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Abstract
Background: The possible emergence of the FLASH effect—the sparing of
normal tissue while maintaining tumor control—after irradiations at dose-rates
exceeding several tens of Gy per second, has recently spurred a surge of stud-
ies attempting to characterize and rationalize the phenomenon. Investigating
and reporting the dose and instantaneous dose-rate of ultra-high dose-rate
(UHDR) particle radiotherapy beams is crucial for understanding and assess-
ing the FLASH effect, towards pre-clinical application and quality assurance
programs.
Purpose: The purpose of the present work is to investigate a novel diamond-
based detector system for dose and instantaneous dose-rate measurements in
UHDR particle beams.
Methods: Two types of diamond detectors, a microDiamond (PTW 60019)
and a diamond detector prototype specifically designed for operation in UHDR
beams (flashDiamond), and two different readout electronic chains, were inves-
tigated for absorbed dose and instantaneous dose-rate measurements. The
detectors were irradiated with a helium beam of 145.7 MeV/u under con-
ventional and UHDR delivery. Dose-rate delivery records by the monitoring
ionization chamber and diamond detectors were studied for single spot irradia-
tions. Dose linearity at 5 cm depth and in-depth dose response from 2 to 16 cm
were investigated for both measurement chains and both detectors in a water
tank. Measurements with cylindrical and plane-parallel ionization chambers as
well as Monte-Carlo simulations were performed for comparisons.
Results: Diamond detectors allowed for recording the temporal structure of
the beam, in good agreement with the one obtained by the monitoring ioniza-
tion chamber. A better time resolution of the order of few µs was observed as
compared to the approximately 50 µs of the monitoring ionization chamber.
Both diamonds detectors show an excellent linearity response in both deliv-
ery modalities. Dose values derived by integrating the measured instantaneous
dose-rates are in very good agreement with the ones obtained by the stan-
dard electrometer readings. Bragg peak curves confirmed the consistency of
the charge measurements by the two systems.
Conclusions: The proposed novel dosimetric system allows for a detailed
investigation of the temporal evolution of UHDR beams. As a result, reliable
and accurate determinations of dose and instantaneous dose-rate are possi-
ble, both required for a comprehensive characterization of UHDR beams and
relevant for FLASH effect assessment in clinical treatments.
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the original work is properly cited.
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1 INTRODUCTION

FLASH radiotherapy promises an enhancement of the
radiotherapy therapeutic window with increased normal
tissue sparing and without any loss of tumor control.
Several studies have been investigating the FLASH
effect over the last decade with in-vitro and in-vivo
experiments.1–10 Recently, the first proton FLASH clin-
ical trial was completed,11 and other studies and trials
are planned, for skin tumor or bones metastasis.4,11–13

While the overall FLASH mechanisms are not fully
understood,14 some key factors are playing a crucial role
for obtaining the FLASH effect, such as the oxygen level
of the cells and the surrounding medium as well as the
dose and dose-rates delivered during the treatment.10,15

As for the two latter quantities,directly linked to the beam
delivery modality, a minimum dose of ∼10 Gy and an
ultra-high dose-rate (UHDR) of at least 40 Gy/s have
been reported to be needed to observe the FLASH
sparing effect.16–18 The spatiotemporal dose distribu-
tion, either predicted or measured, represents decisive
information to assess the FLASH effect, regardless of
the particle used in the irradiation procedure. Most of
the studies on FLASH are based on electron beams.1,2

Experiments with heavier particles were performed as
well, mainly with protons9,19–22 and more sparsely with
helium8 and carbon ions.23

Different methods of ultra-high dose-rate ion beam
delivery are possible and are impacting the spatiotem-
poral dose-rate distribution depending on:

1. The accelerator type24,25: (i) cyclotron isochronous
(quasi-continuous radiation with ∼100 MHz pulses);
(ii) synchrocyclotron (pulsed irradiation with
∼100 MHz micro-pulses and ∼1 kHz macro-pulses);
(iii) synchrotron (pulsed irradiation with spills of
∼1 MHz “micro-bunches” and <1 Hz pulses);

2. The lateral delivery26–28: (i) passive scattering or pen-
cil beam scanning and (ii) in-depth delivery (Bragg
peak with or without beam modifier).

Regarding these aspects, the one which might have
the most relevant impact on the FLASH sparing capa-
bilities might be linked to the lateral delivery with pencil
beam scanning.27 The distributions of the individual
spots over the time lead to a complex instantaneous
dose-rate distribution as well as to the need of a new
dose-rate definition, somehow correlated to the normal
tissue sparing. Several concepts of dose-rate can be
found in the literature27–29 and could be implemented in
dedicated dose and dose-rate engines. Thus, the impor-
tance of an accurate model for dose and dose-rate dis-

tribution predictions is of utmost importance and needs
to be benchmarked against measurements. Quality
assurance for FLASH-based planning systems will need
verification measurements of the dose-rate distribution
in addition to the standard dose verification as usually
done in clinical routine. Therefore, dedicated detectors
with excellent dose accuracy and time-resolution are
needed. In addition, as compared to electron or photon
therapy, particle therapy is characterized by high val-
ues of the linear energy transfer (LET) (of the order of
20 keV/µm for helium ions and 100 keV/µm for carbon
ions) thus requiring the availability of detectors having a
LET independent response.

Several detectors are envisioned to work for FLASH
radiation therapy,30–32 from strip detectors to diamond
detectors.PTW microDiamond detectors (mD)33,34 have
already been successfully tested under high LET condi-
tions for standard dose-rate delivery (SDR).35,36 Com-
pared to other detectors they present the advantage to
be tissue equivalent, with an excellent time and spatial
resolution. Recently, a novel type of diamond detector
prototype, the flashDiamond (fD) has been introduced to
overcome nonlinearity issue observed for ion chambers
and solid-state detectors in ultra-high dose-per-pulse
and UHDR conditions.37,38

In this study, a novel dosimetric system is proposed,
based on mD or fD detectors, for both dose and
instantaneous dose-rate measurements, aimed at a
comprehensive characterization of UHDR beams. Such
devices were investigated under ultra-high dose-rate
helium ion beam irradiation.

2 MATERIALS AND METHODS

2.1 Irradiation facility

The Heidelberg ion beam therapy center (HIT) is a
synchrotron-based facility providing proton, helium ions,
and carbon ions for patient treatment. Oxygen beams
can be delivered as well for research purposes.With the
increase of interest in FLASH application, the HIT facil-
ity has made available the possibility to increase the ion
delivery performance by tuning beam extraction toward
resonance point and increasing to higher power level
the radiofrequency-knockout exciter.8,23,39 In addition,
the beam monitoring system ionization chamber (MIC)
gas was exchanged from ArCO2 mixture to a helium
gas mixture to reduce saturation and non-linearity of the
dose response occurring at UHDR.23,40 At high doses,
these parameters ensure to provide a relatively good
agreement between SDR irradiation (<0.1–0.01 Gy/s)
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DIAMOND DETECTORS FOR 4HE-UHDR DELIVERY 3

and UHDR delivery (>40 Gy/s). UHDR delivery in the
research room is achieved by setting a higher value to
the beam current in a specific particle beam plan (ion
type,energy,spots position,number of particles per spot,
beam current). These specific settings resulted in an
increased power level of the knockout exciter through
the feedback of the intensity control system, and thus
UHDR delivery. The particle fluence was recorded by
the MIC located at the end of the beamline, having a
50 µs integration time. For helium ion UHDR delivery,
the maximum number of particles deliverable in a sin-
gle spill of hundreds of milliseconds is about 2.5 × 109

ions.

2.2 Diamond detectors and electronic
chain for dose and instantaneous
dose-rate measurements

Two diamond detectors were utilized: a microDiamond
(mD) detector (60019, PTW Freiburg)33,34 and a so
called “flashDiamond” (fD) detector prototype.37,38 The
mD detector is based on a diamond Schottky diode,
whose sensitive volume is a cylinder 2.2 mm in diam-
eter, 1 µm thick. The fD detector prototype has a
structure similar to the one of the mD detectors but
its design was specifically optimized for operation in
UHDR and ultra-high dose-per pulse conditions. Such
a device was proven to produce a linear response
under 4 µs pulsed electron beams up to more than
20 Gy/pulse, corresponding to an instantaneous dose-
rate of about 5 MGy/s. The device has a sensitive
volume 1.1 mm in diameter, 1 µm thick, and is encapsu-
lated in a housing nearly identical to the one of the mD
detector.

Two different electronic chains were utilized for
absorbed dose and instantaneous dose-rate measure-
ments with the diamond detectors:

1. For dose measurements only, the diamond detec-
tors were coupled to a PTW UNIDOS Webline
electrometer;

2. For instantaneous dose-rate measurements, the
diamond detectors were connected to a variable
gain transimpedance amplifier (model DLPCA 200,
FEMTO, Germany) and then to a 12 bit 200 MHz
digital oscilloscope (PicoScope 5444A, Pico Tech-
nology, UK). A 106 V/A gain of the transimpedance
amplifier was adopted for the measurements with the
mD detector. In this condition the FEMTO amplifier
exhibits a 200 kHz bandwidth. The measurements
with the fD detector were acquired by adopting a
107 V/A gain of the amplifier, resulting in a bandwidth
of 50 kHz. Instantaneous dose-rate measurements
could then as well be integrated to provide dose at
the investigated position.

2.3 Ionization chambers for dose
measurements

In addition to the diamond detectors, two ionization
chambers were used as reference detectors, a Pin-
Point chamber (PPC) (31015, PTW Freiburg) and
an Advanced Markus Chamber (AMC) (34045, PTW
Freiburg), connected to the UNIDOS electrometer and
providing only dose measurements. The PPC was used
in this work as the reference detector for dose lin-
earity investigation in the plateau region of the Bragg
Peak, since this detector is currently used at HIT for
dosimetry assessment before in vitro and in vivo UHDR
experiments.8 However, the AMC,a parallel plane cham-
ber with a 1 mm in-depth electrode air gap is more
adapted for in-depth dose measurements.

2.4 Measurements setup

The measurement setup involved a water tank with a 3D
motorized chamber holder (MP3, PTW Freiburg) with its
entrance windows set 10 cm before the isocenter. Each
detector was provided with a dedicated holder.

2.5 Irradiation details

Two different set of plans were used, a single spot plan
and a 2 × 2 cm2 field plan (121 raster-scanned spots).
The initial energy of the helium ions in both plans was
set to 145.7 MeV/u and a ripple filter was introduced at
the end of the beamline (Bragg peak range of about
14.5 cm in water).8 The ripple filter is used to broaden
the helium peak of 1–2 mm in depth41 and is used
as in current FLASH experiment at HIT and clinical
routine.8,42

2.5.1 Single spot irradiations

The first set of plans consisted of single spot with dif-
ferent number of particles. These plans were used to
investigate:

1. the consistency of the temporal current response
evolution of the diamond detectors in UHDR delivery
against the MIC records;

2. the linearity response of the diamonds and elec-
tronic chains under UHDR delivery for different initial
number of particles.

All measurements were performed at a depth of
5 cm in water after careful positioning of the detectors
with in-line and cross-line profiles. The position was
chosen to provide a good reproducibility between each
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4 DIAMOND DETECTORS FOR 4HE-UHDR DELIVERY

F IGURE 1 Overview of the experiments performed under different conditions together with their investigated endpoints. The UNIDOS
chain represents the electronic dose chain measurements while the “FEMTO+Pico” chain is representative of the instantaneous dose-rate
measurement chain. MIC stands for the monitoring ionization chamber.

measurement by staying in the plateau region of the
Bragg peak curve with relatively small in-depth dose
gradients and with a larger lateral dose distribution than
at shallower depths.

For investigating the temporal current response
measurements for UHDR delivery, the number of
particles was set to 1 × 109, and the instanta-
neous dose-rate measurements chain was used
with both fD and mD detectors. The measure-
ments were then compared to the records of the
MIC.

For the linearity investigations, the number of ions was
defined in the plan between 4 × 108 and 2.5 × 109,
the latter being close to the maximum number of
ions deliverable within one UHDR spill. The linearity
was investigated for both the dose and instantaneous
dose-rate measurements chains.

Four repetitions were made for each investigated set-
ting.The same UHDR current setting was used for all the
spot plans. At 5 cm, the selected plans reached about
2.5–15 Gy in 40–250 ms.

2.5.2 2 × 2 cm2 field irradiations

The second set of irradiations involved a 2 × 2 cm2 field
plan, consisting of 121 spots equally weighted with a
2 mm spot spacing (11 × 11 spots). This set was used
to:

1. characterize the dose response linearity of the dia-
mond detectors against PPC measurements at 5 cm
under SDR irradiation;

2. evaluate the depth-dose response (from ∼2 to
∼16 cm in water) of the diamond detectors in SDR
and UHDR conditions against AMC measurements
in SDR.

For the linearity measurements in SDR, the detectors
were set at 5 cm in water for dose varying between
approximately 0.5 and 10 Gy, corresponding to a total
number of particles of 5.6 × 108 to 1.1 × 1010. Only
the dose measurement chain (UNIDOS) was used. The
detectors were positioned using in-line and cross-line
profiles, and measurements were repeated four times
for each dose level.

For the depth dependent investigations, the total num-
ber of particles of the 2 × 2 cm2 field plan was set
to 2.2 × 109. Irradiations were done in either SDR or
UHDR. The current setting for UHDR was fixed for all
irradiations, with a delivery time of 180 ms. Measure-
ments were taken from ∼2 to ∼16 cm in water with the
diamond detectors and the AMC.For the diamond detec-
tors, measurements were performed with the dose and
instantaneous dose-rate measurement chains in UHDR
conditions, while only with the UNIDOS (dose measure-
ment chain) only for SDR delivery. The measurements
with the AMC were done only at SDR irradiation modal-
ity with the UNIDOS. Measurements performed with
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DIAMOND DETECTORS FOR 4HE-UHDR DELIVERY 5

F IGURE 2 (a) microDiamond (mD) current during 109 ions spot
irradiation in ultra-high dose-rate modality; (b) enlarged view
compared with the signal from the monitoring ionization chamber
(MIC); (c) comparison between the mD smoothed signal (1st order LP
filter, 64 µs integration time) and the signal from the MIC.

the diamond detectors and instantaneous dose-rare
measurement chains allow to record for each inves-
tigated depth the temporal evolution of the dose-rate
along the irradiation of the 121 spots. Each measure-
ment was repeated three times. In addition,Monte Carlo
FLUKA43,44 simulations of the depth dose a in the water
tank were performed using a detailed geometry of the
HIT beamline.45 All simulations reached a statistical
uncertainty under 0.5%.

F IGURE 3 microDiamond (mD) smoothed current as a function
of the monitor chamber signal.

F IGURE 4 Linearity plot in standard dose-rate modality of the
microDiamond (mD) and flashDiamond (fD) current as a function of
the measured PinPoint dose at 5 cm in water.

3 RESULTS AND DISCUSSION

An overview of the different performed experiments is
presented in Figure 1.

At first, a comparison of the monitoring ionization
chamber recordings against the ones from the mD
detector at 5 cm in water was performed for a sin-
gle spot delivery of 2 × 109 ions in UHDR conditions.
The position standard deviation, to the central posi-
tion, from the records of the beam monitoring system
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6 DIAMOND DETECTORS FOR 4HE-UHDR DELIVERY

F IGURE 5 (a) Linearity plot in ultra-high dose-rate modality of
the microDiamond (mD) and flashDiamond (fD) current at 5 cm in
water as a function of the requested number of helium ions, for both
measurement chains (UNIDOS electrometer or FEMTO+pico); (b)
charge obtained by integrating the instantaneous detector current
(FEMTO+Pico), from the flashDiamond (fD) and microdiamond (mD)
as a function of the charge measured by the UNIDOS electrometer.

was <0.03 mm with no records showing deviation
above 0.1 mm. Figure 2a presents the current from the
mD detector as a function of time. Figure 2b displays
an enlarged view of the signal reported in Figure 2a
together with the one from the MIC. The two datasets
were independently acquired, with no common trigger.
Therefore, to better compare and analyze the temporal
traces resulting from the two detectors, the signals were
manually synchronized. Afterwards the amplitude of the
MIC response was normalized to the diamond one. The
fast response of the diamond detectors allows to appre-
ciate more detailed structures of the dose-rate/current

temporal evolution of the spill delivery than the MIC.The
initial peak structure, present in all UHDR irradiation of
this work in the signal recorded by both the MIC and
diamond detectors, is linked to the beam extraction to
achieved UHDR before being regulated by the intensity
control system. The fine structure visible only with the
diamond detectors are due to the fact that the extrac-
tion process is a stochastic process, leading to such
fluctuations.

In order to allow a comparison between the two
signals, the signal from the diamond detector was
smoothed by applying an integrating filter. An opti-
mal value of 64 µs integration time for the diamond
detectors was found in order to achieve the best match-
ing between the two signals. The result is shown in
Figure 2c. The correlation between the two signals
from Figure 2 is reported in Figure 3, in which 1000
values were extracted from the smoothed diamond
signal and reported as a function of the respec-
tive acquisition values obtained by the MIC. Despite
the presence of a certain amount of data scatter-
ing, mostly due to a not perfect matching between
the temporal behavior of the two signals, a good lin-
ear relationship between the two devices is observed
with a Pearson correlation coefficient r = 0.995. Simi-
lar results, not reported here, were observed by using
the fD detector.All diamond measurements compared to
MIC records presented Pearson correlation coefficients
r > 0.99.

The sensitivities of the two devices were derived by
the linearity test measured in SDR conditions by deliv-
ering all the above described 121 raster scanned spot
plans. The results are reported in Figure 4. An excel-
lent linearity can be appreciated for both detectors. The
linear best fit is also reported (red line), resulting in sen-
sitivities of (0.981 ± 0.002) and (0.102 ± 0.001) nC/Gy
for the mD and fD detector respectively. The deviation
from linearity is reported in the lower plot of Figure 4 for
both devices, which was found to be within about 1%,
with the only exception of the lowest dose where a devi-
ation of about 4% was observed. At such low dose, the
helium gas mixture used in the MIC for UHDR irradia-
tion was leading to a loss of sensitivity and reproducibly
of the delivery when a low number of particles were
required per spots.

The linearity of detector responses were investigated
as a function on the number of ions measured by the
MIC, under UHDR delivery using the single spot plans.
The results are summarized in Figure 5a for both the
detectors and readout electronic acquisition systems.
The charge values from the “FEMTO+Pico” chain were
obtained by the integral of the recorded signal, divided
by the nominal gain of the FEMTO amplifier. Again, a
good linearity is observed in all cases with deviations
from the linear best fit being less than about 1.3%.

A comparison between the responses of two read-
out chain is shown in Figure 5b, in which the integrated
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DIAMOND DETECTORS FOR 4HE-UHDR DELIVERY 7

F IGURE 6 (a) A representation of the 2 × 2 cm2 field plan, with the measurement detectors located in the middle of the field. (b)
microDiamond instantaneous dose-rate evolution, during a 2 × 2 cm2 scanned beam (121 spots) measured at 14 cm in water in ultra-high
dose-rate condition in the center of the irradiation field. Two dose-rate metrics are displayed, the mean dose rate and the dose rate5%−95%.

F IGURE 7 Bragg peak as measured by the two detectors (microDiamonds [mD] and flashDiamonds [fD]) both by using the UNIDOS
electrometer or by integrating the FEMTO+Pico signal, in either ultra-high dose-rate (FLASH) or standard delivery conditions.

charge values from the FEMTO+Pico chain for both
detectors are reported as a function of the charge mea-
sured by using the UNIDOS electrometer. A very good
linear behavior is observed with a slope of 0.997, imply-
ing that no additional correction factors are needed to
accurately record the dose-rate temporal evolution. An
example is reported in Figure 6b, where the temporal
evolution of the dose-rate measured by the mD at 14 cm
depth in water for the 121 spots plan with 2.2 × 109

total particle numbers delivered in UHDR conditions is
shown. Eleven individual peaks can be identified cor-
responding to the contribution of pencil beams from
the 11 lines of the plan (Figure 6a). The instantaneous
dose-rate evolution is shown over the whole delivery
time (about 180 ms) with a maximum value of about
550 Gy/s. The standard approach for mean dose-rate
calculation (total dose of about 5 Gy divided by the over-

all delivery time) lead to a mean dose-rate about 28 Gy/s
instead. By adopting a different dose-rate definition pro-
posed in the recent literature for FLASH experiments,29

in which an adjusted time window (∼100 ms), by omit-
ting the delivered first 5% and last 5% of the total dose
at the measurement point, corresponding to the 90%
of the delivered dose is considered for the dose-rate
calculation. In such dose-rate framework a dose-rate
5%−95% value of 45 Gy/s is obtained. Such large dif-
ferences deriving from different dose-rate definitions
in combination with huge variations of the measured
instantaneous dose-rate, show the importance of an
accurate dose-rate evaluation for scanned ion beam
FLASH investigations and FLASH-TPS modeling.

The depth dose responses of the two detectors
were measured both in SDR and UHDR modality, by
using both the electronic chains in UHDR condition
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8 DIAMOND DETECTORS FOR 4HE-UHDR DELIVERY

F IGURE 8 Bragg peak as measured by the flashDiamond (fD) and Advanced Markus Chamber (AMC), and simulated with the Monte-Carlo
FLUKA (MC).

and the UNIDOS electrometer only in SDR conditions.
The results, normalized at 2 cm depth, are reported
in Figure 7. No significant differences were observed
between the two acquisition chains, thus demonstrating
the equivalence of the two systems. However, some
small discrepancies can be appreciated between the
two detectors. In particular, the mD shows an about 4%
higher response in the Bragg peak region. In addition,
all the fD curves appear to be translated of about
0.5 mm towards the entrance direction with respect
to the mD ones, probably due to a positioning error.
In Figure 8 the absolute dose measurements as a
function of the depth are reported for the fD and
compared to the ones from the AMC and the MC
simulation. It can be observed that the fD (and mD)
exhibit a higher response in the region close to the
Bragg peak as compared to the AMC, while the MC
simulation provides intermediate results. More specific
experiments are in progress to evaluate a potential
LET dependences of the diamond detector response.
Nevertheless, the results, shown in Figures 7 and 8,
strongly support the feasibility of absolute dose and
dose-rate measurements by the proposed acquisition
system.

4 CONCLUSIONS

Investigating and reporting the acquired dose-rate is
crucial in understanding and sharing the results of
potential FLASH effect. The proposed dosimetric sys-
tem allows for accurate dose and dose-rate measure-
ments in SDR and UHDR delivery modes. Both the
microDiamond and the recently proposed flashDiamond
detectors are suitable for dose-rate measurements in
UHDR ion therapy beams.
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