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FLASH radiotherapy (FLASH-RT) has emerged as a significant area of research
in the field of radiotherapy in recent years. This innovative technology delivers
ultra-high dose rate radiation in a very short time, effectively damaging tumor
cells while minimizing the impact on surrounding normal tissues. Currently,
the beams that have been proven to achieve the FLASH effect include
electrons, protons, and photons. X-ray FLASH-RT exhibits enhanced penetration
capabilities and superior cost-effectiveness. However, the detectors currently
used for X-ray FLASH-RT dose rate measurement generally exhibit saturation
effects and a limited dose linear response range. In this review, we provide a
comprehensive summary of the primary devices used to generate ultra-high
dose rate X-rays. Additionally, we classify and describe the reported detectors for
monitoring the high-dose rate in X-ray FLASH-RT according to three main types:
gaseous detectors, scintillators, and semiconductors. This offers researchers
valuable insights and a solid reference for selecting and optimizing detectors
to achieve more precise and reliable high-dose rate X-ray measurements in
X-ray FLASH-RT. Additionally, it provides significant support for the further
development and clinical implementation of FLASH-RT technology.

FLASH-RT, x-ray, dosimetry, gaseous detectors, scintillators, semiconductors

1 Introduction

In 1959, Dewey and Boag [ 1] conducted a study demonstrating that the effects of oxygen
vary when bacteria are exposed to large pulses of radiation. Specifically, under oxygen-
rich conditions, bacteria that are initially highly sensitive to radiation exhibit reduced
sensitivity following exposure to high doses of radiation. This study represents the first
comprehensive report on findings related to ultra-high dose rate research; however, the
underlying phenomenon remained unexplained at that time.

Over the next 50 years, only a limited number of research articles were published on
this topic. More recently, advancements in radiation therapy have led to the development
of FLASH radiotherapy (FLASH-RT), a novel technique characterized by the delivery of
radiation at ultra-high dose rates, typically exceeding 40 Gy/s. In contrast, Conventional
Radiotherapy (CONV-RT) delivers radiation at a much lower dose rate of approximately
0.03 Gy/s over a prolonged period.

FLASH-RT is defined by three key parameters: 1) “ultra-high dose rate,” referring to
radiation delivery exceeding 40 Gy/s; 2)“high dose,” indicating doses per fraction greater
than 10 Gy, significantly exceeding the conventional 1.8-2.0 Gy per fraction; and (3) “short
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FIGURE 1
Comparison of dose rates between CONV-RT and FLASH-RT.

time,” meaning that radiation is delivered in less than 1s per
fraction, as opposed to the several minutes required in conventional
radiotherapy.

In 2014, Favaudon et al. [2] conducted a study using a mouse
model to investigate the effects of FLASH-RT on the differential
responses of normal and tumor tissues. The results demonstrated
that FLASH-RT significantly enhanced the differential response
between normal and tumor tissues, leading to greater tumor
damage while exerting minimal effects on normal tissue. These
findings suggest that FLASH-RT holds promise as an effective
and safe radiotherapy modality, capable of selectively targeting
tumor cells while minimizing damage to normal tissue. This
radiobiological advantage distinguishes FLASH-RT from CONV-
RT. Unlike CONV-RT, FLASH-RT delivers ultra-high doses in
an extremely short time frame, enabling more targeted tumor
treatment while reducing damage to surrounding healthy tissues. As
illustrated in Figure 1, this stark contrast in dose rates underlies the
therapeutic benefits of FLASH-RT.

The types of radiation beams currently employed in FLASH-
RT include electron beams, protons, photons, and heavy ions, each
possessing distinct characteristics. The implementation of electron
FLASH primarily depends on linear accelerators [3-6] and laser-
plasma accelerators [7-10]. However, due to the inherent interaction
properties of electrons with matter, controlling the dose distribution
of electron beams in the depth direction within the body remains
challenging, thereby limiting their therapeutic efficacy for deep-
seated tumors [11]. Proton FLASH has been rapidly developed
due to its ability to treat deeper tumors due to the Bragg peak
effect [12,13]. However, the high cost of proton accelerator limits its
widespread clinical application [14].

In 2018, Montay Gruel et al. [15] provided the first evidence
that X-rays are capable of inducing the FLASH effect. In this
study, whole-brain irradiation was performed with an ultra-high
dose rate of 10 Gy (average dose rate 37 Gy/s, slice dose rate
12,000 Gy/s) was conducted. The results demonstrated that this
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irradiation protocol did not induce memory impairment in mice,
mitigated damage to hippocampal cell division, and resulted in
reduced reactive astrogliosis. Kilovolt (kV) X-rays generated by
synchrotron radiation and X-ray tubes have been employed in
clinical X-ray FLASH-RT, but their limited penetration depth,
restricts their application to the treatment of shallow tumors
[16]. Megavolt (MV) X-rays generated by accelerating electrons
to bombard target materials possess high penetration capabilities,
rendering them suitable for the treatment of deep-seated tumors.
Due to the relatively modest accelerator requirements, this approach
presents considerable potential for future advancements in FLASH
radiation source development [17].

2 Methodology

In this review, we aim to provide a comprehensive overview of
the current research on FLASH-RT technology and its applications
in cancer treatment. The studies included in this review were selected
based on specific inclusion and exclusion criteria, as outlined below.

e Databases Used: A systematic search was conducted using
the Web of Science (WOS) database to ensure the inclusion
of peer-reviewed articles and preprints published between
1959 and 2024.

e Keywords: The search strategy employed the following
keywords: “ultra-high dose rate,” “FLASH-RT;” and “FLASH
radiotherapy;” applied to both the titles and abstracts of the
retrieved articles.

e Inclusion Criteria: Studies were included if they met the
following conditions: 1) Investigated the use of FLASH-RT
or ultra-high dose rate X-rays in cancer treatment. 2) Were
published in English. 3) Provided data on clinical or preclinical
applications of FLASH-RT or the development of related
technologies.

e Exclusion Criteria: Studies were excluded if they met any of
the following conditions: Did not satisfy the aforementioned
inclusion criteria.

Figure 2 presents the research trends in FLASH-RT from 2014
to 2024. The data, retrieved from the Web of Science (WOS)
database, represent the number of articles published on “ultra-high
dose rate” or “FLASH-RT” over this period. Notably, the Google
Scholar database, which encompasses non-SCI-indexed and non-
English literature, generally returns a greater number of relevant
documents than WOS.

Figure 2 demonstrates that between 2014 and 2018, research
on “ultra-high dose rate” or “FLASH-RT” remained limited.
However, in 2019 [18], documented the first reported case of
FLASH-RT treatment in a human patient. The patient, suffering
from systemic cutaneous T-cell lymphoma, had undergone 110 local
skin radiotherapy sessions. Given the patient’s poor tolerance to
conventional radiotherapy, researchers opted for FLASH-RT as an
alternative approach. A skin tumor measuring 3.5 cm in diameter
was treated with a specially designed linear accelerator, which
delivered a 15 Gy dose within 90 m. As a result, grade 1 dermatitis
was observed at 3 weeks, but it quickly disappeared, and the tumor
completely responded.
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FIGURE 2
Research trends in FLASH-RT from 2014 to 2024. Articles published
between 2014 and 2024 on “ultra-high dose rate” or "FLASH-RT" were
retrieved from the Web of Science database.

These findings suggest that FLASH-RT is effective in
both normal and tumor tissues, further supporting its clinical
applicability. This breakthrough is inspiring widespread research
on the FLASH effect globally.

3 Device for ultra-high dose rate X-ray
FLASH-RT

With the discovery that X-rays can induce the FLASH effect,
there has been a growing interest in developing X-ray-based FLASH
radiotherapy (FLASH-RT) systems. The key challenge in this field
is to achieve ultra-high dose rates while maintaining precise beam
control and clinical applicability. In this context, various devices have
been explored to generate X-rays suitable for FLASH-RT, including
synchrotron radiation sources, linear accelerators, and X-ray tubes.

Synchrotron radiation employs high-energy electron beams
that interact with magnetic fields under specific conditions,
producing a continuous spectrum of X-rays. In linear accelerators,
electrons are accelerated to high energies and then directed onto
a target material. The primary mechanism for X-ray production
is bremsstrahlung, where the rapid deceleration of electrons as
they interact with the target material results in the emission of
X-rays. Characteristic X-rays can also be produced, but they are
secondary to the bremsstrahlung process. An X-ray tube generates
X-rays by accelerating electrons from a heated cathode toward a
metal anode, typically tungsten, using a high voltage. Upon collision
with the anode, the high-energy electrons are rapidly decelerated,
producing X-rays through both Bremsstrahlung (braking radiation)
and characteristic radiation (resulting from electron transitions
within the target material). These generated X-rays then exit the tube
through a window for imaging or analysis.

Properly configured conventional X-ray tubes can also fulfill
the requirements of FLASH-RT; however, their dose-rate levels
are generally lower than those of the other two systems. This
subsection provides an overview of the primary devices currently
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available for generating high-dose-rate X-rays, along with their key
characteristics. Table 1 summarizes the devices capable of delivering
ultra-high dose rate X-rays.

3.1 Synchrotron radiation

The European Synchrotron Radiation Facility (ESRF), situated
in Grenoble, France, is renowned as the worlds first high-
energy synchrotron radiation source [19]. As a third-generation
synchrotron radiation source operating at 6 GeV with a maximum
current of 200 mA, the ESRF features the ID17 beamline, specifically
dedicated to biomedical research. This beamline is equipped with
two experimental stations designed for in vivo and in vitro studies
[20]. The X-ray energy produced by the ID17 biomedical beamline,
generated by 6 GeV electron bunches circulating at a high frequency
of 355 MHz [21], is predominantly distributed within the range of
30 keV-120 keV [22].

In 2018, a study [15] conducted at the ESRF demonstrated,
for the first time, that synchrotron X-ray irradiation can induce
the FLASH effect. The researchers employed X-rays generated by
synchrotron radiation to irradiate the entire brains of mice. During
the experiment, the X-ray exposure lasted 0.27 s, resulting in a dose
rate of 12,000 Gy/s in a 50 um slice, which corresponds to an average
dose rate of 37 Gy/s. Additionally, two horizontally directed X-rays
delivered a dose of 5 Gy at a depth of 5 mm, thereby confirming, for
the first time, that X-rays can trigger the FLASH effect.

Japan’s third-generation synchrotron radiation facility, the Super
Photon Ring with 8 GeV (Spring-8), was established in 1984 and
first detected radiation beams in 1997. This facility is specifically
designed to support high-precision and high-sensitivity scientific
research [23]. The radiation source employed is a broad-spectrum
light X-ray bending magnet beam, designated as BL28B2, with an X-
ray spectrum ranging from 50-200 keV with a peak around 90 keV.
Using an adjustable collimator, the X-ray peak dose rate reached
124 Gy/s and 111 Gy/s for the 100 mm and 20 mm microbeams,
respectively [24].

The Imaging and Medicine Beamline (IMBL) at the Australian
Synchrotron Radiation Facility functions as a dedicated an X-ray
platform for both medical imaging and therapeutic applications
[25]. The facility is equipped with a 3 GeV storage ring, an electron
beam current of 200 mA, and a pulse repetition rate of 500 MHz
[26]. The average energy was measured at 94 keV [27]. Furthermore,
the dose rate measured by the PinPoint IC detector in the Al-Al
filter configuration at a depth of 15 mm on a water-equivalent plastic
phantom was recorded at 6,963 Gy/s, as reported in [28].

The National Synchrotron Light Source at Brookhaven National
Laboratory (NSLS) in the United States generates X-rays with a high
trigger frequency with a high frequency (53 Hz), with a pulse width
of 2 ns. The beam center spacing is 75 or 200 um, and the exposure
dose rate ranges from 310 to 650 Gy/s [29].

3.2 Linear accelerator
The ARIEL facility in Canada, a significant expansion of TRIUMF’s

ISAC facility, is built around a 50 MeV, 10 mA continuous wave
electron linear accelerator [30]. This facility is the first X-ray FLASH
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TABLE 1 Devices capable of delivering ultra-high dose rate X-rays.

10.3389/fphy.2025.1576227

Source Country/ Max current Dose rate® The pulse-repetition
Affiliation ‘ (mA) Gy/s ‘ -frequency (PRF)
ESRF ID France 30-120 keV 200 18,000 355 MHz
BL28B2 Japan 50-200 keV 100 124 -
Synchrotron
IMBL Australian 94 keV 200 6,963 500 MHz
NSLS Brookhaven 32-126 keV - 310-650 53 MHz
TRIUMF ARIEL 10 MV 0.1 128 @7.5 cm FLASH: 1 Hz
PARTER China 6-8 MV 10 400 @20 cm 54.167 MHz
Linear induction Lawrence Livermore - 25,000 989 @1l m 10,000 Hz
Linac accelerator accelerator National Laboratory
Room-temperature China - 300 98.9 @1 m 1-700 Hz
RF linac
Petal-shaped accelerator China 6-9 MeV - 600 @0.12 m -
MXR-160/22 18.75 (114.3+0.6) @3.7 cm -
Switzerland 160 kV
MXR-165 37.5 (160.0+0.8) @3.5 cm -
RAD-44 . 140.5 @65 mm -
X-ray tube United States 150 kV] 800
2 of America P
G-1592 127.3 @65 mm -
Toshiba E7252X 200 44.6 @53 mm -
Spain 150 kVp
Toshiba E7869X 125 45.6 @66 mm -

“: Energies correspond to the X-ray nominal value or range of values quoted in the relevant literature. For the conventional x-ray tube, the peak tube voltage is used instead.
b; For X-rays generated by synchrotron radiation, the corresponding dose rate is the maximum dose rate or dose rate range mentioned in the literature; others are mean dose rate at the

designed SSD.

source in North America and the first globally to achieve a clinically
relevant energy of 10 MV, establishing itself as a crucial experimental
platform for FLASH radiobiology research [17]. In 2024, TRIUMF
successfully developed and characterized the first irradiation platform
capable of delivering a 10 MV X-ray beam at an ultra-high dose rate,
achieving an average dose rate of 82.6 Gy/s at a depth of 1 cm with a
peak beam current of 100 yA [17].

In 2020, Yang Yiwei, a member of our team, collaborated with
the research group led by Wu Dai and the team headed by Du
Xiaobo from Mianyang Central Hospital. Together, they successfully
developed the world’s first high-energy X-ray photon FLASH-RT
verification platform, representing a significant milestone in this
field. This achievement represents important progress in the realm
of FLASH-RT technology. This pioneering platform, known as
the “Platform for Advanced Radiotherapy Research (PARTER)”
represents the first successful validation of the high-energy X-ray
FLASH effect. It incorporates a superconducting electron accelerator
integrated with a terahertz free electron laser system at the China
Academy of Engineering Physics, capable of delivering an electron
beam energy of 6-8 MeV [31]. The facility achieves a maximum
average current exceeding 6 mA, with the electron macro-pulse
comprising millions of micro-pulses, each lasting approximately
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3-5 ps, and a repetition rate of 54.167 MHz. At a source-to-surface
distance (SSD) of 20 cm, the maximum average dose rate reaches
approximately 400 Gy/s [32].

In 2021, Sampayan et al. [33] explored the feasibility of using
the linear induction accelerator in FLASH-RT. The Experimental
Test Accelerator-II accelerated an electron beam to 6.5 MeV, which
subsequently impinged on a tantalum (Ta) target, producing
induced X-ray radiation. At a source-to-skin distance of 1 m, the
recorded surface dose rate was 98.9 Gy/s.

In 2024, the Department of Engineering Physics at Tsinghua
University developed an ultra-high dose rate, high-energy X-ray
radiation platform based on an S-band (2.856 GHz) backward
traveling wave electron linear accelerator. This platform is designed
to investigate the feasibility of developing a compact and cost-
effective clinical FLASH-RT system that can be accommodated in
standard hospital treatment rooms. The linear accelerator generates
an 11 MeV electron beam with a pulse current of 300 mA, resulting
in an average beam power of 29 kW. The conversion system
is capable of sustaining the high beam power for a maximum
irradiation for the maximum duration of 0.75 s. When employing
a planar filter, the maximum average dose rate measured at
different SSD exhibits significant variation: exceeding 80 Gy/s at
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an SSD of 50 cm and surpassing 45 Gy/s at an SSD of 67.9 cm.
All measurements were performed at a depth of 2.1 cm in a
water phantom [34].

The petal-shaped electron irradiation accelerator offers several
advantages, including stable performance, rapid beam adjustment,
high beam power, and the ability to simultaneously provide multiple
energy options [35]. Recently, researchers have increasingly focused
on the petal-shaped accelerator for the implementation of FLASH-
RT. In 2024, the China Academy of Engineering Physics reported
achieving an average dose rate exceeding 600 Gy/s at a distance of
0.12 m using X-ray equipment designed based on high-power petal
cyclotron technology [36]. The Institute of Modern Physics of China
is also actively engaged in a similar design. These developments
highlights a potential trend in the future advancement of FLASH-RT
technology.

3.3 X-ray tube

A study by Bazalova-Carter etal. in 2019 investigated the
feasibility of using conventional high-power X-ray tubes MXR-
160/22 and MXR-165, in FLASH-RT experiments [16]. The
simulation results revealed that the 160 kV MXR-160/22 and MXR-
165 X-ray tubes achieved dose rates of (114.3 + 0.6) Gy/s and (160.0
+ 0.8) Gy/s, respectively, at the surface of the water film. In a 1 cm
diameter region of interest (ROI) located within the high dose region
and away from the heel effect, the dose rates for the MXR-160/22
and MXR-165 tubes were measured as (110.6 + 2.8) Gy/s and (151.9
+ 2.6) Gyl/s, respectively. Additionally, the FLASH dose rate was
sustained at depths of 1.4 mm and 2.0 mm for the MXR-160/22 and
MXR-165 X-ray tubes, respectively.

In 2021, Rezaee etal. introdeced a novel self-shielded X-ray
irradiation box system [37]. This system incorporates two high-
capacity radiographic and fluoroscopic X-ray sources utilizing
rotating anode technology, namely, the RAD-44 and G-1592 models.
These X-ray tubes can operate in radiographic or fluoroscopic
mode. They deliver radiation doses in the form of single or
multiple pulses at a peak voltage of 150 kV. Moreover, they are
configured in a parallel-opposing arrangement. The researchers
used the GEANT4 Monte Carlo simulation platform to evaluate
the dosimetric characteristics of these X-ray sources. They assessed
the performance under both FLASH and conventional dose-rate
irradiation conditions. The dose and dose rate of a single RAD-94 X-
ray source were experimentally validated in a solid water phantom
using Gafchromic film, and simulation results were compared to
experimental data to confirm the validity of the Monte Carlo code
and model. The study’s findings demonstrated that the system is
capable of delivering doses exceeding 50 Gy at ultra-high dose rates
ranging from 40 to 240 Gy/s with a 20 mm thick water-equivalent
medium. Furthermore, the system achieves a uniform depth dose
rate variation of +5% within the 8-12 mm range in the central area
of the water-equivalent medium. Additionally, by adjusting the tube
current and increasing the distance between the water-equivalent
medium and the tube, the system can also provide conventional dose
rate irradiation at 0.1 Gy/s.

In 2023, Espinosa-Rodriguez etal. introduced a novel small
animal X-ray irradiator [38]. This irradiator is based on a
conventional imaging X-ray tube designed for preclinical research
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and is housed within a shielded cabinet, making it cost-effective
and suitable for integration into existing laboratory environments.
The study focused on analyzing of two conventional 150 kVp X-ray
tubes, with the dose rate and dose uniformity being evaluated using
Gafchromic film. Monte Carlo simulations were used to model the
irradiator, allowing for the determination of the tube’s efficiency and
dose rate, both with and without additional filters. At 150 kVp and
a distance of 20 cm, the conventional dose rates ranged from 0.5 to
1 Gy/min without additional filters. By maximizing the tube power
and positioning the sample in close proximity to the source, FLASH
irradiation could be achieved, resulting in dose rates exceeding
40 Gy/s and a 10 Gy dose delivery. The study demonstrated that a
Toshiba E7252X X-ray tube could deliver a dose rate of 44.6 Gy/s for
a single 6 Gy fraction at a distance of 53 mm from the source, while
a Toshiba E7869X X-ray tube could deliver a dose rate of 45.6 Gy/s
for the same fraction at a distance of 60 mm. The researchers are
currently developing a new prototype using a 50 kW high voltage
generator from SEDECAL, coupled with energy storage capabilities
and a custom-designed X-ray tube and generator assembly. This
advancement will allow the exit window to be positioned within
3 cm of the focal point, facilitating dose rates exceeding 100 Gy/s.

4 Dosimetry

In FLASH-RT, achieving ultra-high dose rates is a critical factor
for its effectiveness. However, this presents significant challenges for
dosimetry, as existing detectors may not be capable of accurately
measuring the rapidly delivered radiation doses. To ensure precise
dose delivery and effective treatment, dosimetries used in FLASH-
RT must fulfill specific requirements. These include the ability to
respond quickly to high dose rates (on the order of 40 Gy/s or
higher), minimal energy dependence, and high accuracy across a
broad dose range. Additionally, dosimetry should be capable of
operating in the presence of high radiation flux without significant
damage or degradation of their performance.

Despite advances in detector technology, existing dosimetries
often face limitations when employed in FLASH environments.
Traditional dosimetries, such as ionization chambers, scintillation
detectors, and thermoluminescent dosimetries, may not be fast
enough to capture the brief pulses of radiation delivered in FLASH-
RT. Furthermore, many of these detectors exhibit energy and dose
rate dependencies that limit their accuracy and reliability in ultra-
high dose rate scenarios. As a result, there is an urgent need for
the development of specialized detectors capable of addressing these
challenges while ensuring precise, real-time dose measurement
during FLASH treatment.

To address these challenges, detectors employed for ultra-high
dose rate X-ray measurement can be classified into three categories
based on their working medium and detection mechanism:
gaseous detectors, scintillation detectors, and semiconductor
detectors. This section will provide an overview of the research
advancements in each of these detector types, focusing on their
performance, advantages, and limitations in ultra-high dose rate X-
ray measurements. The detectors that have been used for ultra-high
dose rate X-ray dose measurements are summarized in Table 2.
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TABLE 2 Detectors suitable for high dose rate X-ray dose measurements.

10.3389/fphy.2025.1576227

Dosimetry Sensitive volume ’ Dose rate/region Linearity Uncertainty
(geometry) ‘ (Gy/s)
PTW Pinpoint 31010 125 mm’® 12,728 - -
PTW Pinpoint 31014 15 mm? 12,000 - -
PTW Pinpoint 31022 16 mm® 650 - -
Fibre-optic Dosimeters 0.0785 mm> > 200 - -
Plastic Scintillation Detector (PSD) ¢=0.5mm 3.1-118.0 R* >0.998 0.5%
h =0.47 mm
Lead-doped scintillator dosimeters ¢=0.97 mm 1.1-40.1 R* >0.999 0.6%
h=3.6mm
CeBr; Relative Average > 150 - -
dosimetry Instantaneous: 5.5 x 10°
PTW microdiamond 60019 0.004 mm> 1-700 - 2%
a-Si:H diodes 4x4mm* 600 R >0.999 -

4.1 Gaseous detectors

Gaseous detectors function based on a well - defined principle.
Upon irradiation, ionization of the gaseous medium within the
detector forms ion pairs. These ion pairs then migrate within
the electric field of the detector’s sensitive volume, giving rise to
detectable signals.

In 2011, [39]
characteristics of microbeam radiation therapy (MBRT) at the ESRF
ID17 beamline. The PTW Semiflex 31010 ionization chamber, which
is made of 99.98% pure aluminum and has a sensitive volume of

Prezado etal. assessed the dosimetric

125 mm?>, a length of 6.5 mm, and a radius of 2.75 mm [40], was
employed for absolute dose measurements in the study. The PTW
Semiflex 31,010 ionization chamber placed at a depth of 2 g/cm?* and
was monitored with a reference field size of 2 x 2 cm?. A reference
dose rate of 67.2 Gy/s/mA was achieved at a beam current of
189.41 mA. The ionization chamber exhibited a small measurement
error and rapid response characteristic, making it suitable for the
absolute dose measurement of medium-energy X-rays.

The PTW Pinpoint 31014 ionization chamber, which uses
aluminum as the central electrode, has a sensitive volume of 15 mm?,
a length of 4 mm, and a radius of 0.09 mm. This design is intended
to minimize the central electrode effect under electron beam
conditions, thereby enhancing spatial resolution. The chamber’s
compact size provides advantages in measuring small and medium
field sizes, as highlighted in [41]. In 2018 [15], the PTW Pinpoint
31014 ionization chamber was used to measure the dose rate of X-
rays from the ESRF ID17 biomedical beamline on a 50 pm slice. This
research shows the potential of the PTW Pinpoint 31,014 ionization
chamber in ultra-high dose rate (1,200 Gy/s) environments and
demonstrated its practical application value in the biomedical field.
However, for large field sizes, its accuracy may depend on the
correction methods, as discussed in [42].
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The PTW Pinpoint 31022 ionization
ventilated cylindrical design and a center of electrode made of

chamber, featuring a

99.98% pure aluminum [43], has a radius of 1.45 mm, a length of
2.9 mm, and a sensitive volume of 16 mm?> [28]. In 2024 [32], the
PTW 31022 ionization chamber was utilized as an active dosimetry.
Modeling calculations indicated that the ion collection efficiency of
the chamber could remain above 99.8% under 1,000 Gy/s FLASH X-
ray irradiation. Experimental findings revealed that the saturation
effect of the chamber could be disregarded at an average dose rate
below 650 Gy/s. The combined results from both modeling and
experiments suggest that the PTW 31022 small-volume ionization
chamber exhibits reliable performance on the PARTER platform and
is suitable for FLASH X-ray dose measurements.

4.2 Scintillation detectors

In radiation therapy, scintillation detectors are commonly
employed due to their resistance to radiation damage and
insensitivity to temperature variations. These detectors detect
radiation by utilizing the flashes generated by ionizing radiation
in materials [44]. Scintillator optical fibers have drawn considerable
attention due to their advantages such as water-isotropy, radiation
hardness, and energy independence [45,46].

In 2019, Archer James etal. [47] conducted a study
characterizing a novel dosimetry, the plastic scintillator fiber
optic detectors (FODs), at the Australian Synchrotron. This
detector utilizes BC-400 plastic scintillator, which exhibits favorable
properties including water equivalence, radiation hardness, and
energy independence, making it well-suited for dose monitoring
in microbeam radiation therapy. The plastic scintillator fiber optic
detector consists of a BC-400 plastic scintillator with a thickness
of 10+ 2 um, coupled to an optical fiber with a diameter of 1 mm.
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This configuration offers a one-dimensional spatial resolution of
approximately 10 ym. By comparing the measurement results from
the ionization chamber and the plastic scintillation detector at a
depth of 75 mm, the study estimated that the dosimetry can measure
a minimum dose rate of 200 Gy/s. The scintillation detector exhibits
excellent performance in high dose rate environments and can be
effectively utilized for dose measurement and beam monitoring in
microbeam radiation therapy.

Cecchi Daniel D et al. [48] utilizd an MRX-160/22 X-ray tube
from Comet (Flamatt, Switzerland) and characterized it using a
Hyperscint PSD probe. The core component of the probe is a
polystyrene scintillator with a diameter of 0.5 mm and a length of
0.47 mm. This scintillator is embedded in a PMMA optical fiber
and positioned 5 mm from the beryllium window in the X-ray tube.
The beryllium window serves to separate the internal and external
and environments of the tube, maintaining the vacuum state while
allowing the transmission of X-ray. The study found that at a tube
voltage of 80 kVp, the dose rate measured by the PSD exhibited a
linear respond (R* > 0.998) across a range of 3.1 Gy/s-118.0 Gy/s
as the tube current increases from 1 mA to 37.5 mA. Additionally,
the PSD measurements showed strong agreement with results from
Monte Carlo simulation (MC simulation) and film results.

The fiber optic sensor developed by O’Keeffe et al., utilizing
the inorganic scintillating material cerium-doped dysprosium
oxide Gd,0,S : Tb, has demonstrated good repeatability and dose
independence across various studies [49-53]. In a study conducted
by Shaharuddin et al. [54], an MRX-160/22 X-ray tube from Comet
(Flamatt, Switzerland) was used to generate X-rays. The researchers
investigated a range of inorganic scintillator materials, including
Gd,0,S : Tb, La,0,S : Tb, and La,0,S : Eu, as well as plastic
scintillators, such as BCF-10 and Pb-doped plastic scintillators
with 5% lead content. These materials were integrated with optical
fibers to develop detectors capable of performing real-time dose
measurements for ultra-high dose rate X-rays. The optical fiber
core was micro-machined to create a cavity with a diameter of 500
pum and a depth of either 1 mm or 2 mm, designed to effectively
encapsulate the scintillator powder. This design was specifically
intended to address potential detector saturation in high dose rate
X-ray beams. The study findings revealed that all detectors exhibited
good linearity with respect to irradiation time and tube current.
Among them, the Gd,0,S : Tb inorganic scintillator demonstrated
excellent repeatability, while the plastic scintillator exhibited the
highest reliability.

Alexander et al. [55] utilized an MRX-160/22 (Comet, Flamatt,
Switzerland) X-ray tube to generate X-rays and investigated four
plastic scintillator dosimeters with different compositions. These
included BCF-10, a pure plastic scintillator primarily composed of
carbon and hydrogen, as well as plastic scintillators doped with
0.5%, 1.4%, and 5% lead. The results showed that plastic scintillators
containing 5% lead were capable of absorbing higher dose rates
and exhibited independence of dose rate range of 1.1-40.1 Gy/s.
Furthermore, the dose measured by the 5% lead-doped scintillation
detector closely matched the water simulation results, with an error
margin within 0.6%. These lead-doped scintillators demonstrated
minimal dependence on dose rate and hold promise as accurate
real-time dosimeters for measuring FLASH-RT X-ray beams.

Simultaneously, one of our team members, Yang etal. [32]
employed CeBr; scintillation detectors on the PARTER platform
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for relative dose measurement of FLASH X-rays. This work further
expands the application potential of scintillation detectors in ultra-
high dose rate environments.

4.3 Semiconductor detectors

Semiconductor detectors operate by utilizing the interaction
between radiation and semiconductors to generate free electrons
and holes. These charge carriers are driven by an external electric
field, generating current pulses. The electrical signals are then
processed and analyzed to extract information on radiation energy.

Livingstone et al. [56,57] investigated the potential of the PTW
microdiamond 60019 synthetic single-crystal diamond detector for
dosimetry in synchrotron radiation and microbeam radiotherapy.
Designed specifically for small-field dosimetry, the detector features
a cylindrical active volume of 0.004 mm?>, with a radius of
1.1 mm and a thickness of 1 ym. The study demonstrated that the
detector exhibits a good linear response across an energy range of
30-120 keV and dose rates ranging from 1 to 700 Gy/s.

Matthew etal. [28] explored the suitability of hydrogenated
amorphous silicon (a-Si:H) diodes for dose measurement and beam
monitoring in ultra-high dose rate X-ray environments, specifically
focusing on X-rays generated by synchrotron radiation facilities. The
a-Si:H diode used in the study features a planar barrier structure
with an electron-selective contact layer (either ZnO : Al (AZO) or
TiO,, 60 nm or 10 nm thick, respectively), a hole-selective contact
layer (comprising 20 nm MoOx and 60 nm ITO protective layers),
and an undoped a-Si:H active layer with thicknesses of 0.8 ym and
6.2 um.

Each diode consists of four 4 x 4 mm? pixels connected to gold
contact pads via conductive silver paint and epoxy. These diodes are
deposited on a high-density silicate glass substrate, approximately
1 mm thick, ensuring high spatial resolution while maintaining dose
linearity and stability. The study results demonstrated that the a-Si:H
diodes exhibit exceptional radiation hardness, tolerating dose rate
up to 6,000 Gy/s with a response variation limited to 10% over a
total delivered dose of approximately 600 kGy. When irradiated with
117 keV X-rays, the sensitivity of each detector ranged from 2.74 to
4.96 nC/Gy.

5 Future outlook

When measuring dose rates under ultra-high dose rate X-ray
conditions, the performance of various detectors varies significantly.
Ionization chambers, such as PTW Semiflex 31010 [39,40], PTW
Pinpoint 31014 [41,42], and PTW Pinpoint 31022 [32,43] are
commonly used for the such measurements. These ionization
chambers, typically featuring a small-volume design with an
aluminum central electrode, are prone to ion recombination effects
due to the ultra-high dose rates delivered in extremely short time
frames. As a results, correction factors must be applied, limiting
their utility in ultra-high dose rate X-ray measurements [58,59].
In contrast, detectors that coupling scintillating materials with
optical fibers exhibit a good linear response under X-ray FLASH-
RT conditions. However, their linearity at higher dose rates needs
further validation. Challenges such as PDD (percent depth dose)
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deviation, angular dependence, and the Cherenkov effect remain
to be addressed. Optimized designs and correction methodologies
tailored for clinical applications are essential [60]. Semiconductor
detectors, such as the PTW microdiamond 60019 synthetic single-
crystal diamond detectors and hydrogenated amorphous silicon (a-
Si:H) diodes, demonstrate an excellent linear response in ultra-
high dose rate X-ray environments. However, saturation effects may
occur when operating beyond a certain dose rate range.

In high dose rate measurements for electron, proton, and X-
ray FLASH, detectors typically encounter challenges, including ion
recombination effects and saturation effects. To accurately capture
dose fluctuations over short time, detector must have fast response,
linear dose response, high sensitivity, and accuracy [61-63]. Insight
from existing research on electron, proton, and heavy-ion FLASH
environments can be leveraged to drive advancements in detector
performance under ultra-high dose rate X-ray conditions.

5.1 Gaseous detectors

In the study of electron FLASH dose measurement, both Gomez
etal. [64] and Liu K. etal. [34] focused on the development
and optimization of ultra-thin parallel-plate ionization chambers.
Gomez etal. enhanced charge collection efficiency (99%) and
improved the precision of ion recombination correction factors
at ultra-high dose rates by employing small electrode spacing
(0.27mm and 0.25mm) and non-tissue-equivalent materials.
Similarly, Liu K. etal. Increased the sensitivity of their design
to ultra-high dose rate beams by further reducing the electrode
spacing to 0.1 mm and optimizing the bias voltage, thus enabling
accurate detection of transient dose rate fluctuations. In proton
FLASH dosimetry, Lourenco etal. [65] validated the accuracy
of a small-gap ionization chamber for ultra-fast proton beam
scanning radiotherapy. In carbon ion FLASH therapy, Xinle
Lang etal. [66] developed a low-pressure ionization chamber
utilizing nitrogen, which demonstrated excellent dose linearity
under various pressure conditions and proved effective for real-time
dose monitoring.

Previous studies have demonstrated that reducing the electrode
gap, increasing the bias voltage, and employing a low-pressure
ionization chamber can substantially improve the performance of
gaseous detectors under ultra-high dose rate conditions. These
approaches improve both the response speed and measurement
precision of the detector. Future research could focus on developing
new electrode materials to enhance stability and radiation resistance.
Additionally, it can focus on optimizing the ionization chamber
structure, such as further reducing the electrode gap and improving
the electric field distribution. However, there are still challenges
in fabricating detectors with high repeatability and even thinner
electrodes.

5.2 Scintillation detectors

In 2022, Vanreusel et al. [67] conducted an initial investigation
into the performance of point detectors made from various
scintillating materials, including ALO;:C,Mg, Y,0;: Eu,
Al,O; : C, (C34H;,P,)MnCly, and (C3gH3,P,)MnBr,, in ultra-high
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dose rate electron FLASH. The study revealed that most detectors
exhibited a clear linear relationship with the dose. Among them, the
(C33H34P,)MnX, (X = ClI or Br) point scintillators outperformed
the others, showing no saturation effects and maintaining a linear
relationship with the pulse dose. Due to their compact size, these
point scintillators provide excellent spatial resolution.

In 2022, Matteo Morrocchi et al. [68] evaluated the potential
of scintillators for high dose rate FLASH-RT. Their study
demonstrated that both the plastic scintillator EJ212 and the LYSO
detectors exhibited excellent performance under ultra-high dose
rates. In 2024, Vanreusel etal. [69] introduced the ImageDosis
system, which integrates a scientific camera with a 12% doped
YAG:Ce (Y;Al;0,, : Ce®*) coating. This system demonstrates
the capability to accurately discriminate and measure the dose
of individual pulses at doses up to 13 Gy and average dose rates
reaching 140 Gy/s, with minimal dependence on dose, dose
rate, or energy.

Moreover, Baikalov et al. [70] characterized the Hyperscint RP-
FLASH system (MedScint, Quebec City, Canada). This system
integrates a plastic scintillator probe with a cooled two-dimensional
electrical detector array, enabling real-time, millisecond-scale dose
measurements across a dose rate range of 1.8-1,341 Gy/s.

Current research demonstrate that scintillator-fiber coupled
detectors perform exceptionally well in electron, proton, and high-
energy X-ray FLASH applications. In electron FLASH studies, the
implementation of point detectors has introduced a novel approach
to dose measurement in ultra-high dose rate high-energy X-ray
FLASH. By utilizing diverse scintillating materials and optimizing
system designs, scintillation detectors can achieve a remarkable
linear response and high spatial resolution under ultra-high dose
rate conditions. Future research should concentrate on developing
new scintillating materials, improving system design, and enhancing
the real-time response capability and measurement accuracy of
detectors.

5.3 Semiconductor detectors

The study by Kranzer etal. [71] demonstrated that the
microDiamond detector T60019 shows a nonlinear response and
saturation behavior at ultra-high dose rates. However, its linear
range can be extended by adjusting the sensitivity and series
resistance. Rahman et al. [72] found that the commercial SNC 1118
detector exhibited good linear response and long-term stability in
a 10 MeV ultra-high dose rate electron beam environment. This
was particularly evident in the dose rate range of 30-180 Gy/s.
SiC detectors with PIN structure also display high temporal
resolution and good linear response in ultra-high dose rate electron
beam environments [73-75]. Meanwhile, thin silicon sensors have
demonstrated the feasibility of monitoring in high dose rate
environments [76,77].

Based on these findings, future research should focus on
optimizing detector designs to enhance performance in ultra-high
dose rat environments. For instance, the linear response range can
be extended, and nonlinear and saturation effects can be minimized
by adjusting sensitivity and series resistance. Additionally, the
development of detectors with higher temporal resolution is crucial.
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In particular, optimizing the PIN structure of SiC detectors could
meet the requirements of fast pulse measurements. The successful
application of these detectors in electron and proton FLASH offers
a promising direction for advancing ultra-high dose rate X-ray
measurement.

6 Conclusion

FLASH-RT  exhibits
treatment, effectively destroying tumor cells while minimizing
the first

research

significant  potential in  cancer

damage to surrounding normal tissues. Since
FLASH-RT in 2019,

field have rapidly expanded

underwent
this

human patient
and clinical trials in
worldwide.

Ultra-high dose rate X-rays have demonstrated efficacy
in treating deep-seated tumors while offering improved cost-
effectiveness. This article reviews the current technologies for
generating ultra-high dose rate X-rays, summarizes suitable
detectors for X-ray dose rate measurement, and discusses existing
issues and challenges.

The primary challenges in ultra-high dose rate X-ray dosimetry
include ion recombination and saturation effects in detectors. Future
research on gaseous detectors will emphasize the development
of novel electrode materials and the optimization of ionization
chamber designs. However, challenges persist in fabricating
detectors with high repeatability and ultra-thin electrodes.
Scintillator-fiber coupled detectors have demonstrated promising
performance in FLASH applications, with ongoing efforts directed
toward developing novel scintillating materials, improving system
design, and enhancing real-time response and measurement
accuracy. Research on SiC detectors prioritizes design optimization
to extend the linear response range, minimize nonlinear and
saturation effects, and enhance temporal resolution through PIN
structure refinement.

The technology surrounding FLASH-RT is expected to continue
attracting attention in cancer treatment and to see wider clinical
application. Future research should focus on optimizing equipment
and technology to enhance treatment efficacy while minimizing
potential side effects. Additionally, it is crucial to strengthen
research on dose rate measurement and to develop more accurate
and reliable detectors to ensure safety and effectiveness during
treatment. We believe that, with ongoing research, FLASH-RT
will provide more effective and safer treatment options for
cancer patients, significantly contributing to the advancement of
cancer care and potentially transforming the overall landscape of
cancer treatment.
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