beam quality a correction factor
of 1.014 was applied [23,24].

Currently, correction factors ko to account for the beam quality
dependence of these new prototypes under measurement conditions are
not yet available. The air density is considered by the correction factor
krp and the polarity effect by the correction factor kp.

For a known reference dose value D,, the CCE of the ionization
chamber is given by the ratio of Djc and D,,, which is the reciprocal of the
correction factor ks for incomplete charge collection due to ion
recombination.

(M - M())*NCOGO. Dw 7'(]Ccr:)ss*kT.P*kP _ 1

CCE = —
D, ks

@

Measurement setup

The PTB’s ultra-high pulse dose rate reference electron beam [25]
was used for the measurements in this investigation. The accelerator
including the beamline and the monitor system was described in detail
by [26]. A 20 MeV electron beam with a pulse repetition frequency of 5
Hz and a pulse duration of 2.5 ps was used. Measurements were per-
formed in a 30 x 30 x 30 cm® water phantom with 1 cm thick walls made
of PMMA and an entrance window of 0.8 mm polycarbonate. The sur-
face of the phantom was positioned at 70 cm from the exit window of the
horizontal beamline. This setup was already used in a previous study
and is described in [25,27]. The IC under test was placed at the reference
depth z. according to TRS-398 [28]. The ionization current was
measured using a Keithley 616 electrometer in current mode. To avoid
high voltage peaks at the electrometer input an additional capacitor
with 33 nF was inserted between detector and electrometer. Chamber
voltages of 125 V, 250 V and 500 V were applied with both polarities.

(1) HV Electrode (Graphite)
(2) PCB (FR4)

(3) Housing (PS)

Fig. 1. Cross section of the parallel-plate IC design with electrode distances d.
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For each individual data point, 100 pulses were averaged. Thus, the
statistical fluctuation uncertainties are less than 0.1 % and always
within the symbol size of the figures presented in the results section. To
determine the reference DPP, the beam current monitor was calibrated
against alanine. The relative uncertainty of the alanine measurement is
estimated to be 0.6 % with the largest contribution (0.5 %) attributed to
the beam quality correction from 60Co radiation to electron beams [24].
The DPP is changed by varying the width of a slit aperture. Thus, a
variation of the charge per electron beam pulse from 30 nC to 180 nC
could be achieved. This corresponds approximately to a DPP range from
1 Gy to 5.4 Gy at z.y.

Numerical approach

A numerical approach by solving a system of partial differential
equations (PDE), taking into account charge creations by the radiation,
their transport and reaction in an applied electric field was used to
describe the theoretical behavior. A more detailed description and
validation of this approach can be found in [16,20]. Besides the deter-
mination of CCE, this method also allows the separation of the different
effects like the fraction of ions and electrons, the distortion of the
electric field and the ion recombination rates in the IC with temporal
resolution based on the following equation system.

dp. =R—%.p_ —div(u,Ep,) —5p. pe+anp,
a )
0p_ =1pe—pip-+div(u_Ep_)

0ipe = R—1p, + div(u.Ep,)—"p. pe-tanp,
E = —grad(¢p)

p.—p_—p, = ediv(E) 3

The symbols in the above equations are defined as follow:

e p., p_,p, are the unsigned densities of positive ions, negative ions
and electrons

e R is the charge liberation rate due to irradiation

e ¢ is the ion-ion recombination rate, 8 is the electron-ion recombi-
nation rate, y is the electron attachment rate and e is the elementary
charge

e u. p_,pu, are the mobilities of positive ions, negative ions and

electrons

@ is the electric potential and E is the electric field

e o, is the first Townsend coefficient

e ¢ is the electric permittivity

All values for the above parameters were taken unchanged from Gotz
et al. [20,29]. The readers are referred to the original work for more
details and a discussion of the associated uncertainties. To account for
charge multiplication at high electric field strength the first Townsend
coefficient o, was added to the numerical equations. Due to the lack of
experimental data in the range of electric field strength present in the
PPICs under investigation, the coefficient for 50 % humid air and
standard conditions for air pressure and temperature (1013 hPa and
20 °C) were determined using the software PyBoltz [30]. The PDE was
solved by the method of lines. The spatial discretization is analogous to
[20]. The resulting ordinary differential equation was solved using the
package DifferentialEquations.jl [31] in the programming language
Julia. To simulate measured currents, two approaches were imple-
mented. The first approach simply counts the number of particles
reaching the electrodes. While this approach gives the correct accumu-
lated charge after sufficient time, it does not model temporal progress
accurately. The reason is, that charge carriers already induce current,
before they reach the electrodes. The Shockley-Ramo theory describes
this phenomenon and was implemented in a second approach. In the
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case of a PPIC with electrode distance d, the current I induced by a
particle moving with velocity v and charge g is given by:

I=qv/d (€]

In this work, all figures are based on the second approach, which
takes this formula (Eq. (4)) into account.

Results
Charge collection efficiency

The CCE could be experimentally determined by comparison of the
dose reading against the reference dose. Also, at ultra-high DPP the CCE
increases with decreasing electrode distance and increasing chamber
voltage. This is shown for the PPICs with the three different electrode
distances in Fig. 2. There is a good agreement between the simulated and
the experimental data. Previous experimental data from the Advanced
Markus IC type T34045 for U = 500 V and a logistic fit function [16,17]
for U = 250 V are also shown for the PPIC with 1 mm electrode distance
for comparison. For the PPIC with the smallest electrode distance of
0.25 mm and a voltage of 250 V, the CCE is close to unity over the whole
investigated DPP range exactly as predicted by the simulation. At 500 V,
the CCE is approximately 2 % greater than unity which might be an
indication for charge multiplication due to too high electric field
strength. This is particularly pronounced for the lowest DPP and then
decreases slightly with increasing DPP. The charge multiplication can be
confirmed by the simulation, but the values are 1 % lower than the
experimental values. The decrease with increasing DPP is also less
pronounced in the simulation results.

The charge multiplication can also be observed in the current-volt-
age characteristic at constant DPP for the prototype PPIC with 0.25 mm
electrode distance in Fig. 3. The signal starts to increase clearly after
375 V from that within the plateau, considered as ionization chamber
region in the current-voltage characteristic (normalized at 300 V),
reaching the experimentally determined value of 1.02 at 500 V. Here,
too, an underestimation of the charge multiplication can be seen in the
simulation compared to the experimental data.

From the results in Fig. 2, the smallest deviations of the measured
dose calculated according to Eq. (1) from the reference dose were found
for the PPICs with 0.25 mm electrode distance operated at 250 V. The
measured DPP were plotted as function of the reference DPP in the upper
panel of Fig. 4. There is only a slight deviation from linearity (up to 1 %)
at the highest investigated DPP of 5.4 Gy (Fig. 4 lower panel). By
applying the numerically determined ion recombination correction
factor ks num given by the reciprocal of the simulated CCE, the deviations
can be reduced to smaller than 0.2 % (Fig. 4, lower panel).

By means of the simulations, it has been shown that above a certain
pulse length, an almost static state of the electric field occurs. This is
accompanied by a constant CCE. The static state is approximately
reached after a time which the slowest charge carriers need to pass the
distance between the electrodes. This ion collection time was deter-
mined with the lowest ion velocity within the static state based on the
simulations. Using the example of the PPIC with electrode distance 0.25
mm and chamber voltage 300 V, it can be seen, that the CCE decreases
by less than 0.15 % from this point up to a pulse dose rate of 3 MGy/s
and thus remains almost constant (Fig. 5).

The role of electrode distance

The influence of the electrode distance can be elucidated by studying
the CCE while maintaining the same chamber voltage. As shown by the
results in the upper panel of Fig. 6 obtained using the same voltage of
250 V, decreasing the electrode distance leads to higher electric field
strength and therefore higher CCE. There is a good agreement between
the two samples A and B for each electrode distance. In the lower panel
of Fig. 6, the voltage was chosen such that the electric field strength was
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Fig. 2. Charge collection efficiency of the PPICs with different electrode distances and three different chamber voltages. From left to right d = 1 mm, 0.5 mm, 0.25
mm. Experimental and simulated data as well as comparative data from the literature are presented. It should be noted that the scaling of the y-axis is adjusted from

left to right.
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1.00 +

0.98 +

0.96 +

Normalized current

0.94 +

092 +
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600
Voltage (V)

Fig. 3. Experimental and simulated current-voltage characteristic of a proto-
type PPIC with 0.25 mm electrode distance (PPIC_0.25A) normalized to the
current at 300 V at constant DPP of 2.78 Gy.

the same (500 V/mm) for all ICs. Despite the same field strength, the
PPIC with the smallest electrode distance shows the highest CCE indi-
cating another mechanism, besides the field strength, through which the
electrode distance influences the CCE.

Close examination on the results obtained using different PPICs with
different electrode distances d and applied chamber voltages U reveals
an invariance:

CCE (dy, U;) ~ CCE (d, Uy).

if 4 =4

[ U,

In other words, two PPICs with electrode distances d; and do oper-
ated at chamber voltages U; and Us irradiated under the same condi-
tions with a pulsed beam without pulse overlapping will exhibit the
same CCE if the ratios of the square of the electrode distance and the
applied voltage of both chambers are equal. The validity of this scaling
rule under UHDR condition is demonstrated in Fig. 7. In the lower group
of data consisting of one PPIC with 1 mm electrode distance operated at
500 V and one PPIC with 0.5 mm operated at 125 V, the ratios d2/U in
both cases correspond to 0.002. In the upper group of data consisting of
one PPIC with 0.5 mm electrode distance operated at 500 V and one
PPIC with 0.25 mm operated at 125 V, the ratios d2/U in both cases
correspond to 0.005. Generally, a higher value of d2/U leads to a more
favorable saturation behavior.
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Fig. 4. Measured DPP vs reference DPP for the PPICs with d = 0.25 mm at a
voltage of 250 V with and without consideration of the correction factor kg nym-
The deviation from linearity is shown in the lower panel.

Underlying recombination mechanisms

To further understand the underlying mechanism determining the
CCE of the PPIC, different parameters were calculated using the nu-
merical approach for the three electrode distances and a field strength of
500 V/mm. A pulse duration of 2.5 ps as used in the experiments with a
DPP of 5 Gy were implemented in the calculations.

Fig. 8 shows the instantaneous induced charge of different species at
the collecting electrode with respect to the time after the pulse started.
The instantaneous induced charge is normalized to the total charge
liberated by the pulse. At this ultra-high DPP, a large fraction of free
electrons will contribute directly to the measured signal, where only a
minor portion of the liberated electrons will form negative ions through
attachment. Due to their high mobility, all the free electrons reach the
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Fig. 6. Charge collection efficiency of the different PPICs with the same
chamber voltage U in the upper panel and the same electric field strength E in
the lower panel.

electrode at the end of the pulse.

The different collection time of the charge carriers create a temporal
and spatial charge imbalance within the sensitive volume of the PPIC.
The densities of the different charge carriers at the end of the pulse as a
function of the distance from the negative electrode are plotted in Fig. 9
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for three electrode distances.

The charge carrier imbalance causes disturbance in the local electric
field. The longer the pulse with a duration of 2.5 ps lasts, the stronger is
this distortion. Fig. 10 shows the electric field between the electrodes at
three instances: before the pulse (t = 0 ps), at the beginning of the pulse
(t = 0.25 ps), and at the end of the pulse (t = 2.5 ps). Shortly after the
pulse begins, the electric field deviates from the initial constant field
strength (500 V/mm). At the end of the pulse, the electric field collapses
almost completely, that is, approaching zero, in part of the sensitive
volume adjacent to the positive electrode. The results in Fig. 10 show
that the effect is more pronounced for a larger electrode distance. For the
electrode distance of 1 mm, the region with vanishing electric field cover
almost 65 % of the total sensitive volume (left panel).

As a result of the field distortion, the velocity of the charge carriers is
reduced the further away they are from the negative electrode as pre-
sented in Fig. 11 at the end of the 2.5 ps pulse. This is especially true for
the charge carriers in the PPIC with 1 mm electrode distance, where the
ions are brought almost to a complete standstill within a large part of the
sensitive volume, travelling at a velocity of approximately 0.02 mm/us
(left panel). Again, it can be seen that the electrons move at significantly
higher velocity than the ions.

This reduction of the charge carrier velocity leads to an increased
electron attachment and recombination rate, where the ion-ion recom-
bination is the dominant effect here as shown in Fig. 12 at the end of the
pulse. Consequently, despite the initially constant electric field, the CCE
of the chamber is dependent on the electrode distance, where the lowest
CCE is associated with PPIC with the largest electrode distance (1 mm in
our case).

Discussion

The CCE of PPICs with three different electrode distances have been
determined experimentally. The CCE increases with decreasing elec-
trode distance that confirms the results of a previous work [16]. Due to
the well-guarded design of the PPICs, the electric field can be considered
as homogeneous and thus fulfills the assumptions of the numerical
approach. The agreement between experimental and simulated data is
thus also given for small electrode distances in this investigation.

For the smallest PPIC with an electrode distance of 0.25 mm and an
applied chamber voltage of 250 V, the CCE is shown to be greater than
99 % even for the highest DPP of 5.4 Gy investigated in this work.
Increasing the chamber voltage within the ionization chamber region of
the current-voltage curve could increase the CCE again. Based on the
simulations, a CCE of 99.7 % can be achieved for the highest DPP of 5.4
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Fig. 10. Electric field strength inside the PPIC with electrode distances d at different instances. Before the pulse (t = O ps), at the beginning of the pulse (t = 0.25 ps),

and at the end of the pulse (t = 2.5 us) with a DPP of 5 Gy.

Gy with a chamber voltage of 300 V, without getting charge multipli-
cation. This is also true for the lowest DPP studied, where at 500 V the
observed deviation (CCE greater than 1) was most pronounced (Fig. 2).
This finding is in agreement with the simulations of Gomez et al. [19],
which have shown CCE of 99 % up to a DPP of 7.5 Gy for a PPIC withd =
0.25 mm, U = 300 V and a pulse duration of 2.5 us. The further increase,
however, would lead to charge multiplication, as can be seen in Fig. 3 in
both the measured and simulated current-voltage characteristic curves.

If the PPICs with the different electrode distances are operated with a
chamber voltage that leads to the same electric field strength within in
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the PPIC, the ionization chambers still show a clearly different CCE. In
this case, the PPIC with the smallest electrode distance provides the
highest CCE. This shows that the electrode distance is the crucial
parameter under ultra-high DPP conditions which enters quadratically.
It was demonstrated that the simulated CCE for different combinations
of electrode distance and chamber voltage agrees well with the experi-
mental data. If the correction factor kgnum is determined from the
simulation as reciprocal of the CCE for the individual PPIC and the
specific beam parameters and applied to determine the dose, agreement
with the reference dose can be achieved with a maximum deviation of
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The applied field strength corresponds to 500 V/mm.

less than 0.2 % as shown for the PPICs with d = 0.25 mm and U = 250 V.

Based on the simulations, it has been shown that the high fraction of
free electrons has a decisive influence on the ionization chamber’s
behavior under ultra-high DPP conditions. Due to their high velocity,
the free electrons reach the collecting electrode much faster than the
ions, resulting in a temporal and spatial charge carrier imbalance within
the collecting volume. As a result, the electric field is distorted in a way
that the field strength decreases towards the positive electrode. In this
low field region, the velocity of the ions is considerable reduced causing
an increased recombination rate. The effect is shown to be more
prominent for larger electrode distance. For pulse durations greater than
the 2.5 ps as used in this study, a steady state of the electric field
distortion will occur after a time on the order of the collection time of the
slowest charge carriers. When this state is reached, the CCE will remain
constant. The PPIC with 0.25 mm and 300 V chamber voltage, is very
close to this condition, so that a longer pulse duration at constant dose
rate during the pulse, will almost not cause any degradation of the CCE.
This was shown by the simulations up to a pulse dose rate of 3 MGy/s.
The observation is important to assess the validity of published correc-
tion factors for other pulse lengths and must be considered in the
application.

The detailed numerical simulations have revealed the underlying
mechanisms leading to the experimental observed behavior of the PPICs
with different electrode distances.

In a recently published paper, Di Martino et al. [32], describe the
theory and conceptual design of a gas-filled ionization chamber. By
using the noble gas argon at extremely low pressures, the disturbance of
the electric field due to the high charge carrier density in a vented
ionization chamber as described above is avoided. This theoretically
allows a linear behavior up to a DPP of 40 Gy at a pulse length of 4 ps
within an assumed relative uncertainty of 4 %. As described in their
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paper, such a chamber design has extremely high engineering re-
quirements. In particular, if the chamber is also to be used to determine
the absorbed dose to water in a water phantom. In addition, there is the
question of calibration and traceability to a primary standard.

Conclusions

Vented PPICs with very small electrode distances are a promising
tool for real-time dosimetry in FLASH radiotherapy. It was shown that
with an electrode distance of 0.25 mm and a well-chosen chamber
voltage, a CCE greater than 99 % can be achieved up to a DPP of 5.4 Gy
at a pulse length of 2.5 ps. Thus, it is possible to correct the remaining
recombination losses using the correction factors kg num derived from the
numerical simulation. Our results support the application of ionization
chambers according to the common codes of practice like TRS-398, TG-
51 or DIN 6800-2 under UHDR with pulsed electron beams that would
allow traceability to primary standards.

Declaration of Competing Interest

Rafael Kranzer and Jan Weidner are PTW employees.
Acknowledgement

This project 18HLT04 UHDpulse [15] has received funding from the

EMPIR programme co-financed by the Participating States and from the
European Union’s Horizon 2020 research and innovation programme.



R. Krangzer et al.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7

—

[8

—

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Kamperis E, Kodona C, Giannouzakos V. A FLASH back to radiotherapy’s past and
then fast forward to the future. J Cancer Prevent Curr Res 2019. https://doi.org/
10.15406/jcpcr.2019.10.00407.

Maxim PG, Keall P, Cai J. FLASH radiotherapy: Newsflash or flash in the pan? Med
Phys 2019;46:4287-90. https://doi.org/10.1002/mp.13685.

Wilson JD, Hammond EM, Higgins GS, Petersson K. Ultra-High Dose Rate (FLASH)
Radiotherapy: Silver Bullet or Fool’s. Front Oncol 2020;9:1-12. https://doi.org/
10.3389/fonc.2019.01563.

Lin B, Gao F, Yang Y, Wu D, Zhang Yu, Feng G, et al. FLASH Radiotherapy: History
and Future. Front Oncol 2021;11. https://doi.org/10.3389/fonc.2021.644400.
Kacem H, Almeida A, Cherbuin N, Vozenin MC. Understanding the FLASH effect to
unravel the potential of ultra-high dose rate irradiation. Int J Radiat Biol 2022;98:
506-16. https://doi.org/10.1080/09553002.2021.2004328.

Favaudon V, Caplier L, Monceau V, Pouzoulet F, Sayarath M, Fouillade C, et al.
Ultrahigh dose-rate FLASH irradiation increases the differential response between
normal and tumor tissue in mice. Sci Transl Med 2014;6(245). https://doi.org/
10.1126/scitranslmed.3008973.

Jaccard M, Petersson K, Buchillier T, Germond J-F, Duran MT, Vozenin M-C, et al.
High dose-per-pulse electron beam dosimetry: Usability and dose-rate
independence of EBT3 Gafchromic films. Med Phys 2017;44(2):725-35.

Schiiler E, Trovati S, King G, Lartey F, Rafat M, Villegas M, et al. Experimental
Platform for Ultra-high Dose Rate FLASH Irradiation of Small Animals Using a
Clinical Linear Accelerator. Int J Radiat Oncol Biol Phys 2017;97(1):195-203.
Montay-Gruel P, Acharya MM, Petersson K, Alikhani L, Yakkala C, Allen BD, et al.
Long-term neurocognitive benefits of FLASH radiotherapy driven by reduced
reactive oxygen species. Proc Natl Acad Sci U S A 2019;116(22):10943-51.

Levy K, Natarajan S, Wang J, Chow S, Eggold JT, Loo PE, et al. Abdominal FLASH
irradiation reduces radiation-induced gastrointestinal toxicity for the treatment of
ovarian cancer in mice. Sci Rep 2020;10(1). https://doi.org/10.1038/s41598-020-
78017-7.

Soto LA, Casey KM, Wang J, Blaney A, Manjappa R, Breitkreutz D, et al. Flash
irradiation results in reduced severe skin toxicity compared to conventional-dose-
rate irradiation. Radiat Res 2020;194(6). https://doi.org/10.1667 /RADE-20-
00090.

Schiiler E, Acharya M, Montay-Gruel P, Loo BW, Vozenin M-C, Maxim PG. Ultra-
high dose rate electron beams and the FLASH effect: From preclinical evidence to a
new radiotherapy paradigm. Med Phys 2022;49(3):2082-95.

Gondré M, Jorge PG, Vozenin MC, Bourhis J, Bochud F, Bailat C, et al.
Optimization of Alanine Measurements for Fast and Accurate Dosimetry in FLASH
Radiation Therapy. Radiat Res 2020;194:573-9. https://doi.org/10.1667/
RR15568.1.

Jorge PG, Jaccard M, Petersson K, Gondré M, Duran MT, Desorgher L, et al.
Dosimetric and preparation procedures for irradiating biological models with
pulsed electron beam at ultra-high dose-rate. Radiother Oncol 2019;139:34-9.
Schiiller A, Heinrich S, Fouillade C, Subiel A, De Marzi L, Romano F, et al. The
European Joint Research Project UHDpulse — Metrology for advanced radiotherapy
using particle beams with ultra-high pulse dose rates. Phys Medica 2020;80:
134-50.

Kranzer R, Poppinga D, Weidner J, Schiiller A, Hackel T, Looe HK, et al. Ion
collection efficiency of ionization chambers in ultra-high dose-per-pulse electron
beams. Med Phys 2021;48(2):819-30.

17

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Physica Medica 104 (2022) 10-17

Petersson K, Jaccard M, Germond J-F, Buchillier T, Bochud F, Bourhis J, et al. High
dose-per-pulse electron beam dosimetry -A model to correct for the ion
recombination in the advanced markus ionization chamber. Med Phys 2017;44(3):
1157-67.

McManus M, Romano F, Lee ND, Farabolini W, Gilardi A, Royle G, et al. The
challenge of ionisation chamber dosimetry in ultra-short pulsed high dose-rate
Very High Energy Electron beams. Sci Rep 2020;10(1). https://doi.org/10.1038/
541598-020-65819-y.

Gomez F, Gonzalez-Castano DM, Fernandez NG, Pardo-Montero J, Schiiller A,
Gasparini A, et al. Development of an ultra-thin parallel plate ionization chamber
for dosimetry in FLASH radiotherapy. Med Phys 2022;49(7):4705-14.

Gotz M, Karsch L, Pawelke J. A new model for volume recombination in plane-
parallel chambers in pulsed fields of high dose-per-pulse. Phys Med Biol 2017;62:
8634-54. https://doi.org/10.1088/1361-6560/aa8985.

Petersson K, Jaccard M, Germond J-F, Buchillier T, Bochud F, Bourhis J, et al. High
dose-per-pulse electron beam dosimetry - A model to correct for the ion
recombination in the Advanced Markus ionization chamber. Med Phys 2017;44(3):
1157-67.

Anton M. Uncertainties in alanine/ESR dosimetry at the Physikalisch-Technische
Bundesanstalt. Phys Med Biol 2006;51:5419-40. https://doi.org/10.1088/0031-
9155/51/21/003.

Voros S, Anton M, Boillat B. Relative response of alanine dosemeters for high-
energy electrons determined using a Fricke primary standard. Phys Med Biol 2012;
57:1413-32. https://doi.org/10.1088/0031-9155/57/5/1413.

McEwen M, Miller A, Pazos I, Sharpe P. Determination of a consensus scaling factor
to convert a Co-60-based alanine dose reading to yield the dose delivered in a high
energy electron beam. Radiat Phys Chem 2020;171:108673. https://doi.org/
10.1016/j.radphyschem.2019.108673.

Bourgouin A, Knyziak A, Marinelli M, Kranzer R, Schiiller A, Kapsch R-P.
Characterization of the PTB ultra-high pulse dose rate reference electron beam.
Phys Med Biol 2022;67(8):085013.

Schiiller A, Illemann J, Renner F, Makowski C, Kapsch R-P. Traceable charge
measurement of the pulses of a 27 MeV electron beam from a linear accelerator.
J Instrum 2017;12(03):P03003.

Kranzer R, Schiiller A, Bourgouin A, Hackel T, Poppinga D, Lapp M, et al. Response
of diamond detectors in ultra-high dose-per-pulse electron beams for dosimetry at
FLASH radiotherapy. Phys Med Biol 2022;67(7):075002.

Andreo P, Burns DT, Hohlfeld K, Huq MS, Kanai T, Laitano F, et al. Absorbed Dose
Determination in External Beam Radiotheraphy: An International Code of Practice
for Dosimetry based on Standards of Absorbed Dose to Water. IAEA 2006. https://
doi.org/10.1097,/00004032-200111000-00017.

Gotz M. numerical-ks-calculator n.d. https://doi.org/https://doi.org/10.5281/
zenodo.597850.

Al Atoum B, Biagi SF, Gonzalez-Diaz D, Jones BJP, McDonald AD. Electron
transport in gaseous detectors with a Python-based Monte Carlo simulation code.
Comput Phys Commun 2020:254. https://doi.org/10.1016/j.cpc.2020.107357.
Rackauckas C, Nie Q, DifferentialEquations.jl —. A Performant and Feature-Rich
Ecosystem for Solving Differential Equations in Julia. J Open Res Softw 2017:5.
https://doi.org/10.5334/jors.151.

Di Martino F, Del Sarto D, Giuseppina Bisogni M, Capaccioli S, Galante F,
Gasperini A, et al. A new solution for UHDP and UHDR (Flash) measurements:
Theory and conceptual design of ALLS chamber. Phys Medica 2022;102:9-18.


https://doi.org/10.15406/jcpcr.2019.10.00407
https://doi.org/10.15406/jcpcr.2019.10.00407
https://doi.org/10.1002/mp.13685
https://doi.org/10.3389/fonc.2019.01563
https://doi.org/10.3389/fonc.2019.01563
https://doi.org/10.3389/fonc.2021.644400
https://doi.org/10.1080/09553002.2021.2004328
https://doi.org/10.1126/scitranslmed.3008973
https://doi.org/10.1126/scitranslmed.3008973
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0035
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0035
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0035
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0040
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0040
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0040
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0045
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0045
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0045
https://doi.org/10.1038/s41598-020-78017-7
https://doi.org/10.1038/s41598-020-78017-7
https://doi.org/10.1667/RADE-20-00090
https://doi.org/10.1667/RADE-20-00090
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0060
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0060
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0060
https://doi.org/10.1667/RR15568.1
https://doi.org/10.1667/RR15568.1
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0070
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0070
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0070
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0075
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0075
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0075
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0075
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0080
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0080
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0080
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0085
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0085
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0085
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0085
https://doi.org/10.1038/s41598-020-65819-y
https://doi.org/10.1038/s41598-020-65819-y
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0095
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0095
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0095
https://doi.org/10.1088/1361-6560/aa8985
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0105
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0105
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0105
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0105
https://doi.org/10.1088/0031-9155/51/21/003
https://doi.org/10.1088/0031-9155/51/21/003
https://doi.org/10.1088/0031-9155/57/5/1413
https://doi.org/10.1016/j.radphyschem.2019.108673
https://doi.org/10.1016/j.radphyschem.2019.108673
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0125
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0125
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0125
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0130
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0130
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0130
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0135
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0135
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0135
https://doi.org/10.1097/00004032-200111000-00017
https://doi.org/10.1097/00004032-200111000-00017
https://doi.org/10.1016/j.cpc.2020.107357
https://doi.org/10.5334/jors.151
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0160
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0160
http://refhub.elsevier.com/S1120-1797(22)02082-8/h0160

	Charge collection efficiency, underlying recombination mechanisms, and the role of electrode distance of vented ionization  ...
	Introduction
	Methods
	Investigated parallel-plate ionization chambers
	Measurement setup
	Numerical approach

	Results
	Charge collection efficiency
	The role of electrode distance
	Underlying recombination mechanisms

	Discussion
	Conclusions
	Declaration of Competing Interest
	Acknowledgement
	References


