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Abstract

Radiation therapy is a cornerstone of cancer treatment, though its effectiveness is limited when treating radio-
resistant, hypoxic, and motion-affected tumors, including pancreatic ductal adenocarcinoma (PDAC). To overcome
these obstacles, heavy-ion irradiation emerges as a promising alternative to conventional radiotherapy for treating
hypoxic and radio-resistant cases due to its favorable physical and biological properties. Simultaneously, delivering
radiation over a short time frame, at so-called ultra-high dose rates (UHDR), offers the potential to mitigate intra-
fractional motion and to enhance the therapeutic ratio by sparing healthy tissue. Combining these two advanced
modalities to heavy-ion UHDR irradiation may therefore be of particular benefit when treating these challenging
tumor instances.
The objective of this work was to establish the technical basis for exploring heavy-ion UHDR irradiation and to
determine its clinical potential. Firstly, the technical feasibility and dosimetric prerequisites were systematically
assessed. Diamond detectors were characterized under densely ionizing carbon and oxygen ion irradiation at
UHDR. The results confirmed their suitability for dosimetry in heavy-ion UHDR beams. Subsequent mechanistic
studies were conducted to examine the radiochemical processes after various particle beam deliveries, followed
by the first preclinical experiments with oxygen-ion UHDR to evaluate the biological response in PDAC models.
Herein, this radiation quality proved iso-effective in vitro cell killing and in vivo tumor growth delay compared
to conventional dose rates. Survival benefits of oxygen-ion UHDR have been demonstrated and support future
investigations of this modality.
Collectively, these results provide methodological and physical groundwork as well as the first biological evidence
endorsing the clinical exploration of heavy-ion UHDR irradiation, particularly for tumors with limited therapeutic
options.

⋄ ⋄ ⋄

Zusammenfassung

Die Strahlentherapie ist eine tragende Säule in der Krebsbehandlung, stößt jedoch bei der Therapie von radio-
resistenten, hypoxischen und bewegungsbeeinflussten Tumoren wie dem duktalen Adenokarzinom der Pankreas
(engl. PDAC) an ihre Grenzen. Um diese Hindernisse zu überwinden, bietet sich die Schwerionenbestrahlung als
vielversprechende Alternative zur konventionellen Strahlentherapie für die Behandlung hypoxischer und strahlen-
resistenter Fälle an, aufgrund ihrer günstigen physikalischen und biologischen Eigenschaften. Gleichzeitig bietet
die Strahlenabgabe über einen kurzen Zeitraum mit sogenannten ultrahohen Dosisraten (UHDR) das Potenzial,
intrafraktionelle Bewegungen zu mildern und zudem möglicherweise ein bessere Schonung des umliegenden gesun-
den Gewebes zu erzielen. Die Kombination dieser beiden Modalitäten zur Schwerionen-UHDR-Bestrahlung könnte
daher bei der Behandlung dieser schwierigen Tumorfälle von besonderem Nutzen sein.
Das Ziel dieser Arbeit war es, die technischen Grundlagen für die Erforschung der UHDR-Bestrahlung mit
Schwerionen zu schaffen und ihr klinisches Potenzial zu untersuchen. Zunächst wurden die technische Mach-
barkeit und die dosimetrischen Voraussetzungen systematisch geprüft. Diamantdetektoren wurden in dicht
ionisierender UHDR Bestrahlung mit Kohlenstoff- und Sauerstoffionen charakterisiert und ihre Eignung für die
Dosimetrie bestätigt. Anschließend wurden mechanistische Studien zur Untersuchung der zugrunde liegenden
radiochemischen Prozesse durchgeführt, gefolgt von den ersten präklinischen Experimenten an PDAC-Modellen
mit Sauerstoff-UHDR-Bestrahlung. Diese Behandlung erwies sich im Vergleich zur Bestrahlung mit konven-
tionellen Dosisraten sowohl in Zell-Experimenten in vitro als auch in der Verzögerung des Tumorwachstums in
vivo als isoeffektiv. Der gezeigte Überlebensvorteil nach Sauerstoff-UHDR-Bestrahlung stützt zukünftige Unter-
suchungen dieser Modalität im klinischen Kontext.
Insgesamt liefern diese Ergebnisse sowohl die methodischen und physikalischen Grundlagen als auch die ersten
biologischen Belege für eine weitere klinische Erforschung der UHDR-Bestrahlung mit Schwerionen, insbesondere
für Tumore mit begrenzten Behandlungsmöglichkeiten.
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1
Evolution of Radiotherapy Towards

Heavy Ion Treatment

Cancer has been a part of human civilization since its earliest days. One of the oldest known reports
of this disease is in the Edwin Smith Papyrus, an Egyptian medical text dating to approximately
1600 BCE, which contains a description of breast cancer. [1] The presence of this particular
condition has even been depicted in a manneristic painting from the 1550s (Fig. 1.1). [2]

Figure 1.1.: “The Night” – Oil painting by Michele di Rodolfo del Ghirlandaio, circa 1550s: The woman
is a reinterpretation of a marble statue originally created by Michelangelo Buonarroti. In contrast to the
statue, the woman’s health condition is emphasized by the colored representation. [2] Image from [3].

While ancient healers attempted to identify treatments for these kinds of devastating diseases, they
could hardly have imagined that a possible solution would emerge from an invisible radiation that
surrounds us daily in the form of cosmic rays, naturally decaying elements in soil, or even in our
fruits, like bananas.1 The radiation remained undetected until 1895, when Wilhelm C. Röntgen’s
coincidental discovery of ionizing radiation opened the door to an entirely new field of research
and subsequently for cancer treatment. [5]

1Indeed, the following discovery refers to X-rays. X-rays can also be produced as a byproduct of radioactive decay.
For instance, this can be observed in the decay of potassium-40 (40K) in bananas, following electron capture. [4]
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The so-called “X-rays” initially revolutionized both shoe shopping [6] (Fig. 1.2) and medical
imaging, as it allowed examination of internal structures without surgical intervention.

Figure 1.2.: Certificate for a Shoe Fitting Test: In the 1940s, X-ray tubes operating at peak voltages of
53 kV were employed in commercial shoe-fitting fluoroscopes to visualize customers’ feet inside shoes for
optimal fit. A dedicated button reduced exposure for children. This practice exemplifies the widespread
and uncritical use of X-rays at the time, showing a limited awareness of their potential health risks. Image
from [7].

The therapeutic potential of X-rays was recognized by Emil Grubbé, who served as his own test
subject. On his own body, he recognized the radiation’s ability to cause tissue damage and radiation
burn. Witnessing these effects, Dr. Gilman noted, “any physical agent capable of doing so much
damage to normal cells and tissues might offer possibilities, if used as a therapeutic agent”. [8]
Since then, radiotherapy has been known as the use of ionizing radiation to damage the irradiated
target volume, like tumors, by depositing energy – or dose – to the target structure and therewith
harming the encasing cells. [9] After designing and building the first X-ray machines, Emil Grubbé
used this ability of ionizing radiation to treat one of the first radiotherapy patients: Rose Lee was
treated for a recurrence of her breast cancer, the same illness depicted in Michele di Rodolfo del
Ghirlandaio’s painting from the 1550s. [8]

The overall treatment goal of radiotherapy is to conformally target the tumor tissue with a high
dose, while sparing the surrounding healthy tissue from the dose. [10] X-ray or photon treatment
technologies have improved drastically since Emil Grubbés first trials, with Volumetric-Modulated
Arc Therapy (VMAT) or high precision Cyberknife devices being particularly notable examples.
[10, 11] However, the physically feasible optimum in dose conformity is nearly reached with con-
ventional Intensity-Modulated Radiation Therapy (IMRT) photon systems. [10] Given the depth
dose distribution of photons in tissue, a full sparing of the surrounding tissue is not possible due
to the constant decrease in dose with depth following a small build-up (Fig. 1.3).
In 1903, William H. Bragg described the distinctive inverse dose profile of low-energy alpha parti-
cles, which can be seen in Fig. 1.3. [12] The inverse Depth Dose Distribution (DDD) of particles
has a finite range, which enabled both a more conformal tumor irradiation and, crucially, a sparing
of Organ At Risk (OAR) beyond the target volume – an achievement impossible with conventional
photon therapy (Fig. 1.3). This finding, combined with new developments in particle acceleration
technology, laid the groundwork for a more precise treatment option in radiotherapy: In 1946,
Wilson investigated the use of the proton Bragg Peak (BP) in cancer treatment. This theoretical
foundation was put into practice in 1954, when the first clinical trials with protons and deuterons
commenced at the Lawrence Berkley Laboratories (LBL). [13]
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Figure 1.3.: On the right side of the picture, the Depth Dose Distribution (DDD) for photons, protons,
helium, and carbon ions are displayed in water: The photon distribution can be characterized by a small
build-up area until the maximum is reached, which is followed by a gradual decrease in dose. In comparison,
the particles demonstrate a low-dose plateau at the start of the ”tissue mimicking“ - water block, and then
delivering a large part of their dose within a limited region, called Bragg Peak (BP). Subsequently, the
dose for protons approaches zero, while a dose tail is evident for heavier ions. The inverse DDD facilitates
a more conforming irradiation of the tumor borders in the longitudinal direction, thereby sparing the
tissue behind the tumor compared to photons. This is emphasized on the left side of the image by two
comparative treatment plans, one using photons and the other using spot scanning protons for an 11-year-
old child with medulloblastoma. The beam direction is indicated by the arrow in the bottom center. With
the finite range of protons, the Normal Tissue (NT) after the spinal cord can effectively be spared, while
the depth dose curve of photons exposes the adjacent organs. [14] Image adapted and taken from [14, 15].

In the following years, it was experimentally demonstrated that while protons offered superior
dose conformity through the BP, their biological effectiveness remained comparable to photons
at equivalent doses. The pursuit of enhanced therapeutic efficacy led to investigations of heavier
ions2, which demonstrated not only increased biological effectiveness [16] but also superior physical
characteristics, including an even more precise DDD and improved OAR sparing (Fig. 1.3). [18]
Therewith, the potential of heavy ions started to be explored by Cornelius A. Tobias and colleagues
[13], whose work at the Berkeley BEVALAC accelerator enabled pioneering experiments with
various ions, from carbon to argon, with energies approaching 1 GeV/u. [18, 19]
However, argon (atomic number Z = 18) treatments at LBL induced long-term toxicities in the NT
and were not continued. [20, 21] The same result was obtained with silicon (Z = 16) treatments,
which demonstrated several adverse effects. Therefore, for medical physics, “extremely” heavy
ions were excluded, and patients were treated with particles up to neon (Z = 10) in the periodic
table. [22] Back then, through systematic investigation, researchers identified ions between carbon
and oxygen as optimal candidates, offering an effective balance between therapeutic efficacy and
minimizing complications and side effects in NT. [23]
In the following years, carbon ions were extensively investigated and have emerged as a particularly
promising choice due to their favorable peak-to-plateau ratio and numerous biological advantages,
compared to protons and photons. These include enhanced effectiveness against hypoxic tumors,
reduced cell cycle dependence, decreased fraction effects, potential inhibition of angiogenesis and
cell migration, and possible enhancement of immune responses. [24]

2It should be noted that, in the world of medical physics, the term “heavy ions” is used liberally to describe any
ion heavier than a proton [16], equivalent to the use of the word “metal” in astronomy [17] – both definitions
that would surely make a nuclear physicist raise an eyebrow.

3
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Following the pioneering experiments at LBL Berkley, the clinical translation of heavy ion therapy
began in 1994 at the Heavy Ion Medical Accelerator (HIMAC) in Chiba, Japan, establishing the
first dedicated medical carbon ion facility. [25] Following the HIMAC’s commencement, the GSI
(Helmholtzzentrum für Schwerionenforschung) in Darmstadt, Germany initiated carbon-ion trials.
[26]

Currently, particle therapy has grown to include approximately 120 facilities offering proton treat-
ment; however, only about 17 facilities worldwide provide carbon ion therapy. [27]
Despite the possible advantages of heavy-ion treatment, the limited availability of heavy ion facil-
ities, just 17, has constrained clinical trials.
Approaching higher mass ions, oxygen ions showed particular promise in overcoming the radiore-
sistance of severely hypoxic tumors in experiments. Nonetheless, this approach and higher mass
ion irradiation in general remain in the research phase.

Leading research centres worldwide are working to demonstrate the superiority of particle and
especially heavy ion therapy, while also exploring innovative novel treatment approaches to fur-
ther enhance the therapeutic outcome. Among these novel approaches is the so-called “FLASH”
irradiation, during which the radiation delivery time is drastically abbreviated to achieve high
dose rates classically above 40 Gy/s, which is named Ultra-High Dose Rate (UHDR). “FLASH”
represents a promising frontier that could enable higher-dose tumor treatments, while sparing the
NT significantly. [28]

The Heidelberg Ion Beam Therapy Center (HIT) stands at the forefront of these developments
since it came into clinical operation in 2009. With its possibilities of delivering ions from proton
to oxygen, the facility serves as a hub for advancing our understanding and application of heavy
ion therapy. [29]
Before a novel treatment modality can be clinically applied, its mechanisms should be understood
and quantified to enable its safe and effective use in Treatment Planning System (TPS) and,
ultimately, for patient treatment. Max Planck aptly stated [30]:

“Dem Anwenden muss das Erkennen vorausgehen”
(Recognition must precede application)

A principle that guides the methodical progression from fundamental research to clinical imple-
mentation in general.
This quote reflects the essence of this thesis. The conducted research is aimed at establishing a
new synergy of two modalities: heavy ion and UHDR irradiation. After validating the dosimetric
foundations, the fundamental reactions and mechanisms behind this joint irradiation were inves-
tigated. With this foundation, the world’s first in vitro and in vivo experiments with oxygen ion
UHDR irradiation were conducted at HIT. These experiments suggest a potential clinical advan-
tage of this radiation modality for highly resistant pancreatic cancer.
Although clinical application of this new treatment technique will require further development,
the first technical and methodological steps have been taken, and the results of this thesis may be
used to justify future investigations with this “fast and furious” irradiation technique.

4



This research journey, from confirming the feasibility of oxygen-ion UHDR irradiation to conduct-
ing the first experiments, is documented in three peer-reviewed papers published in internationally
acclaimed scientific journals. Consequently, this thesis is written as a cumulative thesis follow-
ing the regulations of the Department of Physics and Astronomy of Heidelberg University. The
publications included in this thesis are outlined in Chapter 6, while all additional contributions
are listed in Chapter A.1.

The structure of this thesis is as follows: The fundamental interactions of particles with matter,
essential for understanding the physical and biological characteristics of particle therapy, are de-
scribed in Chapter 2. Chapter 3 delves into the unique properties of heavy ion radiation. The
innovative concept of UHDR irradiation is introduced in Chapter 4. The following Chapter 5
discusses the synergy between heavy ion radiation and UHDR, exploring how their combination
could enhance therapeutic outcomes. The core findings from the establishment to the first bio-
logical experiments with this irradiation modality are presented in Chapter 6, including the three
peer-reviewed publications. Finally, Chapter 7 provides a comprehensive discussion of the re-
sults, their implications for future research, and potential clinical applications, concluding with a
FLASH-debate on the future of heavy-ion FLASH in Chapter 8.

5
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2
Along the Particle’s Path: From

Acceleration to Biological Effects

To demonstrate the possibilities of particle therapy and ultimately the advantages of heavy ions,
this chapter explains the technical requirements for delivering heavy-ion therapy and the subse-
quent interaction of particles in matter with the induced chemical and biological effects. The path
of the particles is traced from their production and acceleration, through transport and beam
shaping, to their delivery and the resulting microscopic and molecular interactions within tissue.
The focus is on the specific capabilities and technologies available at Heidelberg Ion Beam Therapy
Center (HIT), where these studies were conducted.

2.1 Particle Acceleration at the Heidelberg Ion Beam Ther-
apy Center

In 2003, construction began of Germany’s first dedicated clinical heavy ion therapy facility – HIT
– following promising preliminary clinical studies on carbon ion therapy at GSI. [29, 31] Clinical
operations commenced in 2009, offering both proton and carbon ion radiotherapy treatment to
patients. In 2021, helium ion therapy was introduced into clinical routine, and the first individual
clinical trials started. [29] A notable feature of the facility is its pioneering heavy ion gantry,
enabling 360◦ irradiation of patients (Fig. 2.1). [32]

2.1.1 Sources

The starting point of each particle is the ion source that can be seen on the left side in Fig. 2.1.
Currently, four different ion species are available for irradiation: proton (1H), helium (4He), carbon
(12C), and oxygen (16O) ions. The first three are used for clinical treatment, while oxygen ions are
solely used for research purposes. [29]
The ions are produced in Electron Cyclotron Resonance Ion Sources (ECRISs), which are stable
sources with low maintenance requirements. [31] Within the ECRIS, electrons are trapped by a
static magnetic field with an energy of approximately 100 keV. This energy is sufficient to ionize
atoms that are injected into the ECRIS electron cloud. [34]
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Sources

Synchrotron
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Experimental 
Room

Horizontal 
Treatment Rooms
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Figure 2.1.: HIT Accelerator Complex: The particles are generated at the three sources on the left of
the image. The following Linear Accelerator (LINAC) leads to the synchrotron. The High Energy Beam
Transport (HEBT) transports and distributes the particles to the two horizontal treatment rooms, the
gantry irradiation room, or the experimental room. Additionally, a beam dump can be targeted, which is
not included in this image. Image adapted from [33].

In the electron cloud, ions at different charge states are produced due to the stochastic nature of
electron-particle interactions. [35] The produced ions are extracted by applying a voltage, and the
desired ion charge state is filtered afterwards by a bending magnet acting as a mass spectrometer.
[36]

The four ion species are produced in three separate ECRISs. One source is designated for proton
extraction, one for helium ion production, and one for the formation of carbon and oxygen ions.
[37, 38] The gases injected into the proton and helium ECRIS are pure hydrogen and helium gases,
respectively. From the resulting ion spectrum, H+

3 and 4He2+ ions are selected for the beam.
By employing Carbon Dioxide (CO2) as the primary feed gas for carbon ion generation, oxygen
ions can also be efficiently extracted by simply adjusting the extraction voltage without modifying
the plasma conditions. The resulting ion spectrum includes 12C4+ and 16O6+ ions, which are
subsequently separated by the bending magnet. Consequently, switching between carbon and
oxygen ions only requires adjustment of the ECRIS extraction voltage and the bending magnet.
[38]

2.1.2 LINAC and Synchrotron

After the ECRIS, a Radio Frequency Quadrupole (RFQ) bunches and accelerates particle from
8 keV/u up to 400 keV/u. In the subsequent LINAC, the particles are pre-accelerated up to
7 MeV/u. [36] Afterwards, a 100µm stripping foil removes unwanted electrons to get fully ion-
ized atoms. The resulting 1H+, 4He2+, 12C6+ and 16O8+ ions are injected into the synchrotron.
[38] Within the synchrotron, an ultra-high vacuum (≈1.3 × 10−9 mbar) is maintained to minimize
loss by electron capture processes and to avoid interferences with the beam particles. [32] The
acceleration cycle in the synchrotron starts as follows [39]:
During the multiturn injection scheme, three bump magnets change the position of the injected
particles to fill the whole phase space of the synchrotron to maximize the number of particles in
the synchrotron. [32, 40]
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2.1. Particle Acceleration at the Heidelberg Ion Beam Therapy Center

The synchrotron’s acceleration cavities accelerate the particles to the desired energy, reaching up
to 35 cm in water, which corresponds to kinetic energies of 220 MeV for protons and 430 MeV/u
for carbon ions. [29] During the acceleration, horizontal and vertical dipole magnets guide and
correct the trajectories of the particles, while quadrupole magnets focus the beam and modulate
the tune. [32, 39] Additionally, sextupole magnets are employed for chromatic correction and the
extraction process. [39]

The particles are extracted via third-order resonance extraction. [39] The machine tune is gradually
adjusted by changing the strengths of the quadrupole to approach a third-order resonance with
the particles’ betatron oscillation frequency. During the RF-knockout extraction, the oscillation
amplitudes progressively increase until the particles reach the extraction point. [41] Varying the
phase space with sextupole magnets and the knock-out exciter amplitude achieves the extraction
of all particles. For clinical applications, a slow extraction lasting around 1-10 s is required for the
beam delivery (Sec. 2.1.3). [32]

The desired beam intensity is often not constant for clinical field applications. Additionally, po-
tential fluctuations in the extraction process can occur from one day to the next, and even from
one cycle to the next. Therefore, it is imperative to implement active regulation and compensa-
tion mechanisms to ensure the correct delivery of beam intensity. The process is facilitated by
a feedback loop, which collects the information about the applied intensity with the monitoring
chambers located at the beam exit and compares it with the planned intensity. In the event of any
detected deviations, the extraction process is modified accordingly. [39]

Such a synchrotron offers the flexibility to deliver beams containing different ions with a wide range
of energies tailored to specific clinical or experimental requirements. [39] This level of versatility
is not achievable with other accelerator types, such as cyclotrons, which are limited to providing a
fixed energy output. [16]

2.1.3 Beam Delivery

After the synchrotron, the focus width of the beams is adjusted in the HEBT line and the extracted
particles distributed to either one of the two horizontal treatment rooms, the gantry room, the
experimenters’ natural habitat, the experimental room on the right in Fig. 2.1, or a beam dump.
All rooms have a beam exit equipped with a set of monitoring devices collectively referred to as the
Beam Application Monitoring System (BAMS), which can be seen in Fig. 2.2. This system ensures
precise supervision of beam properties during irradiation. The nozzle includes two Ionization
Chamber (IC) filled with 80 % argon and 20 % CO2 [42], which are used to count the number of
particles delivered and measure the applied dose.
Additionally, Multi-Wire Proportional Chambers (MWPC) are employed to monitor the beam
position and width. These measured beam parameters are supervised and processed by the therapy
control system and compared to the planned properties. This process lasts ≈ 1 ms, establishing a
minimum irradiation time per raster point to allow for real-time corrections via the aforementioned
feedback loop. [39] The BAMS system also includes a third IC, referred to as IMON, which
uses an alternative electronic readout with a frequency converter to measure the integrated signal
rather than the current directly. Therefore, the IMON provides redundant and independent dose
monitoring. At the exit window (Fig. 2.2), various interchangeable ripple filters are installed to
extend longitudinally the pristine Bragg Peak (BP) mainly used for high mass particles.
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Nozzle

3 mm RiFi

IC

MWPC

IMON

Figure 2.2.: Beam Exit Nozzle at HIT: The left side of the image shows the closed nozzle, while the
right side reveals the inner Beam Application Monitoring System (BAMS) system. Particles traverse two
Multi-Wire Proportional Chambers (MWPC), two Ionization Chamber (IC), and one additional IC, called
IMON, integrated within the nozzle. The exit window, visible on the left, is equipped here with a 3 mm
Ripple Filter (RiFi), typically employed for heavy ion experiments.

To effectively irradiate a three-dimensional tumor volume, the active raster Pencil Beam Scanning
(PBS) technique is employed at HIT, which combines variable particle beam energies with precise
lateral magnetic deflection seen in Fig. 2.3. [26]

D
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Target Volume

PBS spot 
plan for this 
IEL

SOBP
Monoenergetic BP

Three IEL with 
different depth

Figure 2.3.: Active Raster Scanning at HIT: The red particle beam is moved in x and y directions by
magnets in the beam line, indicated by the grey blocks on the left side, in order to cover the target volume
(purple ellipsoid) laterally. One slice of the target volume, here the darker grey slice, is covered laterally
following a predefined Pencil Beam Scanning (PBS) pattern (blue spots and lines). To achieve in-depth
coverage, the target is divided into multiple Iso-Energy Layer (IEL) along the beam direction, here marked
with grey circles, each corresponding to a specific tissue depth and corresponding beam energy. Sequential
irradiation of these mono-energetic beams forms a Spread-Out Bragg Peak (SOBP) region (red), achieving
uniform longitudinal dose coverage of the full target volume. In the lower diagram, the light blue lines
indicate the monoenergetic Bragg Peak (BP) correspond to one IEL, and in red, the formed SOBP is
indicated. After completing the irradiation of one IEL, the beam energy is adjusted to irradiate the next
layer. Image inspired by [26] with the SOBP diagram from [43].

Based on the prescribed tumor dose, the Treatment Planning System (TPS) calculates the re-
quired IEL to cover the tumor in depth, as well as the necessary number of spots, their sizes, and
their spacing within each layer for lateral coverage (Fig. 2.3). The active PBS irradiation allows
sub-millimetre resolution and thus enables a volume coverage with high spatial accuracy. [16]
In addition to the high conformity, the active PBS technique offers several advantages over passive
beam delivery systems, where the energy of the beam is not adapted in the acceleration process,
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2.2. Initial Particle Interaction with Matter

but degraded with additional modulators. Therefore, passive approaches require patient-specific
hardware, such as apertures and range modulators, to shape the beam laterally and to degrade its
energy for longitudinal dose coverage. [16] The modulation components can cause nuclear fragmen-
tation, leading to beam contamination [26, 31] by secondary particles and additional scattering.
In contrast, active PBS achieves precise dose conformation without the need for patient-specific
hardware. [16]
In summary, the HIT accelerator complex provides light proton and helium beams, as well as
heavier carbon and oxygen ions. These particle beams are delivered with the requisite energy and
spatial distribution.

2.2 Initial Particle Interaction with Matter

After exiting the beam nozzle, the particle beam crosses the air and enters the patient. Here, the
particles interact with matter in a series of processes where the particle successively deposits its
energy. [44] Two types of two-particle collisions are distinguished: electromagnetic and nuclear
interactions, which themselves can be subdivided into elastic and inelastic interactions [45], as
displayed in Fig. 2.4.

Elastic scattering is characterized by the interaction products being identical to the initial parti-
cles. The total kinetic energy and the momentum are conserved. However, a change in the direction
of motion occurs, e.g., with the scattering angle Φ for the projectile and Θ for the targets, as in
Fig. 2.4. This interaction occurs in electromagnetic or nuclear processes.

In inelastic electromagnetic collisions, the projectile and target nuclei are identical before and
after the collision, but the projectile transfers energy to the target atom not only in the form of
kinetic energy. Three major processes can occur (Fig. 2.4):

• During excitation, a bound electron is transferred into a higher energy level in the atom or
molecule, indicated by the asterisk (*) in Fig. 2.4. [44] To return to the energetically favored
ground state, the additional energy is emitted in the form of a photon. [45]

• During ionization, electrons bound in an atom or molecule are liberated in a collision
with an incoming particle, leaving the atom in an ionized state indicated by a plus (+) in
Fig. 2.4. [44] Due to the ionization processes, lots of secondary electrons are emitted along
the primary particle track. After ionization, the inner-shell vacancy is filled by an outer-
shell electron. The resulting liberated energy is either emitted by a photon or transferred
to another electron, causing its emission. The latter is known as the Auger-Meitner effect,
which presents an additional electron source. All those “convoy” electrons follow the primary
particle and contribute to the energy deposition in the material. [16]

• Thirdly, when a projectile particle experiences an acceleration, part of its kinetic energy is
released via the emission of bremsstrahlung, shown on the bottom of Fig. 2.4. [45]

The traversing particle may also undergo a nuclear interaction, which can be either elastic or inelas-
tic. [16] During elastic nuclear interactions, the projectile and target nuclei remain unaltered.
Merely their momenta and directions are changed.
Nuclear fragmentation occurs at energies of several tens of MeV/u. [46] Inelastic nucleus-
nucleus collisions change the atomic composition of the projectile and target, resulting in the
production of various fragments, displayed on the right side of Fig. 2.4.
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Figure 2.4.: Particle Interactions: Before the collision, the red-marked projectile approaches the target
with velocity vp and impact parameter b. The target’s electron cloud is shown in light blue, and its nucleus
in dark blue. After the collision, possible emission directions are shown with solid arrows, defined by the
angles (Φ, Θ) and the resulting particle’s velocity v. Photon emissions are indicated by curved arrows
labeled accordingly. The index p belongs to properties of the projectile, t to the target atom, e to the
target electron, and pf to the projectile fragments. The interactions are detailed in this section.

This process can be described by the abrasion-ablation model. The projectile particle abrades the
target nucleus, forming a highly excited reaction zone (“fireball”). In this region, the nuclei are left
in excited states and decay to the ground state, e.g., by emission of γ-rays. In the ablation phase,
projectile-like secondary fragments are predominantly emitted in the forward direction, sharing
the initial velocity vector of the primary ion. [16, 46] In contrast, target-like fragments tend to
exhibit lower velocities compared to their projectile-like counterparts. [46, 47] In general, periph-
eral projectile-target collisions cause only minor mass removal and are the most likely. [16] Less
frequent central collisions can lead to the complete disintegration of both nuclei involved. [24]

These physical interactions are statistical in nature and depend on the properties of the particles,
including their mass, charge, and energy. The cross section of a process provides the probability
of a specific interaction based on the particle and target properties. Therefore, which interaction
occurs is not deterministic but rather follows a statistical distribution. [45]

For reaching deep-seated tumors, protons require a kinetic energy of approximately 230 MeV, while
carbon ions require an energy of 430 MeV/u. [29] The particles are therefore moderately relativistic
with a relativistic velocity β of around 0.6-0.7. [24]
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2.2. Initial Particle Interaction with Matter

At these energies, generally electromagnetic interactions are dominated by inelastic collisions with
the target’s electrons, [16] thus the majority of the energy is deposited via ionization and excitation.
For heavier ions, nuclear interactions gain importance, which is discussed in Chapter 3. [24]

2.2.1 Physical Description of the Energy Loss Process

The mentioned interactions deposit energy in the tissue. To quantify the energy deposition and
correlate it with biological effects, several quantities are needed.

Mathematically, all energy depositions along the particle’s path are summed up to yield the mean
energy imparted ϵ. Therewith, the absorbed dose represents ϵ deposited per unit mass of the
target material m:

D = dϵ

dm
(2.1)

given in SI units [J/kg]. In medical physics, the SI unit of the dose is renamed to Gray [Gy]. [44]
For a thin absorber, the dose can be approximated by

D = Φ · 1.6 · 10−9 · 1
ρ

· dE

dx
. (2.2)

The dose therefore depends on the particle fluence Φ in [1/cm2], which describes the amount of
particles per area and the density of the material ρ in [g/cm3]. The last factor in Eq. 2.2 represents
the so-called stopping power S, here in [keV/µm]. [16] The stopping power describes the energy
loss per unit length [44]

S = dE

dx
. (2.3)

The total stopping power can be expressed as the sum of its distinct contributions [44]

S = Sel + Srad + Snuc, (2.4)

namely the electronic stopping power Sel, the radiation stopping power Srad, and the nuclear stop-
ping power Snuc.

The electronic stopping power Sel refers to inelastic Coulomb interactions with an atomic
electron, resulting in ionization or excitation. [16] When considering the Continuous Slowing
Down Approximation (CSDA), in which it is assumed that the particle loses energy continuously
along its path, rather than in discrete, random collisions, the mean electronic stopping power is
given by the Bethe-Bloch equation:

⟨−Sel⟩ = K · ρ · Zt

At

Z2
p

β2

{
1
2

ln
(

2mec2β2γ2Wmax

I2

)
− β2 − δ(βγ)

2
− C(β)

Z

}
, (2.5)

with the constant factor K= 0.307 MeV cm2/mol, Zt the atomic number of the target material and
At the mass number, Zp is the effective charge of the projectile and β its relativistic velocity. me

is the mass of the electron, c the speed of light, γ the Lorentz factor, Wmax the maximum energy
transfer to an electron in a single collision, and I the mean excitation energy [48, 49], which for
liquid water is 78 eV. [50] The additional terms after the β2 in the brackets are correction terms:
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Chapter 2. Along the Particle’s Path: From Acceleration to Biological Effects

• For highly relativistic particles, the Lorentz boost of the Coulomb field increases the cross
section with increasing energy. However, this relativistic rise is limited by the polarization
of the target material traversed by the charged particle. The density effect correction factor
δ(βγ) incorporates this polarization effect, which is only important for high energies. [48]

• Lastly, the shell correction C
Z should be considered for slow particles with β < 0.3. [49]

Initially, the Bethe-Bloch formula for the stopping power was based on the assumption that
the incoming particles have higher velocities than the atomic orbital electrons, which are
therefore considered stationary. This assumption breaks down at low energies when the
velocity of the shell electrons and the incoming particle are similar. The orbital electrons are
fast, so their probability of participating in interactions with the charged particle decreases.
Thus, the correction factor depends on the atomic electronic structure of the target (C). [48]

The radiation stopping power Srad includes the inelastic interaction where bremsstrahlung
is emitted. In comparison to the electronic stopping power, the bremsstrahlung cross section is
inversely proportional to the projectile’s mass mp squared and proportional to its energy Ep and
charge Zp [49]

σrad ∝

(
Ep · Z2

p

m2
p

)
. (2.6)

Due to the 1
m2 dependency, the energy loss via bremsstrahlung is negligible for heavier particles,

like 1H, 4He, 12C and 16O in the clinically relevant energy ranges. [45]

Compared to the discussed electromagnetic interactions, nuclear interactions considered in Snuc

are rare events, but have to be considered at energies exceeding tens of MeV and for heavy particles
as discussed in Chapter 3. [46] Elastic interactions impart recoil energy to target nuclei [44] and
the angular distribution of the particle. [16] Generally not included in conventional stopping power
calculations are inelastic nuclear interactions, which play a distinct role in heavy ion irradiation.
[44] The nuclear-fragmentation cross section σnuc at high energies can be described by the geometric
Bradt-Peters approximation

σnuc = πr2
0

(
A

1
3
p + A

1
3
t − b

)2
(2.7)

with the nuclear radius r0, the impact parameter b (see Fig. 2.4) and the atomic number A for the
projectile p and the target t. [15]

The total stopping power shapes the Depth Dose Distribution (DDD) of the particles, concentrating
the energy deposition in a small region called the BP, depicted in Fig. 1.3. [9]

In medical physics, instead of the stopping power, the Linear Energy Transfer (LET) is used to
quantify the radiation quality. In its unrestricted form, the LET is equal to the electronic stopping
power. The restricted form of the LET is defined as follows:

LET = Sel − dEke∆

dx
, (2.8)

where the total kinetic energy loss dEke∆ per length considers the energy carried away from the
regarded volume by the emission of secondary electrons with energies above a certain threshold ∆.
[44] The restricted LET, typically expressed in [keV/µm] [9], quantifies the local energy deposition
and is relevant for the biological effects. [15]
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2.2. Initial Particle Interaction with Matter

2.2.2 Longitudinal Spread of the Depth Dose

The pristine BP of a multiple particle beam is spread in depth due to two mechanisms: random
variations in particle range, known as longitudinal straggling [24], and the extended range of
secondary fragments produced in nuclear interactions. Longitudinal straggling arises from
statistical fluctuations in the energy-loss interactions as the particles slow down. [24] Since each
particle undergoes a unique sequence of random interactions, their ranges differ. This leads to a
spread in the position of the BP around its average location and exhibits a smeared-out BP seen
in Fig. 1.3. This effect is further enhanced in inhomogeneous tissues due to increased interaction
variability. [16]

In addition to straggling, the various nuclear fragments contribute to the longitudinal dose spread.
The range R of a particle can be determined by integrating the total stopping power (Eq. 2.3).
For two projectile particles with identical velocities in the same material, the ratio of their ranges
depends on both mass M and charge Z [24]:

R2

R1
= M2

M1
· Z2

1
Z2

2
. (2.9)

This implies that lighter projectile fragments, which are mostly emitted in the forward direction and
possess the same velocity as the incident particle, can travel farther in tissue than the actual heavier
primaries because of the squared charge dependency. As a result, heavy ion beams, which have a
higher fragment production rate than light ion beams, produce a characteristic dose-“fragmentation
tail” beyond the BP (Fig. 1.3). [46]

2.2.3 Lateral Scattering of a Pencil Beam

The lateral dose distribution of a beam results partially from the angular dispersion of sec-
ondary fragments produced through nuclear interactions. Although the angular distribution of
nuclear fragments is generally narrow and forward-focused, lighter fragments in particular may
exhibit larger deflection angles and thus diverge from the initial beam axis. [24]

Another dominant driver of lateral spread is the elastic Coulomb interactions between the incoming
particles and target nuclei, which typically experience small deflection angles. As particles traverse
thicker targets, they undergo numerous small-angle deflections described as Multiple Coulomb
Scattering (MCS). According to the central limit theorem, the cumulative result of many such
small-angle scatterings leads to a lateral displacement that can be approximated by a Gaussian
distribution with the standard deviation σlateral:

σlateral = K · Zp

β · p · c
· D(L, Lrad), (2.10)

with a constant factor K = 14.1 MeV the particles momentum p and a function D, which depends
on the total mass thickness L and the radiation length Lrad. [24]

The extent of lateral scattering is influenced not only by the patient’s tissue but also by all materials
the beam passes through before reaching the target, including measurement chambers and beam
shaping elements. This upstream scattering distinctly shapes the lateral beam profile before it
reaches the region of interest. [16]
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2.3 Radiochemistry

The primary physical particle interactions occur within ≈1 fs after irradiation. The following
chemical stage, during which the products interact and diffuse throughout the cell, typically lasts
up to 1µs. [45]
The aim of the radiotherapy is to damage the Desoxyribonucleic Acid (DNA) of tumor cells,
since DNA damage can cause cell sterilization or cell death. The helical structure of the DNA has
a backbone made of alternating sugar and phosphate groups, which are connected by four paired
bases. [9] The entire structure is surrounded by water molecules and tightly packed around with
structural proteins like histones, making it difficult to access it from the outside (Fig. 2.5). [51]

Figure 2.5.: DNA Model: The linear DNA form is shown on the lower left. Next to this, the turquoise
structure represents the histone octamer around which the DNA is wrapped, while the blue element
represents the globular core of a linker histone. On the right side, the DNA is shown in its condensed
form. As seen in the zoom plot on the top left, the DNA consists of two strands composed of alternating
sugar (deoxyribose), phosphate groups, and four types of nitrogenous bases – adenine (A), thymine (T),
cytosine (C), and guanine (G) – which are displayed on the right top. The lower image is from Bernhardt
et al.[52] and the structure figures from [53].

Damages to the DNA structure can be induced in two different ways [54]:

Direct Damage: The incident particle interacts directly with the DNA biomolecules, forming
radicals through physical interactions described in Sec. 2.2. [55] These interactions can induce co-
valent bond breakage of the DNA strands. The estimated ionization threshold of a DNA molecule
ranges from 7 eV to 10.5 eV. [56]
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2.3. Radiochemistry

Indirect damage: Since 70 % of the cellular mass is water, an incoming particle is more likely to
interact with a water molecule than a DNA molecule. This interaction is called water radiolysis
and marks the starting point of a highly complex and versatile chemical cascade. The resulting
products can contribute substantially to damage the DNA. [51, 54, 56] Fig. 2.6 displays a small
section of this cascade, highlighting the most relevant pathways for this thesis.
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Figure 2.6.: Radiochemical Cascade: The incoming particle (indicated by the red dot) interacts with water
molecules through either ionization (left pathway) or excitation (right pathway). These initial events in
the physical stage trigger a cascade of radiochemical reactions as the resulting species begin to diffuse.
Reactions involving organic substances (RH) are shown in red [57], while oxygen-consuming reactions are
indicated in dark blue. The oxygen-producing mechanisms are highlighted with yellow boxes around the
oxygen molecule and are further discussed in Subsection 3.1.3. [58] The remaining Reactive Oxygen Species
(ROS) after the chemical stage are indicated by the black dots, which diffuse to the DNA. The various
cell defense mechanisms against these chemical products are indicated in the lower part of the image in
the biological stage. The relevant time scales of these processes are marked by dotted black lines. The
reactions are selected from [51, 54, 56–58].

After the ionization (seen on the left side of Fig. 2.6), the resulting water radical cation is a very
strong acid and can lose its proton by forming hydroxyl radical ·OH radicals and a free H+. The
free electron is often hydrated by water molecules e−

aq.
The excited water molecules, on the upper right side of Fig. 2.6, decompose into a hydroxyl radical
·OH and a hydrogen radical H·.
Already at this early stage – lasting only 1 ps [45] – three different radicals (H·, ·OH, e−

aq) of
which one is a highly reactive Reactive Oxygen Species (ROS) (·OH), are produced. [59]

Over time, the different reaction products start to diffuse from their point of origin and interact
further. [51] With a diffusion coefficient in cytoplasma of 2µm in 1 ms, the time and distance
towards the DNA can be challenging for some of the short-lived products to overcome. [54] For
example, ·OH is highly reactive and travels a maximum of 2 Å before interacting again. [51]
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Many hydroxyl radicals can be produced along the particle track, since both excitation and ioniza-
tion lead to hydroxyl radical production (Fig. 2.6). In subsequent self-interactions hydrogen per-
oxide H2O2 can be produced. This uncharged, low-weighted molecule can easily diffuse through
membranes and reach the DNA, where it induces Single-Strand Break (SSB) or oxidizes nucle-
obases. Additionally, hydroxyl radicals are an important starting point in the generation of primary
carbon-centered, organic radicals R·. Under the consumption of molecular oxygen, carbon-centered
radicals can produce peroxyl radicals (ROO·), which are highly efficient at inducing DNA damage
by oxidizing the DNA bases [51] and damaging other cell organelles, such as lipids. [54, 60]
Another key contributor to DNA damage is the superoxide radical (O·−

2 ), which is a small and
mobile species thus capable of diffusing through the cellular environment. [51] As illustrated in
Fig. 2.6, the formation of this radical depends on the presence of both organic molecules (RH) and
molecular oxygen (O2), highlighting their central role in the radiochemical cascade. H2O2, ROO·,
and O·−

2 are a few products demonstrating how intricately the organic composition of the medium
and the local oxygen concentration shape the outcome of radiation-induced processes. [57, 61]

Oxygen is crucial in various radical interactions as shown in Fig. 2.6 for the efficacy of the indirect
DNA damage induction [9]. Additionally, molecular oxygen may play an important role in fixing
the damage. The DNA can be damaged indirectly or directly by inducing DNA radicals DNA·.
This reduced form can be restored through a reaction with a sulfhydryl (SH) group, a process
called chemical repair. However, before repair occurs, oxygen molecules can interact with DNA
radicals to form an organic peroxide DNA − O2·. These organic peroxides represent a nonrestorable
permanent DNA damage, because the chemical composition is fully changed, which is why this is
called the “oxygen fixation hypothesis”. [9, 51]
Furthermore, since these interactions require the presence of oxygen immediately when the DNA
damage is produced and the radicals interact, the precise temporal distribution of oxygen is crucial.
[51] Understanding the oxygen dynamics is vital for interpreting cellular radiation responses. [57,
62]

2.4 Biological Effects

Cells are not unarmed against damaging interactions, radicals, and ROS. Our body is constantly
exposed to ROS, since they are produced, among other places, in the mitochondria as a byproduct
of energy production. [63] Therefore several guard mechanism are active within a cell, shown
in Fig. 2.6: Superoxide dismutases can theoretically degrade the O·−

2 concentration. However, its
effectiveness as a scavenger is limited by its heavy mass of 32.5 kDa, which restricts its accessibility
and mobility. Catalase degrades H2O2 to water and molecular oxygen, and peroxidases scavenge
ROS like ROO·. [54, 63] Thiols, such as glutathione, act as antioxidants in the nucleus, neutralizing
further ROS species (Fig. 2.6). [61] Therewith, the cell can protect itself from the indirect damage.

All of the different molecules of the DNA shown in Fig. 2.5 can be harmed directly or indirectly.
The various chemical damages to DNA are categorized as base damage, SSB, or Double-Strand
Breaks (DSB).
Repairing base damages and SSBs is a relatively straightforward process due to the use of the
complementary DNA side as a template. Nonetheless, there exists a possibility of a misrepair,
which could result in a mutation and could lead to cell death.
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2.4. Biological Effects

Single DSBs can theoretically be repaired through different mechanisms depending on the phase
of the cell cycle. However, DSB are generally more detrimental to cells than SSBs, because DSBs
are less likely to be repaired effectively and correctly. As a result, DSBs are more likely to be lethal
to cells. [9]
The most lethal for cells are complex DNA damages, which contain several lesions in close
proximity of 20 base pairs. [64] These clustered lesions can undergo recombination in various
ways, e.g., leading to chromosomal aberrations that are often irreparable. Such complex lesions
and resulting aberrations are mainly formed on the basis of DSB. [9]
Depending on the severity of the damage, the harmed cells undergo cell death mechanisms, such
as apoptosis or autophagic cell death, or die during attempted cell division through mitotic cell
death. [9] Successful radiotherapy treatment does not require tumor cells to undergo cell death. It
is sufficient for the targeted tumor cells to permanently lose their ability to proliferate or become
sterile. However, a proportion of sterile cells may retain metabolic activity and thus be capable of
producing growth factors.
Dying cells release signals that can influence the immune system. [65] These signals can either have
tolerogenic or immunogenic effects on the local environment, thereby affecting the post-treatment
anti-tumor response. Ideally, the immune system mediates the suppression of tumor growth, but
also vice versa effects have been reported. [66]
The biological mechanisms underlying radiation-induced cell death, cellular signalling, and the
reaction of the body are highly complex and depend on multiple factors such as dose, fractionation
scheme, radiation type, and tissue characteristics. [63] Despite extensive research, these processes
are not yet fully understood. [66]
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Chapter 2. Along the Particle’s Path: From Acceleration to Biological Effects
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3
Strategic Use of Heavy Ion Therapy

Having outlined the fundamental processes governing general particle irradiation from acceleration
to their physical, chemical, and biological effects, the following comparison is made between dif-
ferent particle species.
For treating deep-seated tumors in clinical settings, the particles have to reach around 35 cm in
water equivalent depths. Therefore, light protons require a kinetic energy of 230 MeV and thus
have an average Linear Energy Transfer (LET) in the Spread-Out Bragg Peak (SOBP) of around
5 keV/µm. The elevated proton LET is only relevant for the last few millimeters of the particle
range. [24] Heavier ions, such as carbon ions, need an energy of around 430 MeV/u to reach the
same depths and possess average LET values of around 60 keV/µm. With oxygen ions, values of
above 100 keV/µm are possible depending on the SOBP and depth. [67]
This raises the question: What makes heavy ions, with their characteristically high-LET values,
particularly advantageous for clinical applications?

3.1 Advantages Across Scales: Physical, Chemical, and Bi-
ological

The answer is found in the unique physical, chemical, and biological advantages of heavy ion
irradiation, which enable more precise dose delivery, fundamentally alter radiochemical processes,
and enhance biological effectiveness. The subsequent sections elucidate how these multi-scale
advantages render heavy ions a more efficacious modality compared to lighter proton therapy.

3.1.1 More Conformal Dose Distribution

Heavy ions offer several physical advantages compared to lighter particles. One major benefit
lies in their reduced longitudinal straggling (Sec. 2.2.2). The variance of the resulting range
distribution, and thus the width of the Bragg Peak (BP), depends on the mass M of the particles
(Eq. 2.9). For two particles, the ratio of their range straggling widths σlong is given by [24]:

σlong1

σlong2

=
√

M2

M1
. (3.1)
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Given the 1√
M

dependency, heavier particles experience less straggling and form a sharper BP
when applied as a multiple particle beam. For instance, the range straggling of carbon ions is 3.5
times less than that of protons. [16] The more defined BP enable precise dose localization at the
tumor’s rear edge [15], as seen in Fig. 1.3 and in the Depth Dose Distribution (DDD) in Fig. 3.1.
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Figure 3.1.: Depth Dose Distribution (DDD)(on the left side) and the Correspoding Lateral Spread (on
the right side) for 1H, 4He, 12C and 16O Ions in Water: The energies of the ions were matched to result
into the same BP depth of 10 cm in water. The DDD emphasizes that heavier ions deposit more dose per
particle. On the right, the corresponding lateral spread of these ions is shown. Protons tend to diverge
considerably laterally. The four times higher helium mass serves to reduce this divergence (Eq. 2.10). The
difference between carbon and oxygen is smaller. In general, this highlights the benefits of reduced lateral
scattering of heavy ion irradiation. Image adapted from [68].

In addition to improved longitudinal precision, heavy ions also experience less lateral scattering.
This is due to the inverse dependence on momentum and velocity 1

β·p·c (as per Eq. 2.10). There-
fore, heavier particles at the same range exhibit smaller lateral deflections, as seen in Fig. 3.1. [16]
However, while for protons the lateral spread is predominantly influenced by Multiple Coulomb
Scattering (MCS), for heavier ions the lateral broadening arises primarily from nuclear fragmen-
tation processes. [16] This process will be addressed in a subsequent section (Sec. 3.2).

The combination of reduced lateral and longitudinal spread enables more conformal dose dis-
tributions in all three directions. [69]
Furthermore, heavy ions exhibit higher stopping powers, as described by the Bethe-Bloch equation
(Eq. 2.5), which scales with ∝ Z2

p

β2 . [15] A higher stopping power is correlated with higher-LET
values (Eq. 2.8), which is displayed in Fig. 3.2. This means that heavy ions deposit more energy
and thus more dose per unit length than protons (Eq. 2.2), as shown in the DDD in Fig. 3.1. As
seen in Fig. 3.2, protons also reach slightly elevated LET values at the end of their range. Since
they possess slow velocities in this region, the area of potentially harmful high LET is limited to
a small area. For heavier ions, this region is extended, and it can be seen that, e.g., with oxygen
ions, even the target region is exposed to an dose-averaged LET (LETd) over 100 keV/µm. This
is a major advantage for tumor treatment.
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Figure 3.2.: Dose-averaged LET (LETd) Distributions over Depth for 1H, 4He, 12C and 16O Ions: The
generated SOBP was optimized to deliver 2 Gy physical dose to the grey marked target area of 2.5 cm. The
maximum LETd for higher mass ions is closer to the target region edge. Nuclear fragmentation results in
an increased LET tail, especially pronounced for high ion masses. 100 keV/µm is marked with a dashed
line for orientation. Image adapted from [68].

3.1.2 More Intra-Track Interactions

At this high LET, ionizing interactions occur in close spatial proximity, resulting in dense ion-
ization tracks, often referred to as spurs, as illustrated in Fig. 3.3. The following reactions of
diffusing radiolysis products generated by a single primary particle within its track are referred to
as intra-track interactions.

1H
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X
 [n

m
]

12C
1H

Figure 3.3.: Illustration of Proton and Carbon Trackstructure: The upper track represents a 10 MeV
proton track in black with an LET of approximately 5 keV/µm, while the lower track in red shows a
200 MeV carbon ion with an LET of 100 keV/µm. The DNA strand is depicted for scale, and energy
deposition events are marked with dots. Whereas the proton deposits energy sparsely along its path, the
carbon ion produces a much denser pattern of ionizations, which results in more intra-track interactions.
Image adapted from [70].

The consequences of the close proximity of interactions are manifold.
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Firstly, in the subsequent chemical stage, the reduced spatio-temporal distance between radiation-
induced species enhances the probability of radical-radical interactions. This high density
promotes self-reactions, such as H · +H· and HO · +HO· [71], leading to the formation of more
molecular species like H2 and H2O2. [72]
In contrast, the concentrations of other radicals, such as HO− [71], e−

aq, H3O+, and peroxyl radicals,
are lower in high-LET compared to low-LET tracks, due to the amplification in chemical reactions.
[73–75] These radiochemical changes due to the intra-track interactions underscore the profound
impact of high-LET irradiation on the chemical environment, which also affects the subsequent
biological response. [72]

While indirect damage induction may also be amplified due to the intra-track interactions and to
the higher concentration of harming molecular species (e.g. H2O2), the great advantage of high-
LET irradiation lies in the direct damage component. High-LET radiation, such as carbon ions,
induces a greater proportion of direct Desoxyribonucleic Acid (DNA) damage compared to low-
LET radiation due to the higher ionization density along the particle track (Fig. 3.3). [71, 76, 77]
The close spatial clustering of ionization events increases the frequency of DNA lesions, resulting
in a higher proportion of complex Double-Strand Breaks (DSB) damage [77] and significantly more
chromosomal aberrations, particularly reciprocal exchanges. [78] Such complex lesions are repaired
more slowly, less accurately, and often incompletely, increasing the likelihood of cell death. [79]
This dense damage pattern underlies the enhanced biological effectiveness of the densely ionizing
high-LET radiation. [9, 70]. At the cellular level, high-LET irradiation has been shown to induce
various forms of cell death more effectively, including apoptosis, mitotic catastrophe, autophagy,
and senescence. Although the precise signaling pathways remain to be fully elucidated, increasing
LET is associated with a more pronounced activation of cellular inactivation mechanisms. [80]
Beyond direct tumor cell killing, heavy ion irradiation also appears to influence the tumor mi-
croenvironment and immunogenicity. Studies suggest that carbon ions may contribute to the
formation of a distinct tumor microenvironment [81], reduce the risk of metastasis [82], and enhance
T-cell activation. However, the LET dependence of these immunomodulatory and inflammatory
responses in tissue remains incompletely understood. [80]

Another biological implication of high-LET irradiation and the resulting complex DNA damage
is reduced sensitivity to the cell cycle phase. [83] The effectiveness of damage repair is strongly
influenced by the cell cycle stage, since various DNA repair pathways are active during specific
phases. However, high-LET radiation induces more complex and irreparable DNA lesions than low-
LET irradiation, reducing the relevance of cell cycle-dependent repair mechanisms for determining
cell fate. [9]
Similarly, the benefit of dose fractionation diminishes with increasing LET. Low-LET irradiation
typically causes a higher proportion of sublethal damage, which cells can repair between fractions,
justifying dose fractionation as a radiobiological strategy. In contrast, high-LET radiation produces
fewer sublethal lesions, reducing the opportunity for inter-fraction repair. [24]

3.1.3 More Abbreviations: OER and RBE - Biological Implications of
High LET

The consequences of the direct damage induction extend beyond the diminished cell cycle phase
and fractionation dependencies. An additional major biological implication of this phenomenon is
the reduced dependency on the oxygen concentration. [84]
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For low-LET radiation, the presence of molecular oxygen plays a critical role in mediating indirect
DNA damage, as discussed in Section 2.3 and illustrated in Fig. 2.6. In contrast, direct DNA dam-
age occurs independently of the local oxygen concentration, which renders high-LET irradiation
damage less dependent on the oxygen concentration for indirect damage.
To describe this oxygen dependence of different radiation qualities, the Oxygen Enhancement
Ratio (OER) is defined as the ratio of iso-effective doses under hypoxic and normoxic conditions
[9], demonstrated in Fig. 3.4
Therefore, the OER indicates the dose needed under hypoxic conditions to yield the same biological
effect as under normoxic conditions.1
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Figure 3.4.: Oxygen Enhancement Ratio (OER) and Relative Biologic Effectiveness (RBE) Calculation:
On the left side, the OER is demonstrated with two Survival Fraction (SF) curves, where one is obtained
under hypoxic and the other under normoxic conditions. The corresponding OER is determined at a
specific SF level (e.g., 0.1 % marked with a dotted line). For the Relative Biologic Effectiveness (RBE)
calculation on the right side of the figure, the required dose for a given SF is compared between a reference
irradiation (typically X-rays) and the test irradiation (e.g. carbon ions), shown here for 10 % (dotted lines)
and 0.1 % (dashed lines) survival. Images adapted from [85].

The OER is a dose-modifying factor, yielding that high-LET irradiation has the potential to more
effectively target and eradicate hypoxic tumors in comparison to low-LET irradiation. [84, 86]
Therewith the OER decreases with increasing LET demonstrated in Fig. 3.5.

LET [ keV
μm ]

O
E

R

R
B

E

µ

Figure 3.5.: OER and RBE over LET: The RBE values are depicted on the red left scale and the
quantitative OER values on the green right scale. Images adapted from [85].

1In general, hypoxic conditions have an oxygen concentration of below 5 %, while normoxic atmospheric conditions
have approximately 20 %.
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The reduction in OER is most pronounced for heavy ions with high LET, such as carbon or neon.
[16] Aside from the mentioned factors, this phenomenon could also be partially attributed to the
so-called oxygen-in-track hypothesis. [87] According to this theory, the high local density of
ionizations within the track core temporarily produces local oxygen in radiolytic reactions. [87,
88] Some of these oxygen-producing interactions are included in Fig. 2.6. Monte Carlo Simualtions
(MCs) support this hypothesis by demonstrating that the calculated in-track oxygen concentrations
correspond well with the amounts needed to explain the observed reduction in OER under high-
LET conditions. [74]

Regardless of the exact underlying chemical mechanisms, the reduced OER associated with high-
LET particle therapy makes it a promising approach for treating hypoxic and therefore conven-
tionally radioresistant tumors (Fig. 3.5). [89]

The concept of Relative Biologic Effectiveness (RBE) is used to quantify and compare the
biological impact of high-LET irradiation to that of conventional photon radiation. The RBE
value is calculated by dividing the reference dose from X-ray irradiation Dx by the dose needed
with another radiation quality to achieve iso-biological efficacy (Fig. 3.4). The RBE depends on
many parameters, including the physical properties of the beam, the survival fraction, or the dose
analysis point. As visualized in Fig. 3.4, the quantitative RBE value heavily depends on the chosen
SF value. Generally, RBE increases with LET, as higher ionization densities enhance biological
effectiveness, as shown in Fig. 3.5. However, beyond a certain LET threshold, the energy deposition
per particle becomes so intense that a single traversal can severely reduce cell survival. At the
same time, fewer particles are needed to deliver the same dose (Fig. 3.6). The decreased fluency
ultimately leads to a decrease in RBE at very high-LET values. [9]

Proton
 (LET: 5.4 keV/µm)

Helium
 (LET: 14.4 keV/µm)

Carbon
 (LET: 65 keV/µm)

Oxygen
 (LET: 100.3 keV/µm)

Figure 3.6.: Particle Fluence for Various LET: The displayed circle indicates the scale of a cell nucleus (r
= 6µm). In this example, a dose of 15 Gy is applied with the corresponding LET values for the particle.a
The fluence is calculated with Eq. 2.2. This nucleus cross-section illustrates the reduced number of particles
required to deliver the same dose with high-LET irradiation.

aThe dose and LETd values match the experiments conducted in Sec. 6.2.

Unlike the schematic drawing of the RBE distribution in Fig. 3.5, the maximum RBE shifts in
accordance with the particle’s mass. Specifically, for higher mass particles, the maximal RBE value
shifts to higher-LET values [84, 90], which can be seen in Fig. 3.7.
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Figure 3.7.: RBE over LET for Various Ions: RBE was measured at 10 % Survival Fraction (SF) for
several ions over LET. Image adapted from [68].

This can be attributed to differences in particle velocity: for an equivalent LET, a proton travels
at a lower velocity than a carbon ion due to its smaller mass. (Eq. 2.5). This lower velocity results
in a more concentrated energy deposition in a narrower track core, promoting clustered damage
along the track. In contrast, the faster-moving carbon ion creates a broader track with lower
central energy deposition compared to a proton. Consequently, the damage is less centralized. As
a result, the biological effectiveness per LET is lower for carbon ions compared to protons. [16]

Aside from physical factors, biological factors such as repair capacity of the cell line, the microen-
vironment, and the level of oxidative stress play a major role in determining the overall biological
response and, consequently, the RBE. [91, 92]

The biological evaluation point for calculating the RBE does not necessarily have to be the in vitro
cell survival fraction. Furthermore, it can be assessed for in vivo endpoints, such as those observed
in rat spinal cords, in order to more accurately reflect tissue responses. [93] In vivo investigations
are of crucial importance for elucidating the effects of irradiation in complex biological systems,
thereby providing more reliable insights into the responses observed in patients. Moreover, their
significance lies in the fact that the majority of patients are treated with fractionated irradiation,
a process which exerts a considerable influence on the RBE. [9] Notably, the in vivo RBE tends
to increase with the number of fractions, as this corresponds to a lower dose per fraction, where
differences in biological effectiveness become more pronounced. [16]

Since the RBE quantifies the relative biological effectiveness of an irradiation compared to a ref-
erence X-ray exposure, it is used to convert the physically applied dose D into a biological dose
Dbio:

Dbio = D · RBE(E, LET, b), (3.2)

which highlights the RBE dependencies on the energy E, the LET, and several biological factors
b. [15] The biological dose more accurately reflects the damaging capacity of the irradiation and
makes the ion irradiation comparable to the well-known photon world.

3.2 Recognizing the Limitations

The physical, chemical, and biological advantages of heavy ion irradiation are very promising.
However, as indicated by Eq. 2.7, the probability of nuclear interactions increases with the
atomic number of the ion, making such interactions more prominent for heavy ions. Additionally,
to reach clinically relevant tumor depths, heavy ions require higher energies than protons, as indi-
cated by Equation 2.9, which amplifies further nuclear interactions.
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The more prominent nuclear fragmentation severely reduces the fluence of primary ions reaching
the BP. For example, in typical carbon ion treatments with 400 MeV/u only about 50 % of the
ions reach the BP; for neon, this number drops to around 38 %. [24] Fragmentation diminishes
the primary beam and therefore produces light fragments that can deposit energy even beyond the
BP (Section 2.2.2). The sharp distal BP fall-off has an attachment of a low-dose tail composed of
secondary particles, called “fragmentation tail” [69], seen in Fig. 3.1.
Although the physical dose contribution of these fragments appears small, their high LET (Fig. 3.2)
and corresponding RBE can lead to severe biological damage in tissues adjacent to the tumor.
At larger depths of above 20 cm in water, the contribution of laterally scattered fragments from
carbon ions increases, eventually making their lateral dose profiles comparable to proton irradia-
tion. [15]
Therefore, careful consideration must be given to nuclear fragmentation, which generates a bio-
logically potent fragmentation tail beyond the target and introduces lateral dose broadening at
greater depths.

A technical challenge of heavy ion therapy is the acceleration process. Since heavy ions require
higher kinetic energies, the synchrotrons magnetic fields must be reinforced, which imposes sub-
stantial engineering and cost constraints. [15] While light protons can also be accelerated in
commercially available cyclotrons, one potential solution for more compact heavy ion synchrotrons
could be the use of superconducting magnets, which can achieve higher magnetic fields and thus
reduce the accelerator size needed for heavy ion therapy. [94]

3.3 Clinical Indications for High-LET Irradiation

The clinical value of heavy ion therapy is rooted in its superior physical dose conformity, enhanced
RBE, low OER, and therefore the unique ability to treat challenging tumors. Despite the afore-
mentioned limitation, the use of heavy ions remains clinically justified, particularly for hypoxic
or radio-resistant tumors, for which there are no effective treatment alternatives. [24]

A key clinical advantage is the spatial variation in LET along the beam path. As shown in Fig. 3.2,
heavy ions deliver a low-LET plateau in the entrance region, followed by a sharp LET increase at
the BP. This ensures that normal tissue is exposed mainly to low LET, while the tumor receives
harmful high-LET irradiation, maximizing tumor control and minimizing collateral damage.

Despite these benefits, there are important clinical limitations. The high precision and steep dose
gradients can become a clinical dilemma if the target moves during treatment or tissue inho-
mogeneities change slightly, potentially shifting the BP. This can result in unintended Normal
Tissue (NT) exposure. [15] This highlights the need for advanced motion management strategies
in clinical applications of heavy-ion therapy. Currently, however, no particle therapy facility is
tracking the internal tumor motion during irradiation yo prevent intra-fractional movement. In
contrast, such machines are available in the photon world; for example, the CyberKnife (Accuray,
Sunnyvale, CA, USA). [11] Online-adaptive planning is under development for particle therapy
[95], whereby treatment plans are adapted to daily tumor conditions to mitigate inter-fractional
changes. In contrast, current clinical practice relies on motion mitigation rather than plan adap-
tation to prevent intra- and inter-fractional motion. [96]
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Proton therapy remains the most widely established form of particle therapy, with established
protocols and over 400 000 patients treated worldwide. [97] Protons are recommended by the Amer-
ican Society for Radiation Oncology (ASTRO) for tumor targets, where precise dose deposition is
needed to spare critical structures or previously irradiated areas. [98] However, protons are not
considered high-LET radiation, and their RBE is conservatively set to 1.1. [99]
Approaching higher mass ions: helium ions offer a compromise between dose precision and a
smaller fragmentation tail compared to heavier carbon ions (Fig. 3.1). Early clinical trials at
Lawrence Berkley Laboratories (LBL) showed low complication rates and favorable physical prop-
erties. [100] At Heidelberg Ion Beam Therapy Center (HIT), the clinical implementation started
in 2021, with the first patients treated. [101, 102] Nevertheless, LET within the SOBP for helium
typically remains below 40 keV/µm.

To reach the wanted high LET in the target volume for the discussed clinical benefits, heavier
ions, such as carbon or oxygen, are required. Therewith, LET values above 100 keV/µm are
achievable. [102]
To date, no clinical trials have investigated SOBP oxygen ions, but carbon ion therapy has been ad-
ministered to about 63 000 patients worldwide. [97] Despite the absence of standardized treatment
guidelines, the “4 Rs” of hadron therapy highlight the efficacy of carbon ions for rare, radioresistant,
recurrent, and radiation-induced tumors. [103] High dose conformity enables hypofractionation and
high-LET application without exceeding Organ At Risk (OAR) tolerance, which is especially im-
portant for radioresistant tumors. [104] A recent review from 2024 by Yun et al. reported improved
toxicity profiles, local tumor control, overall survival, and prolonged progression-free survival with
carbon ion in comparison to conventional therapies. [105] Particularly for head and neck tumors
such as skull base chordoma, sacral chordoma, meningioma, and adenoid cystic carcinoma, there
is substantial evidence for the high-LET therapeutic efficacy. [104]
Nevertheless, more randomized phase III clinical trials are needed to fully quantify the benefits of
heavy-ion therapy and to determine the optimal particle type for specific clinical scenarios. [104]

3.3.1 A Case in Focus: Pancreatic Cancer

Pancreatic Ductal Adenocarcinoma (PDAC) is one of the few tumors fulfilling partially the “4R”
criteria – being both rare and radioresistant – and exhibits the lowest 5-year survival rate
among all cancer instances. It is frequently diagnosed at an advanced stage, often resulting in
unresectable and bulky tumors. [106] Aside the late diagnosis, it presents considerable therapeutic
challenges due to its anatomical location near critical OAR such as the Gastrointestinal Tract
(GI) [107], its highly hypoxic microenvironment [108], and the motion of surrounding tissues
[109], which can be seen in Fig. 3.8.
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Figure 3.8.: Anatomical Location of the Pancreas: The pancreas, here marked in orange, is important
for the digestive system by having both endocrine and exocrine functions. However, its delicate location
within the bowl, adjacent to the highly radiosensitive GI, poses a challenge in the context of radiotherapy.
Image from [110].

The unwanted exposure of the GI and the spinal cord constitutes a major limiting factor for the
maximum dose that can be applied to the PDAC tumor. However, a dose escalation would be
necessary to address its radioresistance. [109]
To deliver higher doses without exceeding NT tolerances, heavy ion radiation presents a promis-
ing alternative, offering superior dose conformity with enhanced OAR sparing, as well as reduced
oxygen dependence due to the high LET, thereby mitigating PDAC radioresistance. [111]
Carbon-ion irradiation has already been studied for this purpose, and safer dose escalation while
minimizing collateral damage to adjacent OAR has been demonstrated. [109] Indeed, several stud-
ies have suggested that carbon ions have been more efficient than photons in this setting, improving
both local control and survival outcomes. [112, 113] A Japanese Phase I study reported a promis-
ing five-year survival rate of 42 %, which increased to 48 % in the high-dose arm of a subsequent
Phase III trial. [113, 114] Additional encouraging outcomes have been published by the heavy ion
facilities GUNMA, CHIBA, and HIT with the ongoing PACK trial. [109, 111, 115]
Interestingly, preclinical in vitro and in vivo experiments have shown that carbon ion irradiation
could enhance immune activation in the pancreatic tumors, including increased antigen presenta-
tion compared to X-rays. [81] Together, these findings highlight the potential of high-LET radiation
to overcome the intrinsic challenges of pancreatic cancer treatment and improve patient outcomes.
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4
Tracing the Effects of UHDR

In typical clinical particle therapy settings, the total prescribed dose is administered in several
fractions. This allows the Normal Tissue (NT) to recover and repair sublethal damage in between
the treatments, which are usually scheduled one day apart. Each fractionated dose of approximately
2 Gy is applied at dose rates ranging from 0.001 to 0.5 Gy/s. Interestingly, when high-dose, single-
fraction treatments are delivered at dose rates exceeding 40 Gy/s, a regime commonly referred to
as Ultra-High Dose Rate (UHDR), certain new biological effects are becoming apparent. [116]

4.1 Revival of the FLASH Effect

The earliest evidence of high-dose-rate-dependent radiobiological effects was reported in the late
1950s. In vitro experiments yielded enhanced cell survival following iso-dose irradiation at Ultra-
High Dose Rate (UHDR) compared to Standard Dose Rate (SDR). [117] These preliminary exper-
iments yielded the first evidences of the in vitro UHDR sparing effect. Notably, the sparing
effect was more pronounced under lower oxygen concentrations, highlighting the important role of
oxygen availability in modulating cellular responses in conjunction with UHDR. [117–119]
Following years of research in this field, in 1974 Weiss et al. [119] concluded:

“The effect must be regarded as unexplained requiring further investigation.”

Nonetheless, the research into the UHDR sparing effect remained largely dormant for nearly four
decades.

In 2014, a study on UHDR irradiation was published with novel in vivo evidence: Lung tumor-
bearing mouse models were irradiated with electrons at dose rates exceeding 40 Gy/s. The UHDR
treatment achieved iso-effective tumor control in comparison to SDR irradiation. Yet, addition-
ally, UHDR significantly enhanced NT preservation, as evidenced by a reduction in lung fibrosis,
an improvement in the sparing of smooth muscle, and protection of epithelial cells from acute
radiation-induced apoptosis. [120] The phenomenon of NT protection without compromising tu-
mor control has since been widely termed the FLASH effect. [64, 121, 122] Over the next two
decades, the majority of UHDR research has been conducted with low-Linear Energy Transfer
(LET) irradiation, predominantly electron and proton, given the more straightforward technical
implementation of delivering light particles at UHDR.



Chapter 4. Tracing the Effects of UHDR

Until today, the superiority in NT sparing of UHDR over SDR at iso-doses has been demonstrated in
Zebra Fish Embryoss (ZFEs) and mice, where protective effects were observed in blood, intestinal,
brain, and lung tissues, as well as in larger animals, including mini pigs, cats, and dogs.
Detailed references in the reviews [28, 64, 122, 123] and a summary of the in vivo findings for
different LET rages and various in vivo models can be seen in Fig. 4.1.
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Figure 4.1.: Summary of In Vivo Results and the Corresponding LET Range: Positive and non-finding
“negative” results are included. Information summarized from Review [123] with adding [124] for the ZFE,
[125, 126] for the brain tissue, [127] for lung tissue and the high-LET study from [128].

These promising preclinical findings have paved the way for the first clinical applications of UHDR
irradiation. In a case study, a 75-year-old male patient with treatment-resistant lymphoma received
electron UHDR irradiation at a total dose of 15 Gy in 1µs. This treatment resulted in complete
regression of the tumor. [129] The following FAST-01 non-randomized clinical trial investigated
the use of transmission-proton1 UHDR for palliative treatment of extremity bone metastases.
Patients received a single fraction of 8 Gy at 60 Gy/s, achieving therapeutic efficacy comparable
to conventional proton therapy. [130] A prospective FLAST-02 trial is now following up on this
trial to assess the efficacy and safety of transmission proton FLASH for palliative bony metastases
irradiation in the thorax. [131]

Despite promising in vivo findings and first clinical applications, the underlying mechanisms of the
in vitro UHDR sparing and the in vivo FLASH effect remain largely unknown. In vitro results for
low-LET irradiation have shown considerable variability. For electron irradiation, diverse cell lines
have exhibited a UHDR sparing effect under varying oxygen concentrations, though no consistent
trend has emerged. Proton irradiation under normoxic conditions has generally shown no UHDR
sparing effect, while under oxygen-deprived conditions, few cell lines have been spared with UHDR
irradiation. [132]

1In transmission irradiation, the Bragg peak is not positioned within the target volume. Instead, the dose is
delivered using the low-LET plateau region of the depth-dose distribution.
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In 2023, Böhlen et al. stated that the data is highly heterogeneous, thereby preventing the formu-
lation of broad conclusions at this stage [133], similar to Weiss et al. in 1974. [119]

4.2 Significance of the Temporal Beam Structure

To properly investigate the mechanisms behind dose rate effects, it is essential to identify their
triggers. Various studies have shown that changes in the temporal dose patterns result in
significant variations in outcomes. [134, 135] Consequently, a novel substantial degree of freedom
must be considered: the temporal beam structure.

Complex treatment units, such as synchrotrons or pulsed dose applications, necessitate a detailed
characterization of the beam time structure. Parameters such as pulse length, inter-pulse interval,
and pulse repetition frequency essentially influence the effective dose rate at different temporal
scales, demonstrated in Fig. 4.2. [136]
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Figure 4.2.: Temporal Beam Structure Characterization: A schematic beam profile with pulsed dose
application, so-called “spills”, is depicted. DPP is the dose per pulse. The various spills are marked in red,
with different types of spill structure shown at the bottom. At HIT, we have a continuous spill application
in one pulse, whereas other accelerator machines produce bunched pulses, as indicated in the zoom plot
on the right side. It is imperative to determine all the different time structures of the spill time tSpill,
the pause between spills tInterpulse, the time between the midpoints of pulses tBetween−Pulses, and the total
beam time tBeam. Image inspired by [136].

With the various time structures and time spans emphasized in Fig. 4.2, different dose rate pa-
rameters can be determined: The most commonly used method is the averaged Dose Rate (Ḋ),
which involves dividing the total dose by the overall irradiation time. In Fig. 4.2, this corresponds
to the total dose of 3·Dpp divided by tbeam. However, the Ḋ is insufficient to fully describe complex
beam structures [136], although some studies suggest that a high average dose rate is the main
trigger for UHDR effects. [134, 135, 137] For pulsed dose applications, the instantaneous Dose
Rate (Ḋinst) should also be reported, which refers to the dose rate within a single pulse. [136]
As illustrated in Fig. 4.2, the Ḋinst would be a constant value of Dpp/tspill for such a fixed-dose
application, but would be more complex for spills like the one at Heidelberg Ion Beam Therapy
Center (HIT) (Sec. 7.2.1). Depending on the overall dose pattern, these two dose rate measures
can differ drastically.
The full temporal characterization is of special importance for Pencil Beam Scanning (PBS) sys-
tems, where the dose is delivered spot-by-spot in a sequential manner, potentially resulting in high
intra-voxel dose rates despite a modest average dose rate.
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Therefore, for PBS another measure – called the Ḋ5%−95% – is suggested, which only considers the
time during which 5 % and 95 % of the corresponding dose are applied in this time span. [138]
Comprehensive reporting of all temporal parameters facilitates inter-institutional and inter-experimental
comparisons, which are essential for identifying the critical temporal factors triggering UHDR ef-
fects.

4.3 Towards a Mechanistic Understanding

The causes of the sparing effects are currently the subject of intense discussion. While it is evi-
dent that the radiochemical cascade is altered under UHDR conditions, the exact pathways and
qualitative and quantitative dependencies are still under investigation.

4.3.1 Oxygen Dynamics

Since the early investigations in the 1950s, the strong dependence of UHDR effects on the oxygen
concentration has been well supported by both in vitro [117, 139, 140] and in vivo studies. [141,
142] Therefore, a leading hypothesis for the UHDR sparing effect concerns the oxygen dynamics:
The Oxygen Depletion Hypothesis (ODH) states that during the brief pulse of dose, oxygen
is rapidly consumed by radiochemical reactions, leading to a transient hypoxic state that reduces
the radio-sensitivity. The oxygen consumption reaction also occurs during SDR, but for UHDR,
the rate of oxygen consumption is thought to exceed the tissue’s capacity for reoxygenation via
diffusion, leaving cells in a temporarily oxygen-deficient environment during the critical physical
and chemical stages of damage induction. [9, 117, 143] The time scale for the reoxygenation
process is approximately 10 ms in monolayer cell cultures. [139] In vivo, additional oxygen delivery
delays are introduced by the oxygen unloading from hemoglobin and the diffusion from distant
vasculature, which occur on a timescale of around 50 ms [55] and in the seconds-range [141],
respectively. Therefore, at SDR (approx. 0.1 Gy/s), the application of dose matches the range
of reoxygenation processes, so the oxygen consumption can be compensated. Consequently, the
oxygen consumption was only measured during UHDR irradiation and not during SDR due to
the reoxygenation compensation. [55, 144, 145] However, this hypothesis was already challenged
in [143] when Berry et al. reported sparing with 7 ns pulses but not after 50 ns. Given that
reoxygenation occurs on the microsecond timescale, ODH alone could not account for these single
study findings. [143] In addition to this, the impact of oxygen consumption on the UHDR effects
remains a subject of active debate, for two main reasons:
Firstly, several studies have demonstrated that UHDR irradiation consumes lower quantities of
oxygen than SDR. [57, 67, 144, 146] This phenomenon could be attributed to the increased local
density of reactive species, which reduces the likelihood of interactions with molecular oxygen,
thereby lowering net oxygen consumption. [57, 147] Although UHDR irradiation consumes slightly
less oxygen quantitatively, the reoxygenation process timescale stays unaltered, and the transient
oxygen-deprived state may still persist.
Secondly, it has been argued that the absolute amount of oxygen consumed may be insufficient
to cause meaningful hypoxia and therefore radioresistant. [146] However, even small reductions in
oxygen tension can substantially impact radiosensitivity [148], indicating that complete depletion
to hypoxia might not be necessary to observe biological effects. At this point, the initial oxygen
concentration of the cells is the important parameter. [55] In many tumors, a median oxygen
concentration ranges from 0.3 % to 4.3 %. [149]
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Following the ODH, hypoxic tumors would show limited FLASH sparing because their oxygen levels
are already minimal, whereas NT in a physioxic state may experience increased radioresistance due
to further transient oxygen consumption. [150] Especially the typically high total doses used in
UHDR regimens may further enhance the overall oxygen consumption, which would support the
ODH. [140]

However, the extent to which oxygen consumption can induce the necessary change in oxygen con-
centration to induce radioresistance in tissue remains a subject of debate. A recent comprehensive
study from Grilj et al. reported actual oxygen consumption values in vivo and concluded that the
measured consumption via ODH could not fully explain the detected in vivo FLASH sparing effect,
which was quantified by novel object recognition. [145] However, predictions based on FLASH data
have yielded support for the ODH in vivo. [141, 151]
To investigate the mechanisms behind the ODH and to elucidate its predictive value for the FLASH
effect, oxygen consumption studies with model solutions were conducted. [57, 67, 144, 146] It is
important to acknowledge that extrapolating results from model solutions to cellular environ-
ments and especially complex biological species is non-trivial. Intracellular factors such as radical
scavengers, metabolic pathways, and blood vessel architecture are not included in model solution
studies but strongly influence oxygen availability. [61]

Based on these results, it remains uncertain whether the ODH can fully or partially account
for the observed UHDR effects. Nevertheless, in vivo observations and Monte Carlo Simualtion
(MC) simulations support a potential role of the ODH in UHDR effects [140, 141, 151], although
contradictory findings have also been reported. [145, 146]
These discrepancies have led to the proposal and ongoing investigations of an additional mechanism
involving radical-radical interactions.

4.3.2 Radical-Radical Interactions

UHDR irradiation not only alters the oxygen consumption, but also has a drastic impact on the
entire radiochemical cascade. For a given absorbed dose, the total number of ionization events is
on average the same between UHDR and SDR irradiation. However, during UHDR, these events
occur over a much shorter time span, resulting in markedly higher instantaneous radical concen-
trations. [54]
The reaction rate of radicals is directly proportional to radical concentration, whereas radical-
radical recombination scales with the square of the radical concentration. [54] Consequently, the
closer spatio-temporal proximity of radicals leads to an acceleration in radical-radical recom-
bination, resulting in self-scavenging, and fewer interactions with surrounding molecules. This
results in different steady-state levels of radiolytic Reactive Oxygen Species (ROS) even when ir-
radiated at iso-doses for both dose rates. [55, 143] A lower radical yield correlates with reduced
biological damage, offering a complementary explanation for the UHDR sparing effect. [143]

While high LET primarily amplifies intra-track reactions, where species from a single track in-
teract, UHDR conditions favor inter-track interactions. At UHDR, multiple primary tracks
are generated within a short time frame, allowing their radiolysis products to interact with one
another. The occurrence and impact of these inter-track reactions are still under debate and not
yet fully quantified. Some MC studies have suggested that inter-track interactions can occur under
specific conditions, such as high doses and low LET. [152, 153]
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Especially in the context of low-LET electron irradiation, the spatial overlap of track structures
may serve as a catalyst for the enhancement of radical-radical recombination events [154] and also
for PBS systems where single spots are irradiated. [155] Other MC studies have indicated that the
distance between the tracks is insufficient for the interaction of radicals [72, 156, 157] and therefore
inter-track interactions can be neglected, especially for high LET. [54, 72] This decreased fluency
for high LET is shown in Fig. 3.6.

However, investigations of radio-chemical interactions with modelling approaches like MCs are
confined to simulating a pure water environment and single-track simulations, thereby constraining
our theoretical comprehension. [73] Additionally, experimental investigation of these processes is
challenging due to the extremely short lifetimes of some radicals involved. For this reason, more
stable species, such as H2O2, and residual oxygen can serve as surrogates to estimate radical pro-
duction and elucidate radiochemical mechanisms behind the UHDR effects. For H2O2 specifically,
it has been reported that the production decreases slightly under UHDR conditions, which could
hint at a potential sparing mechanism. [55, 158]

Amplified radical-radical interactions and altered radiochemical pathways pose a major challenge
to the cell [55], highlighting the need for further research to understand and quantitatively assess
radical production and interactions under UHDR conditions.

4.3.3 Biological Factors

Moving from radiochemical considerations to Desoxyribonucleic Acid (DNA) damage, several stud-
ies have reported lower levels of cellular markers of DNA Double-Strand Breakss (DSBs), such
as 53BP1 [159] and γH2AX foci [160, 161], following UHDR irradiation. This corresponds to re-
duced DNA damage [162, 163], fewer dicentric and centric rings [164], and a lower incidence of
micronuclei. [165] The reduction in complex chromosomal aberrations may be attributed to a lower
number of DNA-damaging radicals, due to enhanced radical-radical scavenging under UHDR con-
ditions.

Interestingly, the UHDR sparing effect has been observed in vitro for both certain normal and
tumor cell lines. [162, 166]
A general overview of the in vitro data is provided by Friedl et al. [64] and Adrian et al. [132].
However, the capacity to manage, detoxify, and eliminate ROS is cell-specific. [167, 168] Normal
cells have a superior enzymatic capacity to reduce hydrogen peroxide H2O2 [167, 168], allowing
them to efficiently eliminate this ROS. [55, 122] Additionally, the repair mechanisms are intact,
and thus, the cell can repair some of the DNA damage induced by radicals. In contrast, tumor
cells often lack sufficient repair mechanisms and antioxidant defenses to remove harmful chemical
products. As a result, they are more vulnerable to cytotoxic products and the broad spectrum of
radicals. [55, 169] This redox stress is further compounded by the fact that tumor cells frequently
exhibit a more hypoxic microenvironment, which further modulates their redox and metabolic sta-
tus. [54]
Therefore, the differential response of NT and Tumor Tissue (TT) to UHDR and the
FLASH effect may additionally be amplified due to the cell-type dependent biochemical and phys-
iological microenvironment differences.

Moving from in vitro to in vivo systems, so from the UHDR sparing effect to the FLASH effect,
the additional involvement of the immune system reactions must be regarded.
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Radiation-induced immune activation and inflammation can differ depending on the type and
extent of cellular damage. [122] The importance of this was shown when there was no UHDR
effect, neither in survival nor in acute side effects for immunocompetent rats. [170] However, it
was also reported that there was a decrease in T-cell infiltration after UHDR irradiation [171] and
less inflammation in mice after proton FLASH. [125]
One other factor for UHDR irradiation might be that lymphocytes are more effectively spared due
to the shorter overall irradiation time. [150]

These findings underscore the complexity of biological responses to UHDR irradiation, which in-
volves DNA repair processes, immune modulation, and tissue-specific susceptibility, and therefore
highlight the need for further research to elucidate their contributions to UHDR effects.

4.4 Advantages Beyond the Sparing Effects

In addition to the potential, though still not fully understood, biological advantages of UHDR
irradiation, there are practical benefits related to the accelerated treatment delivery. The extremely
short treatment time frame reduces the possibility of patient motion during irradiation, called
intra-fractional movements.
The patient’s position is typically verified at the start of each treatment session using an imaging
technique. However, the internal tumor motion is mostly not monitored in real-time during dose
delivery. As a result, unrecognized tumor movement, especially in anatomically mobile regions like
the abdomen, may occur. When the interval between imaging and irradiation ending is minimized,
the tumor is more likely to remain in the imaged position. This reduction in intra-fraction motion
could ultimately allow for smaller treatment margins, thereby improving targeting precision and
potentially reducing radiation exposure to surrounding healthy tissue. [150, 172]
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5
Combining the Potential of Heavy

Ion & UHDR Irradiation

Building on the previous chapters, both high Linear Energy Transfer (LET) and Ultra-High Dose
Rate (UHDR) independently provide substantial advantages. Heavy ion irradiation has demon-
strated great potential in the treatment of highly hypoxic radioresistant tumors, and UHDR has
been shown to mitigate intrafractional motion problems and to potentially offer additional normal
tissue sparing in vivo. The combination of these elements into a “fast and furious” modality would
be the logical step.

5.1 State of the Art: Particle UHDR Irradiation

Due to technical difficulties and the limited number of heavy ion centers, most of the UHDR
studies were conducted with low-LET photons, electrons, or proton irradiation. With particle
irradiation, the FLASH effect has been demonstrated several times for protons, for example, in
the neuroprotective effects and reduced Double-Strand Breaks (DSB) after UHDR in mice with
brain tumors. [125] Even the first clinical trial, FAST-01, was conducted with proton transmission
irradiation. [130] However, as the review from Diffenderfer et al. showed, the in vitro UHDR
sparing effect is not reproducible for proton experiments, and multiple studies have shown only a
little or even no difference in tumor growth delay compared to Standard Dose Rate (SDR). [166]

For high-LET irradiation, available studies are limited for both in vitro and in vivo. In the case of
in vitro studies, one single study from Heidelberg Ion Beam Therapy Center (HIT) reported UHDR
sparing after Spread-Out Bragg Peak (SOBP) helium ion irradiation in tumor cells under both hy-
poxic conditions for LET values up to 16 keV/µm. [161] Going higher in mass to carbon ions,
Tinganelli et al. reported an UHDR sparing effect in Chinese hamster ovary cells irradiated under
hypoxia. Although the LET in the transmission carbon beam was relatively low at 13 keV/µm.
[173] In contrast, studies employing higher LETs up to 50 keV/µm have not demonstrated a con-
sistent sparing effect across various cell lines, including both tumor and normal tissue cells, for the
investigated dose region. [174–176] In instances in which an in vitro sparing effect was observed,
it was exclusively at doses of above 7 Gy, which is typically beyond the range of clinical treatment
doses. [173, 176]
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The first high-LET in vivo studies by Tinganelli et al. with up to 80 keV/µm reported a FLASH
sparing in reduced fibrosis and collagen production after UHDR irradiation of the hind limbs, yet
no difference in tumor control, lung metastasis formation, and immune response. [128] For their
low-LET carbon ion study, they found a significant difference in UHDR and SDR in the metastasis
formation. [127]

Overall, the current literature on proton in vitro studies investigating the FLASH effect remains
highly variable, and for high-LET irradiation is limited to a single study with an LET of 80 keV/µm.
Preliminary evidences suggest that LET may play an important role in modulating the FLASH
response; however, its possible advantages remain to be elucidated. This underscores the urgent
need for more systematic and mechanistic research in this field. [64]

5.2 From Standard to UHDR at HIT

At HIT, we have the unique opportunity to investigate this largely uncharted research field. In
order to facilitate UHDR irradiation, a large amount of particles is needed, since the full dose must
be administered in a single spill, and the particles must be extracted rapidly in order to achieve
target dose rates of around 100 Gy/s.1

5.2.1 Hardware Adaptations

To achieve a high particle number, the maximum number of particles is extracted from the Elec-
tron Cyclotron Resonance Ion Source (ECRIS) and accelerated with minimal losses, which is also
possible with conventional settings. Subsequently, for UHDR irradiations, the beam current is
increased by a factor of approximately 100 compared to clinical SDR. [41]

Light ions, such as 1H and 4He, are accelerated for UHDR using standard beam optics, whereas,
heavier ions like 12C and 16O require adapted beamline settings. Three main aspects of the
acceleration process are modified to meet UHDR requirements: First, the synchrotron extraction
tune is shifted closer to the third-order resonance via the quadrupole magnets. Secondly, the
sextupole magnets are strengthened, and lastly, the RF-knockout exciter amplitude is increased to
facilitate a faster particle extraction. [41] These parameters are optimized by the accelerator team
for specific particle energies and must be reloaded individually for each experiment. The settings
used in this research are summarized in Table 5.1.

Particle Extraction Energy
[MeV/u]

FWHM
[mm]

Ripple Filter Spot Spacing [mm]

1H 146.56 11.4 - 3
4He 145.74 6.8 3 mm 2
12C 275.98 4.1 3 mm 1.5
16O 325.98 3.3 3 mm 1.5

Table 5.1.: UHDR Settings at HIT: The beam focus width is given as Full Width Half Maximum (FWHM)
and the type of ripple filter (Ripple Filter (RiFi)) used for each particle species is listed. These settings
were employed in the present work.

1Although certain studies have previously investigated UHDR effects at dose rates already above 40 [120], our
approach was to amplify the UHDR mechanisms by applying the highest possible dose rates.
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To maintain functional raster scanning and an effective intensity feedback loop, the processing
time of approximately 1 ms per spot must be exceeded, which is the case even for UHDR and
the Beam Application Monitoring System (BAMS) must be capable of accurately recording the
high particle flux of the UHDR beam. [41] To avoid detector saturation, the monitoring BAMS
Ionization Chamber (IC) is flushed with a gas mixture of 96 % helium and 4 % CO2 instead
of the standard argon-CO2 mixture. Helium’s lower density and faster drift times reduce the risk
of detector saturation under high particle flux conditions, making it more suitable for accurate
measurements in UHDR scenarios. [42] With these BAMS adaptations the UHDR spills can be
recorded (Fig. 5.1).
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Figure 5.1.: Carbon-Ion UHDR Spill at HIT Recorded by the BAMS.

Typically, energy layer switching is required to cover the target volume longitudinally (Sec. 2.1.3).
However, this process necessitates a new accelerator cycle, therefore a second spill, which normally
requires 5 s. Research at HIT has demonstrated the feasibility of multi-energy extraction. However,
this approach may also be constrained by particle number limitations and thus might not permit
irradiation of the entire target volume at UHDR conditions. [177]
Currently 2D Range Modulators (2DRMs) are used to passively create a SOBP and achieve
in-depth coverage of the target (Fig. 5.2).
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Figure 5.2.: 2DRM Example and SOBP: The picture of the hedgehog 2DRM and its zoomed-in structure
was kindly provided by Sae Hyun Ahn. The SOBP on the right side was produced by another 2DRM and
recorded with a PinPoint chamber for the given beam parameter from Tab. 5.1. The measurements are
detailed in Sec. 6.2. [67]
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The current technical limit of the extraction rate and thus the intensity at UHDR is determined
by the maximum amplitude of the RF-knockout exciter. [41]

5.2.2 Irradiation Plan Adjustments

The available number of parties per spill limited the maximum field sizes depending on the required
dose. With the active Pencil Beam Scanning (PBS), the field sizes to achieve 15 Gy were relatively
small with below 1.5 cm length2 (see Sec. 6.2 [67]). Continuous improvements of the UHDR settings
by the accelerator team enlarge the achievable field sizes over time.
The spot spacing (Tab. 5.1) is selected to provide homogeneous field coverage while maximizing
the distance between the spots, therefore simultaneously maximizing the field size. As explained,
the field is irradiated with a monoenergetic beam and is covered with the usual active PBS, which
can be seen in Fig. 5.3.
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Figure 5.3.: Exemplary PBS Spot Pattern: The spot spacing of 1.5 mm is applied for heavy ion UHDR
dose application (Tab. 5.1). This specific plan with a dose of 15 Gy was used in the investigation of the
oxygen consumption in Sec. 6.2.

5.3 Assuring the Correct Dose

Accurate dose determination is a fundamental aspect of radiotherapy, typically ensured through
established quality assurance protocols. However, due to the high ionization density of this com-
bined high-LET and UHDR irradiation, conventional dosimeters often encounter major challenges.
Therefore, the selection of appropriate detectors is crucial for precise dose measurements in this
context. Additionally, accurate dose calculations are essential for Treatment Planning Systems
(TPSs) and quality assurance, a context in which MC simulations are utilized.

2The field size was measured from the first to the last spot (see Fig. 5.3). It should be noted that this measurement
does not take into account the FWHM of the beams in order to report a particle-independent measure.
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5.3.1 Detectors for High LET and UHDR Dosimetry

High-LET ion beams at UHDR present major challenges for conventional dosimeters, due to the
densely ionizing tracks and the additional need for high temporal and spatial resolution for pre-
cise characterization of the beam structure, as discussed in Sec. 4.2. Accurate dosimetry in this
context requires precise dosimeters [178], additionally applicable in small field scenarios given field
limitations, and sufficient radiation hardness to withstand the high doses and dose rates.

Currently, no primary standard protocol exists specifically for heavy ion dosimetry. In general,
water calorimetry is recommended as a primary standard for absolute dose measurements [179],
and the clinical reference dosimetry relies on calibrated IC. [180]
Table 5.2 summarizes currently available detectors and categorizes them according to their po-
tential to provide reliable readout for high-LET and UHDR dosimetry, based on reported time
resolution and performance characteristics under these conditions.

Detector Temporal
Information

High LET
Independence

UHDR
Independence

Passive Detectors
Alanine
Fricke Gel
OSLD
Radiochromic Film
TLD

Active Detectors
Calorimeter
Diamonds
IC
Scintillator
Si-Diodes

Table 5.2.: Detector Performance Comparison: Evaluation is based on temporal resolution, high-LET
suitability, and UHDR capability: Cell background colors denote performance status: Green for confirmed
suitability, red for insufficient or non-viable performance, and yellow for technologies under active research
and development to address current limitations. Information summarized from [179, 181, 182].

All Passive detectors, like alanine pellets, gels, stimulated luminescence detectors (OSLD), films,
and thermoluminescent detectors (TLD) are unsuitable for UHDR studies, because they are unable
to provide the temporal information of the beam, which is why they are marked with a red cell in
Tab. 5.2. [136, 181]

The primary standard calorimeters provide direct dose-to-water measurement by measuring di-
rectly the temperature change induced by the ionizing radiation in a water phantom. [182] However,
their complex setup renders them impractical for experiments, and the millisecond-scale temporal
resolution is insufficient for sub-millisecond UHDR beam characterization. [181] There are current
investigations to make a small portable graphite calorimeter suitable for UHDR and high-LET
absolute dosimetry. The first proof-of-principle test was conducted with a laser-driven proton
irradiation, but these detectors are not yet clinically established. [182]

In scintillators, light is emitted upon dose deposition, therewith the resulting signal is pro-
portional to the absorbed dose. However, under high-LET and UHDR, scintillators suffer from
Cherenkov contamination in the optical fibers [183] and quenching. The local energy deposi-
tion is sufficient to cause excited molecules to interact with each other, thereby promoting non-
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radiative de-excitation and reducing their accuracy. [184, 185] Since scintillator materials are
tissue-equivalent and therefore are particularly well-suited for clinical applications that require
accurate dose determination in tissue, ongoing research aims to mitigate these effects. [181]

Regarding Tab. 5.2, aside from temperature-based calorimeters, detectors with charge-based read-
out are currently viable for high-LET dosimetry. However, the charge readout can exhibit firstly
initial recombination, where ion-electron pairs neutralize each other in dense tracks, inducing LET-
dependence, and secondly volume recombination, which describes recombination during charge
drift from different origins, resulting in a dose rate-dependence. [42, 155]

Gas-filled ICs are recommended for high-LET dosimetry [179], with plane-parallel chambers used
for large fields and thimble or small cylindrical chambers for small fields. [180] At HIT, the PinPoint
Ion Chamber (PTW Freiburg GmbH, Type:31015) [186] is used in experiments for absolute dose
measurements without receiving temporal information. However, in normal ICs, UHDR conditions
can cause significant ion recombination [179, 187] and polarity effects. [188] Mitigation strategies
include the use of alternative gases [42] and thin-gap designs [189] to decrease the readout time
or correction models. [190] However, the ICs limited spatial in the millimeter-range and temporal
µs-resolution makes them suboptimal for UHDR beam structure analysis. [181]

Therefore, semiconductor detectors are promising for combined high-LET and UHDR dosimetry.
Due to their higher-density solid-state material, they can be manufactured in a compact size to
achieve high spatial resolution. Additionally, they can provide a high temporal resolution and
radiation hardness. [45, 181] Conventional Silicon (Si) diodes, however, have been shown to
be energy-dependent and inaccurate at high LET. [191] Novel Silicon-Carbide (SiC) detectors are
under development to overcome these limitations, but are not yet established. [182, 192]

Diamond as semiconductor material combines several advantages: The wide bandgap of 5.45 eV
leads to reduced leakage current compared to Si-diodes with a 1.14 eV band gap. [45] The material
shows excellent radiation hardness, and with its atomic number of Z = 6, the material is closer
to tissue equivalence compared to silicon (Z = 14). Additionally, the high charge carrier mobility
enables a fast readout and thus a high temporal resolution. [193, 194] Such diamond detectors
are already commercially available. PTW manufacture the microDiamond (mD)[195], which was
recently refined into the flashDiamond (fD)[196] to overcome UHDR saturation effects.
A comprehensive summary about the detectors is provided in Marinelli et al. [197] and in Sec.
6.1. In short, the fD enhancements were achieved by reducing the sensitive area to limit detection
current and increasing boron doping concentration to reduce series resistance. [198] Therewith,
the reliability of the fD in UHDR conditions with electrons [199] and helium [200] has already
been demonstrated. Diamond detectors currently represent a promising solution for high-LET
and UHDR dosimetry, combining robustness, high spatial and temporal resolution, and clinical
applicability.

5.3.2 Monte Carlo Simulation for high LET

In addition to accurate dose measurements, Depth Dose Distribution (DDD) predictions are also
essential for clinical radiotherapy for the TPS and Quality Assurance (QA). Initially, dose distribu-
tions were computed using analytical transport equations. This approach is adequate for photons
and light particles. However, for heavy ions, the more complex interaction schemes necessitate the
use of more accurate predictive models. Nowadays, with advancements in computational hardware
and algorithms, Monte Carlo Simualtions (MCs) have become the gold standard,
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especially for heavy-ion irradiations because of their accuracy. [43] In a MC, the particle transport
is modeled by simulating the physical interactions of individual particles with matter based on
probabilistic sampling. [201]
A primary particle with defined energy is launched into a medium, typically a patient-specific
geometry derived from Computer Tomography (CT) voxel data. As the particle traverses the
medium, firstly, the step length until the next interaction point is probabilistically sampled based
on the given interaction probabilities. Then the type of interaction (Sec. 2.2) is sampled based on
pre-tabulated cross sections.
The outcomes (e.g., energy loss, scattering angles, secondary particle production) are determined
from cross-section data, either experimentally measured or derived from first principles. The sec-
ondary particles generated are tracked until they fall below a predefined energy threshold.
During this tracking process, several quantities, like the energy deposition and stopping power,
can be recorded per voxel, enabling the construction of detailed DDD and LET maps of the given
geometry. This process is repeated for each particle history until all primary and secondary particle
transports are complete.

Since MCs rely on statistical methods, achieving low uncertainty requires simulating a large number
of events. Advances in computational power have made MC methods feasible for routine clinical
applications, including treatment planning, detector response modeling, commissioning support,
and dose verification. [202]

The accuracy of MCs depends on the implemented physics models and available cross-section
data. Although MCs offer high precision calculations for known interactions in benchmarked
regions, several challenges remain, especially for hadronic interactions relevant in heavy-ion particle
therapy. [24, 201] While electromagnetic interaction models are well described, hadronic physics
models are still incomplete, under development, and subject to higher variability. [203, 204] The
implemented nuclear-interaction cross sections carry significant uncertainties, since experimental
data for clinically relevant energies and projectiles is sparse. [204]
Detailed cross-section measurements are essential not only for optimizing the MC itself but also
for benchmarking the hadronic models, which is vital for validating MCs. [24, 201]
Despite these limitations, MCs remain indispensable in heavy ion radiotherapy for precise dose
predictions.

Several MC packages go beyond modeling the physical stage, and also predict the complex kinetics
of radiolysis, including species diffusion and reactions along the particle tracks. TRAX-CHEM[73]
or Geant4-DNA[205] extend the physical stage of MC to the chemical stage. Therewith, the
production of chemical species, their interactions, and their diffusion with time (Fig. 5.4). [73]

X [nm]

Y
 [n

m
]

 t =  s10−12  t =  s10−8  t =  s10−6

Figure 5.4.: Chemical Track MC: The temporal evolution of several radiolysis species in normoxic water
after a 10 MeV carbon ion traverses the material, simulated using the TRAX-CHEM code. Image from
Boscolo et al. [147]
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These simulations can provide insights into the molecular mechanisms underlying radiation dam-
age, such as DSB and oxidative stress, which are essential for evaluating the biological effectiveness
of different radiation modalities. Therefore, the simulations must be benchmarked against experi-
mental data with radiation-induced chemical yields to validate the accuracy of the models. [205]
More radiochemical data sets are required to improve and extend the capabilities of radiochemical
MCs.
Currently, these simulations are limited to a pure water environment and to single-track con-
sideration, which limits their applicability for high-LET UHDR due to the amplified intra- and
inter-track interactions. [62, 73] Therefore, these results must be interpreted with caution.

5.4 Rationale for Pancreatic Cancer as Target

As explained in Section 3.3.1, the rationale behind classifying Pancreatic Ductal Adenocarcinoma
(PDAC) as a potentially effective target for high-LET irradiation is its hypoxic microenvironment
and its intrinsic radioresistance. [108]

In Chapter 4, the potential Normal Tissue (NT) sparing effect of UHDR irradiation is discussed,
along with the general advantages of UHDR for treating moving targets. Given the anatomical lo-
cation of the pancreas situated near the highly mobile Gastrointestinal Tract (GI) tract, below the
lungs, and within the general dynamic abdominal region (Fig. 3.8), a rapid dose delivery would be
particularly advantageous to mitigate intra-fractional changes. The addition of a FLASH sparing
effect could provide even greater benefits.
These considerations suggest a beneficial synergy between high-LET and UHDR irradiation, mak-
ing their combined application especially compelling for PDAC.
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6
Bottom Up Approach: From Setup to

First Experiments

The aim of this thesis was to systematically explore the integration of Ultra-High Dose Rate
(UHDR) delivery with high-Linear Energy Transfer (LET) particles at the Heidelberg Ion Beam
Therapy Center (HIT), with a particular focus on pancreatic cancer treatment applications. The
research pursued three primary objectives: (1) establishing and validating the technical feasibility
of this novel combined modality in the form of a dosimetric investigation, (2) examining the
underlying mechanisms, and (3) evaluating potential therapeutic directions.

Dosimetry Mechanistic Investigation Biological Experiments

Characterizing diamond detectors (mD & 
fD) for dose, dose rate, and LET 
dependence: 
• Detectors maintained dose linearity under 

all conditions. 
• mD overestimated dose at higher LET. 
• fD showed high accuracy and LET 

independence.

Oxygen consumption during SDR & 
UHDR irradiation across LETd  
(1 - 100 keV/µm) in model solution: 
• Oxygen consumption decreases 

with increasing LETd. 
• SDR showed consistently higher 

oxygen consumption than UHDR.

Ensure Correct Dose Application Understand UHDR Effects Estimate Biological Impact

First biological experiments with 
UHDR using PDAC cells: 
• UHDR and SDR showed similar 

tumor cell killing in vitro under 
hypoxia and normoxia. 

• In vivo, both dose rates 
demonstrated comparable tumor 
growth delay and mouse survival 
extension.

fD is suitable for reliable 
dosimetry in heavy ion UHDR 
applications.

Results support further exploration 
of high-LET UHDR oxygen ion 
therapy.

Data shows LETd dependent oxygen 
consumption and serves as benchmark for 
MC radiochemical modeling.

Figure 6.1.: Structure of This Research Project.

The starting point was therefore to verify the dosimetry for high-LET UHDR irradiation, as conven-
tional detectors often exhibit limitations due to saturation and recombination effects (Sec. 5.3.1).
Building upon previous results for lower-LET helium ions by Tessonnier et al. [200], diamond de-
tectors emerged as promising candidates for this challenging dosimetric environment.
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Consequently, these detectors were used in the study:

Celine Karle, Gianluca Verona-Rinati, Stephan Brons, Rainer Cee, Stefan Scheloske,
Christian Schömers, Rafael Kranzer, Thomas Haberer, Marco Marinelli, Andrea Mairani,
Thomas Tessonnier. “Characterizing diamond detectors for various dose and
dose rate measurements in scanned carbon and oxygen beams”. Medical
Physics (2025); DOI: https://doi.org/10.1002/mp.17893. [206]

One microDiamond (mD) [195] detector from PTW Freiburg and a flashDiamond (fD) prototype
were tested for their dose, dose rate, and dose-averaged LET (LETd) dependencies in carbon and
oxygen ion beams. Their performance was benchmarked against a standard Ionization Chamber
(IC) (Advanced Markus Chamber (AMC) [180]) and Monte Carlo Simualtions (MCs). The eval-
uation included the complete assessment of the Depth Dose Distribution (DDD) under Standard
Dose Rate (SDR) irradiation with mD, fD, and for comparison, the AMC as well as targeted Bragg
Peak (BP) measurements under UHDR conditions with the diamond detectors alone. Lastly, dose
linearity was systematically investigated through dose escalation measurements across both par-
ticle types irradiated with both dose rates. The corresponding setup exemplary with the mD is
shown in Fig. 6.2.

Figure 6.2.: Experimental Setup for Dosimetric Validation of the Diamond Detectors: Here, the micro-
Diamond (mD) detector is mounted in the motorized water tank.

The experimental results revealed concordance between both diamond detectors and the simulated
DDD for oxygen and carbon irradiations. However, the mD showed a small systematic dose
overestimation that increased with LETd under SDR conditions for both particle types. The
overestimation remained ≈5 % under UHDR conditions. However, increased uncertainties under
UHDR could mask any trends. The fD demonstrated superior performance with discrepancies
below 5 % across all modalities in both plateau and BP regions. In the BP fall-off, both detectors
exhibited an expected increase in deviations compared to MC simulations, while they maintained a
strong correlation with AMC measurements. The mD and fD demonstrated excellent dose linearity
across all investigated conditions, varying dose rate and LETd.
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In conclusion, both detectors maintained dose-rate independence under heavy-ion irradiation within
the investigated dose ranges. The key difference emerged in their LET response: while the mD
showed a slight LETd-dependent overestimation, the fD maintained consistent accuracy indepen-
dent of LETd. These characteristics establish the fD as the preferred dosimetric tool for UHDR
heavy ion experiments. This dosimetric validation, coupled with the demonstration of reliable
UHDR heavy ion beam delivery at HIT, established the technical foundation for the following
mechanistic and biological experiments.

Subsequently, we examined the mechanistic aspects of UHDR heavy ion irradiation, with particular
focus on radiolytic oxygen consumption. Despite ongoing scientific debate about the quantitative
impact of the oxygen consumption in the context of the Oxygen Depletion Hypothesis (ODH), these
parameters are hypothesized to be central to the UHDR sparing effect and FLASH phenomenon
(Sec. 4.3). However, the quantification of the oxygen consumption rates in representative model
solutions with dependence on radiation quality was limited in the literature (Sec. 5.3.2).

In the following study, we addressed this data gap [67]:

Celine Karle, Hans Liew, Thomas Tessonnier, Stewart Mein, Kristoffer Petersson, Chris-
tian Schömers, Stefan Scheloske, Stephan Brons, Rainer Cee, Gerald Major, Thomas
Haberer, Amir Abdollahi, Jürgen Debus, Ivana Dokic, Andrea Mairani. “Oxygen
consumption measurements at ultra-high dose rate over a wide LET range”.
Medical Physics (2024); DOI: https://doi.org/10.1002/mp.17496. [67]

The experimental setup utilized a Bovine Serum Albumin (BSA) 5% solution as a surrogate for the
extracellular environment. The sealed BSA samples were exposed to 15 Gy delivered by various par-
ticles (electrons, protons, helium, carbon, and oxygen ions) spanning LETd values from 1 keV/µm
to 100.3 keV/µm. Irradiations were performed at SDR (0.3 Gy/s - 0.4 Gy/s) and UHDR (approx-
imately 100 Gy/s), during which the oxygen concentration was monitored using the OxyLiteTM

system (Oxford Optronics), which can be seen in Fig. 6.3. Using these measurements, the oxygen
consumption rates were calculated, fitted, and compared across particle types and dose rates.

Figure 6.3.: Experimental Setup for Oxygen Consumption Measurements: The Polymethylmethacrylate
(PMMA) phantom holds an Eppendorf tube containing BSA 5 %, which was sealed with parafilm. The
bare-fiber OxyLiteTM oxygen sensor is inserted into the tube. Directly behind the PMMA phantom, an
irradiated EBT3 film is positioned. Further downstream along the beam path, additional PMMA material
is placed, followed by a 2D Range Modulator (2DRM), which is not visible in this image.
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The results revealed an inverse relationship between oxygen consumption rates and LETd. Un-
der SDR conditions, consumption rates decreased from (0.351 ± 0.007) mmHg/Gy for low-LET
electrons to (0.1796 ± 0.0022) mmHg/Gy for high-LET oxygen ions. Similar trends were ob-
served under UHDR conditions, with rates ranging from (0.317 ± 0.007) mmHg/Gy to (0.1556 ±
0.0022) mmHg/Gy. Notably, SDR irradiation consistently resulted in higher consumption rates
than UHDR across all particle types, suggesting a potential mechanism for the UHDR sparing
effect at high LET. The experimental setup (Fig. 6.3) used in this mechanistic study was designed
to align with the subsequent biological experiments. By utilizing the same Eppendorf tubes, con-
sistent and verified experimental conditions were ensured across the studies.

Building upon our dosimetric validation and the setup from the mechanistic studies, we conducted
the first biological investigation focusing on UHDR oxygen ion irradiation across multiple levels
of biological complexity in the following study. [207] This systematic approach was designed to
assess the feasibility of in vitro and in vivo experiments and to find first response patterns with
potential therapeutic implications of this novel irradiation modality:

Celine Karle, Domenico I. Filosa, Mahdi Akbarpour, Nora Schuhmacher, Stephan
Brons, Rainer Cee, Christian Schömers, Stefan Scheloske, Kristoffer Petersson, Thomas
Haberer, Amir Abdollahi, Jürgen Debus, Thomas Tessonnier, Mahmoud Moustafa, An-
drea Mairani, Ivana Dokic. “First in vitro and in vivo experiments with ultra
high-dose rate oxygen ion radiotherapy”. Physics and Imaging in Radiation On-
cology (2025); DOI: https://doi.org/10.1016/j.phro.2025.100803. [207]

Firstly, we extended the oxygen consumption evaluation for the oxygen ion irradiation using higher
initial oxygen concentrations in the BSA solution to include oxygen levels later used in the in vitro
study. Under these conditions, consumption rates saturated at (0.0205 ± 0.0003) %/Gy (UHDR)
and (0.0235±0.0003) %/Gy (SDR), consistent with our earlier results when applying the conversion
factor of ≈7.7 from [%] to [mmHg]. The discrepancy between UHDR and SDR remained minimal
(< 0.003 %/Gy).
For the in vitro investigations (Fig. 6.4), we examined Pancreatic Ductal Adenocarcinoma (PDAC)
cell survival using the KPC cells, which closely mirror human disease characteristics. [208, 209]
The cells were irradiated with 8 Gy at LETd of 100.3 keV/µm at UHDR (170 Gy/s) and SDR
(0.19 Gy/s) under both normoxic (20 % O2) and hypoxic (1 % O2) conditions. The dose rates
produced comparable cytotoxic effects for both oxygen concentrations.
In the in vivo phase, the same KPC cells were injected into the hind limbs of mice to form
subcutaneous PDAC tumors. Single-fraction treatments of 10 Gy at 134 keV/µm were administered
under both dose rate conditions (n=6 per group)1, with the irradiation setup shown in Fig. 6.4.
Both UHDR and SDR treatments induced significant tumor growth delay and modest survival
benefits compared to the control group, with median survival extending by 4 and 3 days for UHDR
and SDR, respectively. These encouraging results with this aggressive tumor model highlight the
potential for further investigation of oxygen ion therapy for PDAC treatment.

1The study involved the administration of SDR and UHDR to six mice, with a non-irradiated control group serving
as a comparison.
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In Vitro In Vivo 

Oxygen SensorPMMA Rack with 
Cell Samples Sensor

Hypoxia Chamber2DRM & PMMA 
Nozzle Nozzle

2DRM & PMMA 

Motorized Table 

PMMA Mouse 
Holder with 
Isoflurane Tubes

Figure 6.4.: Experimental Setup for In Vitro and In Vivo Oxygen UHDR Experiments: The in vitro
configuration is shown on the left, with the 2DRM and PMMA slabs ensuring correct Spread-Out Bragg
Peak (SOBP) positioning onto the cell samples. The cells were placed in Eppendorf tubes within a dedicated
rack holder. For hypoxia experiments, the entire setup was housed in a hypoxia chamber equipped with
an oxygen sensor for continuous oxygen-concentration supervision. The in vivo configuration depicted on
the right, where the 2DRM and PMMA are positioned but concealed behind the nozzle. Anesthetized
mice were secured in a 3D-printed holder, with their legs extending outside the fixture for irradiation. A
motorized table allowed for slow vertical and horizontal positioning, enabling efficient irradiation while the
animals remained under anesthesia with isoflurane, supplied via the visible tubing.
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Abstract
Background: The emerging FLASH radiotherapy technique employs “Ultra-
High Dose Rate” (UHDR) irradiations and offers the potential to spare normal
tissue while maintaining iso-effective tumor treatment. Given the physical and
biological advantages inherent to high “Linear Energy Transfer” (LET) particles,
the combination of UHDR and high LET has the capability to enhance the nor-
mal tissues sparing, as indicated by initial in vivo trials. However, to ensure a
safe implementation of this combined modality, it is essential to establish robust
dosimetric protocols utilizing dose-, dose rate-, and LET-independent detectors.
Purpose: The objective of this study is to characterize the dose, dose rate, and
LET dependency of two diamond detectors with high LET carbon and oxygen
ion irradiation under “Standard Dose Rate” (SDR) and UHDR conditions.
Methods: The “microDiamond” (mD) and a “flashDiamond” (fD) prototype were
benchmarked against measurements with a monitoring ionization chamber,
Advanced Markus chamber (AMC),and simulations for carbon and oxygen irra-
diation, with energies of 274.98 MeV/u and 325.98 MeV/u under SDR and
UHDR conditions. First, the entire depth-dose profiles obtained during SDR
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irradiations and the partial in-depth profiles of the Bragg peak region in UHDR
were compared to the corresponding simulation values. Secondly, the linearity
of the diamond detector response during dose escalation measurements was
investigated for both dose rates.
Results: The two detectors exhibited alignment with the simulated depth-
dose distributions for oxygen and carbon irradiations across both dose rate
conditions. The mD overestimated the dose values for carbon and oxygen mea-
surements. This overestimation increased with “dose-averaged LET” (LETd)
during SDR irradiation and maintained a stable value of 5% for UHDR. Mean-
while, the fD demonstrated a high degree of agreement with the simulation,with
a maximum discrepancy of 5% across all irradiation modalities in the plateau
and “Bragg Peak”(BP).Deviations were observed in the BP fall-off region,while
both diamond detectors exhibited a strong alignment with the AMC measure-
ments. Furthermore, both detectors exhibited dose linearity under SDR and
UHDR irradiation for both carbon and oxygen irradiation, with a coefficient of
determination (R2) above 0.99.
Conclusion: In the context of heavy ion carbon and oxygen irradiation in UHDR
and SDR, the two diamond detectors demonstrated dose-rate independence.
While the mD exhibited a tendency to overestimate dose values with increasing
LETd,the fD was found to be LET-independent.The fD appears to offer accurate
and reliable dose assessments for UHDR heavy ion experiments.

KEYWORDS
diamond detector, high LET, UHDR

1 INTRODUCTION

“Ultra-high Dose Rate” (UHDR) irradiation offers a
promising new avenue for treatment modalities.As early
as the 1960s, irradiation with dose-rates exceeding
40 Gy/s, classified as UHDR, have been found to spare
cells to a greater extent than “Standard Dose Rate”
(SDR) irradiation when the same dose is applied.1 The
general cell sparing ability of UHDR irradiation has
been the subject of extensive investigation for electrons
and light ion, such as protons2 and helium ions.3 Fur-
thermore, in vivo irradiation at UHDR reduces normal
tissue toxicity while maintaining effective tumor con-
trol, which is termed as “FLASH effect”.4,5 Promising
in vitro and in vivo results led to the first clinical tri-
als with patients receiving electron6 and proton7 UHDR
irradiation.

In comparison to light ions, heavier particles like car-
bon ions, exhibit both physical advantages in providing
more precise dose profiles, as well as biological advan-
tages due to their increased “Linear Energy Transfer”
(LET) in the “Bragg Peak” (BP) region. The higher LET
aids in eradicating radioresistant and hypoxic tumors,
which makes the use of even higher mass particles,
such as oxygen, attractive.8–10

Combining UHDR treatment with heavy ions could
allow to take advantage of both approaches.11,12 A
recent study by Tinganelli et al. showed promising
results for carbon UHDR irradiations in both low LET
entrance13 and high LET BP region.14

While, the precise mechanism responsible for this
phenomenon remains unclear, the temporal structure
of the dose delivery might play an important role in
the FLASH effect,15,16 for instance as demonstrated
by Ruan et al., who examined the impact of altering
the beam pause between two pulses and the mean
dose rate on crypt survival.16 Similarly, Karsch et al.
investigated the impact of different temporal settings
on zebra fish embryo lengths.17 These are merely
two illustrations of the significance of precise tempo-
ral recording to enhance understanding of the FLASH
effect.Concerning the temporal beam delivery, the beam
time structure of the diverse FLASH delivery sys-
tems,such as isochronous cyclotrons and synchrotrons,
differs18 and especially for inter-institutional compari-
son the logging of all the parameters, like spill time,
interspill pauses, and pulse frequencies is crucial.19

Temporal monitoring is of particular interest in the con-
text of scanned ion beams, where instantaneous dose
rates can reach exceptionally high levels.20,21 Conse-
quently, the analysis of spatio-temporal dose distribution
is crucial and demonstrates the necessity of suitable
detectors that can provide time-resolved measurements
while remaining independent of dose, dose rate, and
LET.

Passive dosimetric systems, such as alanine detec-
tors, thermoluminescence detectors, or radiochromic
films, may be suitable for the assessment of abso-
lute dose; however, they do not permit active temporal
monitoring of the dose during the course of the
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experiments.22,23 This can only be evaluated through
the use of active real-time systems with a small time
resolution.

The conjunction of UHDR and high LET necessitates
the implementation of dosimetric systems that circum-
vent the physical demands of these radiation modalities,
such as saturation and recombination effects.12 In the
case of high LET, the resulting recombination charge
loss can be attributed to two principal factors: vol-
ume recombination, where ions from different primary
particles recombine, and initial recombination, where
ions produced by the same primary particle interact.24

Although the volume recombination appears to be
insignificant in the context of high LET irradiation and
heavy ions, the intra-track effects are amplified.12,24

“Ionization Chambers” (IC) are recommended by the
IAEA as a reference for high LET irradiation dosimetry.25

However, ICs are susceptible to saturation in the context
of rapid charge releases following UHDR irradiation,due
to the influence of recombination22,26,27 and polarization
effects.28 Despite the existence of methodologies for
modelling ion recombination within an IC, this approach
is not applicable to synchrotron beams,due to their non-
reproducible intensity fluctuations and heterogeneous
high instantaneous dose rates.18 To circumvent the
application of numerous correction factors,22,29 hard-
ware adaptations have been investigated, including the
use of alternative gas mixtures in the chamber30 or the
reduction of the gap between the electrodes.31 Despite
these promising advancements in signal acquisition, the
response time of available ICs is around 300 µs, which
is too slow to resolve the single-digit microsecond beam
time structure of certain isochronous and synchrotron
delivery systems.18 Furthermore, the low spatial resolu-
tion due to significant volume averaging effects poses
major challenges for UHDR applications, which often
involve small fields with large dose gradients.23

A preferable higher resolution and thus smaller sen-
sitive volumes can be achieved with more dense
solid-state detectors.32 High spatial resolution in the
nano- to micrometer range can thus be attained.18 In
the context of solid state detector materials, scintilla-
tors are inherently constrained by their dead times due
to the nature of their scintillation centers and optical
contamination by Cherenkov light in the optical fibers.23

These factors could result in unintended LET and dose
rate-dependent effects.22,27 Additionally,high LET irradi-
ation has been observed to cause ionization quenching
in scintillators, necessitating additional corrections to
be made.33–35 Furthermore, scintillators can experience
radiation damage, leading to a decrease in light output
and a shift in spectra.36

Regarding radiation hardness, semiconductors are
highly resistant to radiation damage and additionally
offer the advantage of a direct charged based read
out that should not be less affected by high LET and
dead times.23,22 Their small active volume and result-
ing high axial resolution allows for the assessment of

detailed lateral and “Depth Dose Distributions” (DDD).37

Thus, semiconductors have a high sensitivity due to the
charge-based signal, a high spatial resolution, and thus
are suitable for monitoring the temporal application of
UHDR small fields.18,23

Silicon (Si) diodes represent a class of semiconduc-
tor detectors that are currently available. However, the
high-Z material results in considerable variation of mass
energy absorption coefficient and electronic stopping
power when compared to tissue equivalent materials.
This leads to an energy-dependent outcome and intro-
duces general uncertainties.38 Radiation damage can
also be expected for Si diodes under UHDR conditions,
especially in combination with high LET,albeit to a lesser
extent than scintillators.39

These disadvantages are avoided when diamond is
selected as a sensitive component for the semicon-
ductor detector. The diamond crystal is near tissue
equivalent and resistant to radiation damage.23,40 Dia-
monds as semiconductor material exhibit a wider band
gap. Consequently, this results in reduced leakage cur-
rents and an enhanced charge collection efficiency
compared to silicon-based semiconductors.41 Currently
available diamond-based detectors are the “microDi-
amond” (mD)42 and “flashDiamond” (fD) both from
PTW.43

Recent advancements in the field have seen the
development of silicon carbide (SiC) detectors, which
combine the industrial maturity of silicon and the robust-
ness of diamonds. Initial studies have demonstrated the
potential of SiC detectors in the context of electron
UHDR irradiation, yielding results that are comparable
to those observed in fD.44 However, further research is
required in the characterization of SiC detectors under
high LET irradiation.

The commercially available mD from PTW42 has
already been tested and found to be dose rate indepen-
dent for photon,electron,and helium irradiation.45,46 Fur-
thermore, the mD was benchmarked for scanned carbon
ions during SDR irradiation, confirming a negligible LET
dependence for this range.37 However, in the course of
investigating unmodulated beams, Rossomme et al.47

found an LET dependency of low-energy carbon and
oxygen ions with 62 Mev/u. This discrepancy could be
attributed to the presence of a border LET spectrum
in beams with modulators, such as a ripple filter, beam
monitoring systems, and so forth.47

Due to its promising characteristics for UHDR real-
time beam monitoring, the mD was therefore tested
in this study. Given indications that the mD might be
affected by high LET and UHDR irradiaton,48 addition-
ally, a prototype of a “fD” from PTW was investigated.
The fD uses the base of an mD, but was developed to
fulfill the UHDR requirements with modifications made
to the sensitive area and the diamond-doped area.49 In
order to guarantee that the diamond Schottky diode pro-
vides a linear response at high dose per pulse without
saturating, two approaches were employed: the first is
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4 of 13 KARLE ET AL.

to limit the detection current, thereby reducing sensi-
tivity; the second is to decrease the series resistance.
The detection current can be reduced by decreasing the
sensitive area, while the series resistance is minimized
by increasing the boron concentration in the doped
diamond layer.49 These modifications introduced have
enabled the fD to record a reliable signal under electron
and helium UHDR irradiation45,46 and thus showcased
its potential to serve potentially as a secondary standard
instrument for absolute dose measurements in water for
UHDR beams.48

The objective of this study was to investigate whether
these UHDR adaptations are also appropriate for heavy
particle UHDR irradiation. Accordingly, the mD and
fD were analyzed regarding their dose linearity and
depth dose response under SDR and UHDR irradia-
tion with carbon and oxygen ions at the “Heidelberg Ion
beam Therapy facility” (HIT) to evaluate the detectors’
reliability for combined high LET and high dose rate
irradiation.

2 MATERIALS AND METHODS

2.1 Detectors and electronic chains

Two diamond detectors were tested using different
dose rates and LET: the commercially available “mD”
(TM60019, PTW Freiburg)42 and a “fD” prototype, while
the latter has been optimized for UHDR applications.
Both detectors contain an active volume comprising
a pure intrinsic diamond layer mounted on top of a
conductive p-type boron doped diamond layer.49,50 The
detectors differ mainly in their boron concentration in
the p-type layer and the size of the active volume.49

The mD has an active layer with a diameter of 2.2 mm
and a thickness of 1 µm,37 while the fD prototype has
a similar geometric structure but a 1.5 smaller active
area (diameter 1.4 mm).45 Both detectors have a similar
construction and are encapsulated, resulting in a mea-
surement point situated at a water equivalent depth of
1 mm.Due to their intrinsic build-up potential,no external
voltage needs to be applied.37,49 The response signal
of the mD remained stable when rotated around the
azimuthal axis. However, it was necessary to maintain
the detectors’ polar angle at 0◦ in order to circumvent
any potential uncertainties.40

The mD demonstrated reliable signal generation
under conditions of SDR high-LET irradiation,37 as well
as for UHDR eletrons,45 proton26 and helium46 irradi-
ation. Under these conditions, the signal linearity, as
specified by PTW, was achieved. Similarly, the fD proto-
type was validated for UHDR irradiation with electrons
and helium ions.45,46

In accordance with the recommendations set forth in
TRS-398, SDR measurements were additionally con-
ducted with a plan-parallel “Advanced Marcus Chamber”

F IGURE 1 Setup at the HIT experimental room: The beam exit
nozzle is equipped with a 3 mm ripple filter (“RiFi”). A motorized
water phantom is positioned with its entrance window 10 cm before
the isocenter, marked with a red line. All three detectors are
positioned with dedicated holders into the moving metal arms of the
water phantom.

F IGURE 2 “PBS” patterns of the fields in beam’s eye view. All
fields for carbon and oxygen irradiations were centered in the
isocenter, indicated by the dashed red lines, and had a spot spacing
distance of 1.5 mm. The PBS direction is depicted by solid lines. For
all SDR experiments, the 21 × 21 cm2 field was used (marked as
light blue). The fields employed for the UHDR DDD measurements
were of a slightly reduced size in comparison to those utilized in
SDR, with the objective of increasing the dose rates (dark blue). The
single spot plans, displayed as orange spot, were used for the dose
escalation experiment with UHDR. The varying spot sizes have been
selected for enhanced visualization. DDD, depth dose distributions;
PBS, pencil beam scanning; SDR, standard dose rate; UHDR,
Ultra-High Dose Rate.

(TM34045, PTW Freiburg) (AMC) in axial orientation.25

The AMC has a sensitive volume with a radius of 2.5 mm
and a depth of 1 mm. To compare the values of the
three detectors, “Monte Carlo” (MC) FLUKA (Version
2021.2.9) simulations were conducted to obtain DDD
and LET distributions in a water tank using a detailed
geometry of the HIT beamline.51,52
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KARLE ET AL. 5 of 13

For the electronic readout,prior studies demonstrated
that the diamond detectors offer a reliable readout dur-
ing SDR and UHDR irradiation when coupled with the
PTW UNIDOSEwebline electrometer.37,45,46 The charge
was recorded for the diamond detectors, whereas for
the AMC, the dose was calculated directly using the
calibration factor of the chamber and the correction fac-
tor for radiation quality with an applied temperature and
pressure correction.

2.2 Experiments and evaluation

Two key experiments were carried out to assess the
dose, dose rate, and LET dependencies of the two
diamond detectors. The first experiment involved mea-
suring the entire DDD under SDR irradiation and
focusing on the BP region under UHDR irradiation. The
second experiment evaluated the linearity of the dose
response during dose escalation measurements for the
diamond detectors in both SDR and UHDR settings.

2.3 Setup

The three different detectors were positioned with their
designated holders inside a motorized water tank. The
phantom was positioned at approximately 10 cm in front
of the iso center at the “Heidelberg Ion Beam Therapy
Center” (HIT) experimental room (Figure 1).

2.4 Depth dose distribution

The delivered dose or charge was measured from irra-
diated fields (Figure 2 and Table 1) along the central
axis 4 cm up to ∼ 17 cm in water depth with all three
detectors in SDR. The BP region was the focus of the
UHDR measurements. For each depth point, three mea-
surements were averaged, and the standard deviation
was calculated. The dose or charge values were nor-
malized to the “Area Under the Curve” (AUC). The AUC
was calculated by interpolating the measured values
and then integrated using the trapezoidal rule to obtain
the total AUC.For the UHDR measurements,where only
the Bragg peak was acquired, the values from these
measurements were normalized to those from the SDR
measurements and subsequently divided by the SDR
AUC value. The standard deviations were determined
through Gaussian error propagation. Subsequently, the
local deviation from the MC values was calculated with
a symmetric percentage change formular.

2.5 Dose response linearity

To determine the linearity of the SDR dose response
for carbon and oxygen, field plans (Figure 2) were cal-

ibrated to deliver doses of 1, 1.5, 2, 2.5, 5, and 10 Gy
using the AMC (Table 1) in the plateau region. During
the calibration process, the AMC doses were recorded
a total of three times. Similarly, the charge from the
diamond detectors was recorded three times for each
dose in each plan, with the resulting values averaged.
The charges and their standard deviations were then
fitted linearly using an orthogonal distance regression
accounting for the x-deviation provided by the AMC dose
measurement.

The slope of this fit represents a sensitivity factor that
correlates the dose obtained by the AMC to the charges
from the diamond detectors. The factors for carbon and
oxygen were then applied to convert the charges for
the different UHDR experiments into dose, allowing the
calculation of the dose and dose rate.

In order to achieve high doses and dose rates at
UHDR, a single spot on the central axis was irradiated
in opposition to the conventional approach of using a
large field (Figure 2).Given the relatively small field size,
the actual number of particles delivered was used as the
reference for linearity rather than the AMC.A single spot
with the desired quantity of particles was delivered for
carbon with approximately 2.5 × 108, 2 × 108, 1.5 × 108,
1 × 108, 0.5 × 108 and 0.1 × 108 particles and for oxy-
gen with approximately 1 × 108, 0.9 × 108, 0.7 × 108,
0.5 × 108, 0.3 × 108 and 0.1 × 108 particles. The “Beam
Application and Monitoring System” (BAMS) system at
HIT recorded the actual number of particles delivered,
which differed from the requested amount due to the
instability of the synchrotron settings. Consequently, the
charge was normalized to the actual number of parti-
cles delivered. As the variation in particle delivery was
already accounted for, the data was fitted by a linear
function using the least squares method.

2.6 Dose rate calculation

In the case of the SDR irradiations,the dose values were
provided by the AMC. Conversely, for the UHDR exper-
iments, the sensitivity factor was employed to convert
the charges to dose values. The irradiation times were
determined using the recorded BAMS files,and the aver-
age dose rate was calculated by dividing the dose by the
total irradiation time.19 The reported dose rate values
are based on at least three different BAMS recordings
and corresponding dose measurements (Table 1).

2.7 Film analysis

Given that the irradiation was conducted with an active
“Pencil Beam Scanning” (PBS) system, it is essential to
ascertain the level of flatness exhibited by the field in
the region of the detectors.Therefore,EBT3 Gafchromic
Films (Ashland) were placed in front of the water tank
during irradiation.Each film was scanned with an Epson
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6 of 13 KARLE ET AL.

TABLE 1 The various experimental settings.

~ ~

–

~ ~

–

•

– –

– –

Note: The blue area in the measurement depth column indicates the location of the detectors. The plan details include field size and focus, expressed as the full width
at half maximum. Depending on the experiment, the number of particles applied, or the dose is provided. The dose rate given represents the mean dose rate, which
was calculated by dividing the total dose applied by the irradiation time. For the dose escalation for SDR the highest and for UHDR the lowest reached dose rate is
provided.

Perfection V850 Pro at a resolution of 1200 dpi. Hori-
zontal and vertical line profiles through the center of the
film were extracted with ImageJ.The resulting data were
then subjected to further processing in Python, whereby
the profile was normalized to the maximum greyscale
value and smoothed with a Gaussian filter.From the cen-
tral point of the profile, we identified a region spanning
50% of the total area under the curve (highlighted in
green in Figure 3) to exceeds the dimensions of the sen-
sitive areas of all detectors.Within this central region,we
calculated a flatness index (F):

F = 100 ∗

Ymax − Ymin

Ymax + Ymin

with Ymax and Ymin being the maximum and minimum
normalized grey scale value in the 50% area.

3 IRRADIATION DETAILS

3.1 Irradiation facility

The HIT provides intensity-controlled raster scanning
pencil beams consisting of proton, helium, carbon, and
oxygen ions with energies between 50 and 430 MeV/u.53

A third-order resonant RF knock-out extraction system is
responsible for the selective extraction of the requested
number of particles from the synchrotron.The extracted
particles are then transported to the dedicated room, for
this study the experimental room. During the extraction
phase, the dynamic intensity controller modulates the
amplitude of the RF-knockout exciter in response to
detected deviations.54 To extract carbon and oxygen
ions with UHDR at HIT, it was necessary to implement
a series of adaptations with the objective of increasing
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KARLE ET AL. 7 of 13

F IGURE 3 Normalized field profiles of the EBT3 films. The evaluated 50% area is displayed as green shaded region, in which also the
flatness index is given.

the number of particles and reducing the extraction time.
Consequently, the synchrotron was filled with a certain
number of particles that can be extracted in one spill,
which was 2.5 × 108 and 1 × 108 for carbon and oxygen
ions respectively. The extraction tune was adjusted to a
position closer to the resonance, and the field strength
of the sextuple magnets was enhanced to facilitate
a more rapid extraction. These modifications did not
affect the operational status of the PBS and intensity
control systems, which remained functional for UHDR
irradiation.55

Additionally, the nozzle was equipped with a 3 mm
ripple filter to broaden the pristine BP for both carbon
and oxygen beams and with a BAMS containing several
IC and multi-wire chambers (Figure 1). These cham-
bers are employed for the control of beam delivery,54

the assessment of the spill length, and the number of
particles that were delivered.

3.2 Irradiation parameters

The HIT accelerator provided carbon ions with
an energy of 274.98 MeV/u or oxygen ions with
325.98 MeV/u for both SDR and UHDR irradia-
tions. For the beam application at HIT, active PBS
is used, and the spot spacing between the pen-
cil beams was 1.5 mm for both particles and dose
rates. The various experiment settings and irradia-
tion parameters for the DDD and dose escalation
experiments at SDR and UHDR are presented in
Table 1.

4 RESULTS AND DISCUSSION

4.1 Field homogeneity

The field homogeneity was evaluated by analyzing irra-
diated EBT3 films. The extracted profile lines and the
central 50% area are shown in Figure 3. Despite the
active PBS application of the fields, the small flatness
factor below 5% indicates that the irradiation in the area
considered was homogeneous. As this area extended
beyond the sensitive area of the detectors, the detec-
tors were adequately covered by both SDR and UHDR
fields.

4.2 Depth dose response

Depth dose profiles were recorded in SDR for the AMC,
mD, and fD, and in UHDR for the diamond detectors in
both the plateau and BP regions. Dose rates for carbon
UHDR irradiation ranged from 30.8 to 120.2 Gy/s in
the plateau and the BP respectively, while for oxygen
UHDR, even in the BP region the dose rate did not
exceed 35.9 Gy/s (Table 1). It is important to note
that the average dose rate is not the sole indicator of
dose rate, particularly for PBS systems.19,46 Due to
the raster scanning process, only a few surrounding
spots contribute to the local dose, meaning that the
actual irradiation time locally may be much shorter
than the total field irradiation time. This effect has been
previously demonstrated for helium,46 highlighting the
need for further time-resolved studies to accurately
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8 of 13 KARLE ET AL.

(a)

(b)

F IGURE 4 Carbon and oxygen DDD normalized to the AUC. The upper plot A displays the carbon data, while the lower panel B contains
the data from oxygen irradiations. For each individual panel, the left side displays the full DDD, and the right side specifically focuses on the BP
and BP fall of region. The first plot depicts the dose values normalized to the AUC, the middle plot illustrates the percentage local deviation from
SDR measurements in relation to FLUKA simulation, shown as back lines, and the bottom graph represents the deviations from UHDR diamond
measurements in comparison to the simulations. The AMC values are shown as dotted orange line resulting from a quadratic interpolation of
the individual values for better visibility in the DDD plots, and for the deviation plots, the individual measurement points are marked with orange
crosses. The data points for the mD (blue circle) and fD (red diamond) are shown individually. The UHDR measurements are marked by a darker
color and a filled marker symbol. Additionally, the 5% deviation area is marked with a grey band. AUC, Area Under the Curve; BP, Bragg Peak;
DDD, depth dose distributions; fD, flashDiamond; mD, microDiamond; UHDR, Ultra-High Dose Rate.

determine the instantaneous dose rate pattern and
other
indicators.21

The recorded DDD were normalized to the AUC and
are displayed in Figure 4. In addition to the individual
deviations shown in Figure 4, the average deviations
from the simulations in the BP region for all detectors
at SDR and UHDR are given in Table 2.

In general, while the standard deviations for SDR
measurements for all detectors were below 1%, the
standard deviations of UHDR measurements were
around 3%, due to the variability of the delivery
(Figure 4). This can also be seen by the variabil-
ity of the average deviation, which was for SDR
below 0.2% and for UHDR around 2.5% (Table 2).
The adjustment of the synchrotron to deliver UHDR
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KARLE ET AL. 9 of 13

TABLE 2 Average percentage deviation in the BP region from
the FLUKA simulation: Values are given with their standard deviation.

Particle Dose Rate Detector

Average
Deviation ± Standard
deviation [%]

Carbon SDR AMC 0.81 ± 0.08

mD 4.53 ± 0.29

fD 2.5 ± 0.4

UHDR mD 3.9 ± 2.2

fD 0.6 ± 2.2

Oxygen SDR AMC −0.08 ± 0.15

mD 2.1 ± 0.3

fD −1.0 ± 0.4

UHDR mD 3.4 ± 2.4

fD −1.0 ± 2.6

Abbreviations: BP, Bragg Peak; fD, flashDiamond; mD, microDiamond; SDR,
standard dose rate; UHDR, ultra-high dose rate.

results in the particles being moved closer to the
extraction tune. This adaptation can lead to more vari-
able dose delivery compared to the normal particle
delivery.

It is noteworthy that the average deviation of all detec-
tors in the BP region remained below 5% (see Table 2),
indicating a high degree of agreement with the simula-
tions, even at this high LET and UHDR. The observed
consistency in the average deviation of the diamonds
between SDR and UHDR (see Table 2) suggested a
dose rate independence for the conducted high LET
carbon and oxygen irradiations.

The AMC dose values corresponded to the simulation
values and resulted in individual deviations below 2%,
except for a few measurement values at the distal part
of the BP. Several factors may be responsible for this
partial discrepancy. First, the nuclear model of FLUKA
may have limitations in reproducing the depth dose dis-
tribution, which is of particular relevance for carbon and
oxygen beams, due to a lack of experimental fragmen-
tation data.56,57 Second, the AMC dose measurements
were affected by the experimental conditions with dose
variations in the order of 0.4%,but in general,uncertain-
ties in the dosimetry of heavy ions may reach 3.4% in
the absorbed dose in water due to uncertainties in the
stopping power ratio.25

The mD displayed around 4% overestimation of the
dose compared to the simulation in the BP region for
both SDR and UHDR and both particles (Table 2). This
is consistent with the findings found by Tessonnier et al46

for helium irradiation. As shown in Figure 5b, the devia-
tion to the simulation for carbon and oxygen irradiations
tended to increase for SDR irradiations with “dose-
averaged LET” (LETd), indicating an LETd dependency.
However, the largest variations up to 15% for carbon and
12% for oxygen (Figure 5b, black box) were at an LETd
of about 30 keV/µm and 60 keV/µm for carbon and oxy-

gen respectively, which corresponded to the tail of the
DDD (Figure 5a). This region is highly influenced by the
nuclear model used in FLUKA, as evidenced by the fact
that all detectors show similar deviations from the sim-
ulation in this area. The consistency between the AMC,
mD,and fD detectors further supported this observation.

For the UHDR irradiations with both ions, deviations
of the mD were around +5% for all LETd within the BP
region,without a possibility to observe the trends shown
in SDR due to the larger uncertainty of the measure-
ments (Figure 5b).When considering the consistency of
the average deviation of the mD for SDR and UHDR for
both particle types (Table 2), this suggested that the mD
may have an LETd but no dose rate dependency.

The deviations of the fD for carbon and oxygen in
UHDR and SDR were below 5% until the fall-off of
the BP. For carbon ions, the dose was generally slightly
overestimated, though the deviations were less than
half of those seen for the mD values. This overestima-
tion wasnot observed in the oxygen DDD. As shown in
Figure 5, for oxygen no clear LETd trend was appar-
ent for both SDR and UHDR, indicating that the detector
was independent of LETd and dose rate. Moreover,
the average deviation for the fD in the BP region was
2.5% at most, which was generally smaller than the
mD deviations (Table 2). Furthermore, it is noteworthy
that the discrepancies from the simulation were consis-
tent between UHDR and SDR, indicating a dose rate
independence.

4.3 Dose response linearity SDR

The detector charge was benchmarked against the
AMC dose values of the irradiated PBS fields to eval-
uate the linearity of the detector response in the SDR
irradiations within the plateau region (Figure 6). The
detectors demonstrated an overall dose linearity,as indi-
cated by coefficients of determination (R2) of the linear
fit exceeding 0.99. The mD demonstrated a sensitivity
of 1.509nC/Gy for carbon and a marginal increase in
sensitivity for oxygen, reaching 1.5316nC/Gy. This value
was threefold higher than those observed for the fD,
which yielded 0.501nC/Gy for both particle types within
the standard deviation. Therefore, neither of the dia-
mond detectors exhibited dose dependence during SDR
irradiation.

4.4 Dose linearity UHDR

For the UHDR dose response linearity, the detec-
tor response was compared to the delivered particles
applied to a single spot on the central axis (Figure 7).

Similarly to the SDR results, the diamonds demon-
strated satisfactory linearity during UHDR dose esca-
lation measurement within both plateau and BP region.
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10 of 13 KARLE ET AL.

(a)

(b)

F IGURE 5 LETd dependency of the AUC deviation with respect to the MC. The data related to carbon is displayed on the left-hand side of
the panels, while the data pertaining to oxygen is displayed on the right-hand side. Panel A depicts the LETd distribution (green solid line)
alongside the AUC distribution (black solid line). Panel B illustrates the resulting correlation between AUC deviation and MC, as well as LETd at
varying depth values. As previously, AMC values are represented by orange crosses, mD by blue circles, and fD by red diamonds. Hollow
markers indicate SDR irradiation data, while filled markers represent UHDR measurement points. The black boxes surround the values from the
fragmentation tail. AUC, Area Under the Curve; AMC, Advanced Markus chamber; LETd, dose-averaged LET; MC, Monte Carlo; mD,
microDiamond; SDR, Standard Dose Rate.

Particularly the coefficient of determination for the
various linear fits exceeded 0.99.

The elevated UHDR standard deviations in compari-
son to the SDR measurements can be explained by the
beam fluctuations, due to UHDR delivery conditions.

5 CONCLUSION

The two diamond detectors exhibited reliable and accu-
rate dose measurements during heavy ion irradiations,
thereby confirming their strong potential for use in
UHDR dosimetry. While the mD showed an increasing
deviation with higher LETd, the fD prototype demon-

strated superior accuracy and an absence of dose,
dose rate, and LET dependency, making it an appro-
priate choice for the assessment of the absolute dose
in high-LET irradiations at UHDR. In comparison with
other detector candidates that might be suitable for
these radiation modalities, such as SiC detectors, the
fD is commercially available and can be integrated
into normal dose-metric routines by being connected to
standard electrometers.44,45,58 Consequently, the fD is
readily available for research in this area and might be
suitable as a secondary standard.48

A fundamental concern in the investigation of the
FLASH effect and its clinical applicability is the deci-
phering the temporal effects of beam application.
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(a)

(b)

F IGURE 6 Dose linearity for SDR field irradiation for carbon in the upper plot and for oxygen in the lower plot. The data points for mD and
fD are presented with their respective standard deviations. The right-hand side legends provide the fit parameter value, its standard deviation,
and the R2 for the fit. The 1σ standard deviation is included in the plots as a shaded area. mD, microDiamond; fD, flashDiamond.

(a)

(b)

F IGURE 7 Dose linearity after UHDR single spot irradiation for carbon in the upper plot and for oxygen in the lower plot. The data points for
mD and fD are presented with their respective standard deviations. The measured values for the plateau are marked with smaller symbols and a
dashed line, while for the BP measurement a with larger symbols and a solid line was chosen. The right-hand side legends provide the fit
parameter value, its standard deviation, and the R2 for the fit. The 1σ standard deviation is included in the plots as a shaded area. BP, Bragg
Peak; mD, microDiamond; UHDR, Ultra-High Dose Rate.
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12 of 13 KARLE ET AL.

Consequently, reliable real-time beam monitoring with
devices such as the fD is becoming increasingly
important.20 This capability allows precise instanta-
neous dose rate measurements when coupled to a
digital oscilloscope, which is crucial for investigating
the role of dose delivery structure in the FLASH effect
during heavy ion therapy.
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Abstract
Background: The role of radiolytic oxygen consumption for the in-vitro “Ultra-
High Dose Rate” (UHDR) sparing and in-vivo FLASH effect is subject to active
debate, but data on key dependencies such as the radiation quality are lacking.
Purpose: The influence of “dose-averaged Linear Energy Transfer” (LETd) and
dose rate on radiolytic oxygen consumption was investigated by monitoring the
oxygen concentration during irradiation with electrons, protons, helium, carbon,
and oxygen ions at UHDR and “Standard Dose Rates” (SDR).
Methods: Sealed “Bovine Serum Albumin” (BSA) 5% samples were exposed to
15 Gy of electrons and protons, and for the first time helium, carbon, and oxy-
gen ions with LETd values of 1, 5.4, 14.4, 65, and 100.3 keV/µm, respectively,
delivered at mean dose rates of either 0.3–0.4 Gy/s for SDR or approximately
100 Gy/s for UHDR. The Oxylite (Oxford Optronics) system allowed measure-
ments of the oxygen concentration before and after irradiation to calculate the
oxygen consumption rate.
Results: The oxygen consumption rate was found to decrease with increas-
ing LETd from 0.351 mmHg/Gy for low LET electrons to 0.1796 mmHg/Gy for

This is an open access article under the terms of the Creative Commons Attribution License,which permits use,distribution and reproduction in any medium,provided
the original work is properly cited.
© 2024 The Author(s). Medical Physics published by Wiley Periodicals LLC on behalf of American Association of Physicists in Medicine.
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high LET oxygen ions at SDR and for UHDR from 0.317 to 0.1556 mmHg/Gy,
respectively. A higher consumption rate for SDR irradiation compared to the
corresponding UHDR irradiation persisted for all particle types.
Conclusion: The measured consumption rates demonstrate a distinct LETd
dependence. The obtained dataset, encompassing a wide range of LETd val-
ues, could serve as a benchmark for Monte Carlo simulations, which may aid
in enhancing our comprehension of oxygen-related mechanisms after irradi-
ations. Ultimately, they could help assess the viability of different hypotheses
regarding UHDR sparing mechanisms and the FLASH effect. The found LETd
dependence underscores the potential of heavy ion therapy, wherein elevated
consumption rates in adjacent normal tissue offer protective benefits, while
leaving tumor regions with generally higher “Linear Energy Transfer” (LET)
vulnerable.

KEYWORDS
heavy ions, LET, oxygen consumption

1 INTRODUCTION

Since the 1920s, the pivotal role of oxygen concen-
tration in influencing cellular sensitivity to radiation
and, consequently, radiotherapy outcomes has been
recognized.1 When incident radiation interacts with the
water molecules, free radicals are produced, which
are important contributors to the induction of DNA
damage. Subsequent chemical reactions consume the
present molecular oxygen.2,3 The radiolytic reaction
cascades and oxygen concentration are linked to the
physical beam parameters, specifically, dose rate, and
“dose-averaged Linear Energy Transfer” (LETd).4–6

The recent resurgence of interest in the oxygen effect
emerged mainly by the first reports of the so-called
FLASH effect in 2014.7 The FLASH effect describes
the differential response of normal and tumor tissue
in vivo to “Ultra-High Dose Rate” (UHDR) irradiation
above 40 Gy/s, with the former being spared and
the latter being treated iso-effectively compared to the
same dose irradiated at “Standard Dose Rates” (SDR)
approximately 0.001–0.5 Gy/s.8 However, the underlying
mechanisms of the in vivo FLASH effect remain to be
elucidated.

As early as 1959, in vitro experiments to investigate
dose-rate-dependent mechanisms showed an increase
in cell survival rates after UHDR irradiation.6 On this cel-
lular level, the extent of UHDR sparing was generally
found to be affected by the oxygen concentration within
the system leading many to believe that oxygen and the
oxygen consumption processes play a key role in the
underlying sparing mechanism.9–12

The “oxygen depletion hypothesis”postulates that the
reactions induced by UHDR radiation could consume
oxygen, resulting in a transient state of oxygen depriva-
tion that could protect the cells.9,11 Since it takes about
50 ms to unload oxygen from oxyhemoglobin alone,
re-oxygenation begins long after the free radical chem-

istry has started after the incident UHDR irradiation,and
the cells remain in a state of oxygen depletion.13 Con-
sequently, during prolonged SDR irradiation where the
irradiation timescale could be in the same range or even
longer than the reoxygenation timescale, reoxygenation
could counteract the oxygen consumption during the
irradiation time.12 This explanation has been criticized
since the radiation-induced decrease in oxygen concen-
tration may not be sufficient to induce the hypoxic state
that would explain the overall sparing effect.14,15

Another contributing factor might be altered radical-
radical interactions. After UHDR exposure, the reactions
occur in closer spatiotemporal proximity,which promotes
radical-radical interactions.

A common feature of the proposed mechanisms
is that the dynamics of the chemical reactions dif-
fer between UHDR and SDR irradiation.16 Therefore,
direct measurements of the outcome of these reactions,
like the changes in oxygen concentration, are crucial
for assessing the plausibility of these approaches and
understanding irradiation-induced reactions with oxy-
gen.Such measurements have already been conducted
in deionized water15,17 and solutions closer to biological
systems,17 such as “Bovine Serum Albumin” (BSA)14 or
CELL,18 a solution mimicking the intracellular environ-
ment. The studies conducted in such surrogate media
using electron or proton beams consistently found that
the UHDR oxygen consumption rate is smaller than the
corresponding SDR value. For UHDR irradiation with
heavier ions, so far only in silico studies have explored
the additional factor of LETd.19,20

In this study, we conducted a comprehensive exami-
nation of oxygen consumption measurements at various
LETds up to 100.3 keV/µm. Beyond electrons and
protons, we, for the first time, irradiated BSA 5% sam-
ples additionally with helium, carbon, and oxygen ions
at UHDR and SDR. We discuss the reasons behind
observed oxygen consumption trends as well as the

 24734209, 2025, 2, D
ow

nloaded from
 https://aapm

.onlinelibrary.w
iley.com

/doi/10.1002/m
p.17496, W

iley O
nline L

ibrary on [24/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



KARLE ET AL. 1325

potential implications for FLASH dose rates in heavy
ion therapy and their contribution to understanding the
underlying mechanisms of UHDR sparing.

2 MATERIAL AND METHODS

2.1 Sample preparation

Prior to each irradiation, a fresh BSA 5% stock was
prepared with BSA from ROTH (Art.-Nr. 0163.3) dis-
solved in DPBS from Gibco (Kat.Nr. 14190250). The
air-equilibrated stock was filled into 2 mL Eppendorf
tubes. The electron irradiation field covered the entire
sample, while for irradiations at the “Heidelberg Ion-
Beam Therapy Center” (HIT), the Eppendorf tubes were
cut off at 1 mL to fit into the 2 cm “Spread-Out Bragg
Peak” (SOBP). The Eppendorf tubes were sealed with
parafilm while maintaining a bubble-free environment to
inhibit reoxygenation.

2.2 Oxygen measurement

The oxygen measurements during irradiation were con-
ducted with the OxyLite system (Oxford Optronix). The
NX-BF/OT/E Oxygen/Temperature bare-fiber sensor
attached to the OxyLite system measures the lifetime
of fluorescence in ruthenium luminophore, located in
the silicon rubber polymer of the probe tip. Since the
presence of oxygen quenches the fluorescence life-
time, the latter is inversely proportional to the oxygen
concentration. Using this method, the oxygen concen-
tration in the liquid is determined.21 OxyLite was shown

to provide reliable oxygen concentration values21 with
10% accuracy in the range of 7– 150 mmHg, and
below 7 mmHg an accuracy of ± 0.7 mmHg. All used
sensors were pre-calibrated and possess an internal
temperature compensation.

2.3 Irradiation setup and dosimetry

For electron irradiation, the Mobetron from IntraOp
was utilized (Figure 1). The dose rate of the 9 MeV
beam was modified by adjusting the pulse repetition
frequency and pulse length (Table 1). The dosimetry
mimicking the required setup was conducted with the
“FLASH-µDiamond” (PTW, SN:7602), which was cross-
calibrated with an Advanced Marcus chamber (PTW,
REF: TM34045, SN:0535).

The samples were horizontally positioned within a
dedicated phantom and uniformly irradiated from above
by a circular field with a diameter of 6 cm (Figure 1).

The active raster scanning delivery of protons (p),
helium (4He), carbon (12C), and oxygen (16O) ions was
performed at the HIT experimental room (Figure 2
and Table 2). The LETd of the p, 4He, 12C, and 16O
beams were estimated using FLUKA “Monte Carlo”(MC)
simulations23,24 to be approx.5.4 (range in the region of
interest 4.9–6.0 keV/µm) keV/µm, 14.4 (12–33) keV/µm,
65 (56–153) keV/µm, and 100.3 (88–235) keV/µm,
respectively. Daily dosimetric measurements were con-
ducted with a PinPoint ionization chamber (PTW,
REF: TM31015, SN:0903)25 following clinical practice
TRS398 to guarantee a correct dose application. Addi-
tionally, Gafchromic EBT3 films (8″X10″ (x25), Ashland
828204) were irradiated to ensure the homogeneity of

F IGURE 1 Experimental setup at the Mobetron for electron SDR and UHDR irradiation of the Eppendorf tubes.
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1326 KARLE ET AL.

TABLE 1 Dosimetry measurements and setting details for electron SDR and UHDR irradiation with the Mobetron (IntraOp) for the planned
dose of 15 Gy. The dose values are averages of at least three values and standard deviations are given.

Field
diameter
(cm)

Source-
surface
distance (cm)

Extraction
energy
(MeV)

Mean
LETd
(keV/µm)

Mean dose
rate (Gy/s)

Pulse
repetition
frequency (Hz)

Puls
length
(µs) Radiation unit Dose (Gy)

6 40 9 1 0.338 ± 0.003 30 1.2 707 Monitor Units 15.011 ± 0.005

112.2 ± 0.9 45 4 6 Pulses 15.01 ± 0.18

The electrons LETd was estimated to be 1 keV/µm.22

F IGURE 2 Experimental setup at the HIT beamline for SDR and UHDR irradiation of the Eppendorf tubes with protons, helium, carbon, and
oxygen ions.

TABLE 2 Field and irradiation parameter details for SDR and UHDR irradiation at the HIT facility.

Particle

Field
size
(mm2)

Spot
spacing
(mm)

Mean LETd
(keV/µm)

Extraction
energy
(MeV/u)

Mean dose
rate (Gy/s)

Delivery
time (s)

Spill time
(ms)

Interspill
time (s) Dose (Gy)

p 12 3 5.4 [range 4.9–6.0] 146.56 0.40 ± 0.03 38 ± 3 533 ± 67 3.46 ± 0.03 14.997 ± 0.026

121 ± 8 0.125 ± 0.008 125 ± 8 – 15.08 ± 0.03
4He 10 2 14.4 [range 12.0–33.0] 145.74 0.4074 ± 0.0015 36.82 ± 0.12 336.0 ± 1.7 3.654 ± 0.004 15.003 ± 0.015

121 ± 6 0.125 ± 0.006 125 ± 6 – 15.07 ± 0.12
12C 10.5 1.5 65 [range 56–153] 275.98 0.341 ± 0.009 44.6 ± 1.2 696 ± 115 4.5 ± 0.8 15.21 ± 0.11

113 ± 8 0.136 ± 0.009 136 ± 9 – 15.27 ± 0.12
16O 9 1.5 100.3 [range 88.0–235.0] 325.98 0.309 ± 0.010 48.5 ± 1.6 876 ± 154 4.39 ± 0.05 15.02 ± 0.04

108 ± 10 0.138 ± 0.012 137 ± 12 – 14.86 ± 0.16

All values are averaged from at least three samples and are given with their standard deviations. The “Delivery Time” describes the time span from the beginning of
the first spill to the end of the last one, while the “Interspill Time” lasts from the end of one spill until the beginning of the following spill. The “Spill Time” refers to the
temporal length of a single spill. The “Mean Dose Rate” is calculated by dividing the delivered dose by the delivery time.
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KARLE ET AL. 1327

F IGURE 3 Examples for each particle and dose rate combination of the oxygen concentration over time during a single irradiation. The
LETd values are given in the subtitles. p[O2]pre-irradiation is the oxygen concentration marked with a black diamond and a dashed line before the
radiation has started, while p[O2]post-irradiation symbolized with a cross mark and a dotted line hints at the start concentration equilibrium after the
dose application. The y-axis always shows a range of 5 mmHg for better comparability, while the time-axis is chosen to display the whole
consumption process. Due to the 20 s response time of the OxyLite, the drop in oxygen concentration after UHDR irradiation is not
instantaneous, but rather slowly decreases as the sensor equilibrates with the depleted medium.

the fields. The monitoring chamber in the beam nozzle
was flushed with 96%/4% helium/CO2 gas mixture, to
prevent saturation during UHDR irradiations.26 There-
with, the spill length and its delivery could be monitored
and evaluated (Table 2). All plans have a field size
larger than 9 × 9 mm2 to ensure full coverage of the
Eppendorf tubes. The spot spacings were adapted to
the different lateral scattering properties of the parti-
cles. To ensure comparability between UHDR and SDR
plans, the field size and spot spacing patterns were kept
identical for each ion. Only two key parameters were
changed between the two modes, namely the beam
current and the number of spills. First, to bunch all par-
ticles into one single spill for the UHDR irradiation, the
requested beam current was increased by a factor of
approximately 100.This enables a faster particle extrac-
tion using a stronger radiofrequency-knockout exciter
amplitude.27 Second, the total amount of particles from
the UHDR plan was split into 10 separate spills for the
SDR. Therewith, a clinical SDR of about 0.3–0.4 Gy/s
on average was achieved.28

To employ the clinically established active raster beam
scanning delivery technique, it is necessary to extend
the pristine Bragg peak from the delivered monoener-
getic beams to cover the entire sample during a single
spill. For this purpose, a “2-Dimensional Range Modu-
lator” (2DRM) was used.29,30 The 10 × 10 cm2 2DRM
contains 50 × 50 pins with a length of 20 mm to produce
a 2 cm SOBP.29,30 Depth dose curves were assessed for

each particle (Figure S1).28 The samples were placed
horizontally into a dedicated “Poly(methyl methacrylate)”
(PMMA) phantom and slices of PMMA were positioned
in front of the samples (Figure 2).28

2.4 Data evaluation and statistical
analysis

At least three independent replicates were evalu-
ated with the recordings from the OxyLite Software
LabChart8 (v8.1.19).To assess the oxygen consumption
rate g [mmHg/Gy], the stabilized oxygen concentra-
tion after irradiation p[O2]post−irradiation [mmHg] was
subtracted from the concentration before irradiation
p[O2]pre−irradiation [mmHg] (Figure 3). This value was
divided by the actual applied doses D [Gy] given from
dosimetric measurements:

g =
p[O2]pre−irradiation − p[O2]post−irradiation

D
(1)

The start time of the irradiation was recorded in order
to identify the beginning of oxygen consumption in the
LabChart files, which corresponds to the point labelled
p[O2]pre−irradiation in Figure 3 and Equation (1). Subse-
quently, the first 20-second interval where the deviation
from the mean oxygen concentration was less than or
equal to ± 0.5 mmHg was identified. The start of this
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1328 KARLE ET AL.

F IGURE 4 Oxygen consumption rate g in BSA 5% against the oxygen concentration prior to the application of 15 Gy for all the various
particle and dose rate combinations. Each shade within a given color chosen for one particle represents an independent replicate and thus
experiment (Exp.).

interval, which represents a period of stabilization, is
labelled p[O2]post−irradiation in Figure 3 and Equation (1).
The different g-values from the three replicates were
pooled and fitted with a Michaelis-Menten styled func-
tion to correlate the initial p[O2]pre−irradiation with the
g-value14,15,31:

g
(

p[O2]pre−irradiation

)
=

gmax ⋅ p[O2]pre−irradiation

k + p[O2]pre−irradiation
(2)

Here, gmax and k correspond to the plateau g-value,
which is reached for high initial oxygen values and to
the concentration where half of the gmax is reached,
respectively. Thus, k also indicates the steepness of
the slope. In this context, the fit function describes the
variation in oxygen concentration per unit dose. This
may be conceptualized as a G-value, which is defined
as the number of molecules consumed per 100 eV of
energy deposited, and is employed to describe the rate
of reaction.15 The fitting was performed with a least
squares fit from scipy package optimize.curve_fit (Scipy
Version 1.11.1).

3 RESULTS

3.1 Influence of initial oxygen levels on
oxygen consumption rate

In Figure 4, the measured g-values calculated with
Equation (1) are presented in relation to the initial oxy-

TABLE 3 Fit values of the Michaelis-Menten function for all
conditions.

Particle
Dose rate
mode gmax (mmHg/Gy) k (mmHg)

e SDR 0.351 ± 0.007 2.6 ± 0.6

UHDR 0.317 ± 0.007 1.5 ± 0.4
p SDR 0.294 ± 0.005 2.0 ± 0.4

UHDR 0.279 ± 0.004 2.1 ± 0.3
4He SDR 0.252 ± 0.004 1.9 ± 0.3

UHDR 0.2282 ± 0.0027 1.74 ± 0.25
12C SDR 0.193 ± 0.004 1.4 ± 0.4

UHDR 0.1822 ± 0.0019 1.39 ± 0.20
16O SDR 0.1796 ± 0.0022 2.79 ± 0.29

UHDR 0.1556 ± 0.0022 1.46 ± 0.27

The values are accompanied by their respective statistical uncertainty of the fit
represented by the standard deviation.

gen levels with the fitted function (2). This fit function
describes the saturating behavior of the depletion rate
g for high initial oxygen concentrations and the corre-
sponding fit values can be found in Table 3. While for
the slope parameter k no trend is observable (Figure
S2), gmax shows dose rate and LETd dependencies.

3.2 LETd dependency of oxygen
consumption

A decrease of gmax with increasing LETd of the par-
ticle species can be seen for both UHDR and SDR
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KARLE ET AL. 1329

F IGURE 5 Fitted gmax values and their standard deviations for every particle type are plotted against their LETd values. The SDR values
are marked with a diamond and fitted by the solid line while the UHDR are represented by a cross and fitted by the dashed line. The fit
parameters for equation (III) are given with their statistical uncertainties.

irradiations (Figure 5). Specifically, electrons exhibit
the highest consumption rate with values above
0.3 mmHg/Gy, while oxygen ions with a LETd of
100.3 keV/µm demonstrate the lowest consumption
rates below 0.2 mmHg/Gy. A linear function with the
logarithm of the LETd:

gmax = a∗log10 (LETd) + b (3)

was fitted to the UHDR and SDR data, respectively,
and showed a good agreement with the data. The
consumption rates of SDR and UHDR separately
show a linearly descending trend when the LETd is
graphed in logarithmic scale seen in Figure 5. The R-
square values were for both SDR and UHDR fit above
0.98.

3.3 Difference in oxygen consumption
from SDR versus UHDR consistent with
increasing LETd

For SDR irradiations, the gmax value for each particle
is consistently greater compared to the corresponding
UHDR value. Since the slopes in Figure 5 for SDR
and UHDR are slightly different, we evaluated the evo-
lution of the difference between the gmax values for
SDR and UHDR (Δgmax) and the deviation between the
SDR and UHDR fits for the gmax and LET correlation
(Figure 6). The difference in Δgmax is slowly decreasing
with increasing LETd.

4 DISCUSSION

For the first time, we were able to include not only elec-
trons and protons, but also helium, as well as the heavy
ions carbon and oxygen for UHDR irradiations to enable
a comprehensive study of oxygen consumption for SDR
and UHDR over a large span of LETd values in BSA.
This direct measurement method revealed that the max-
imum amount of oxygen consumption given by gmax in
BSA decreases with increasing LETd. Furthermore, the
amount of oxygen consumption was found to be smaller
for UHDR in comparison to SDR, throughout the LETd
range.

The differences in oxygen consumption associated
with LETd may be due to altered radiochemical reac-
tions occurring at the molecular level. This nanoscale
interpretation presents a significant challenge, as these
reactions are inherently difficult to measure directly
due to their short-lived nature, typically occurring on
timescales of less than 1 µs. Computational tools such
as TRAX-CHEM,32 IONLYS-IRT,33 or Geant4-DNA34

have demonstrated the ability to model these intri-
cate reaction patterns, although limited to pure water
environments and single track simulations.32–34

Our results agree qualitatively with previously con-
ducted in silico studies performed with MC simulations
in water,which also found that higher LET result in lower
oxygen consumption rates. More specifically, Boscolo
et al. demonstrated in silico that the overall yield of
chemical species generated during high LET irradiation
is reduced compared to low LET conditions.19

While inter-track interactions can be neglected for the
investigated LET during SDR irradiation,35 the elevated
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1330 KARLE ET AL.

F IGURE 6 Difference of gmax values of SDR and UHDR irradiation for the individual particle beams against their LETd. The values are
given with their corresponding standard deviations. Additionally, the difference between the fits for the SDR and UHDR gmax values in
dependence with LET, as shown in Figure 5, is plotted with its standard deviation represented by the shaded grey area.

LET values may correspond to an increased density
of chemical reactions within the track. This increase in
spatiotemporal proximity of radicals for high LET and
consequent acceleration of intra-track reaction kinetics
enhances the likelihood of radical recombination and
self -interaction between the primary chemical species.
About 1 ps after the initial irradiation,the primary species
are mainly HO•, e-

aq, H•, and H3O+.19,36 As the LET
increases, the spatial distance between these radiation
products decreases within the track, facilitating interac-
tion between the radicals, like the self -interactions H•
+ H• and HO• + HO•, which lead to more molecular
species H2 and H2O2, respectively.19 Furthermore, the
radical recombination, HO• + e-

aq, becomes the dom-
inant reaction over HO• + O2 due to this increased
density of the two radicals. The overall G-values of
HO-, e-

aq,H3O+, and peroxide radicals decrease with
increasing LET due to radical interactions.32,33,36 These
examples highlight how self -interaction and radical-
radical recombination decrease the interaction rate with
molecular oxygen, leading to reduced oxygen consump-
tion during high LET irradiation.19 The effect of oxygen
consumption may also be marginally minimized by the
simultaneous generation of oxygen within high LET par-
ticle tracks.The “Oxygen in Track Hypothesis”describes
the creation of an oxygen-enriched microenvironment
around the high-dose track core of ions.33 According to
Meesungnoen et al., the oxygen produced during irra-
diation primarily affects the early stages of chemical
reactions (around 1 µs post-irradiation).33 In contrast,
Boscolo et al. report that the yield of oxygen consump-
tion is 500 times higher than the production of oxygen

at the same time point and LET value.19 Considering the
difference in the simulation approaches, the difference
in production and consumption yield would suggest that
the oxygen produced has a minimal effect on the total
oxygen concentration seconds after the irradiation. The
measurements conducted in this study reflect the over-
all changes in oxygen concentration,suggesting that the
reduced oxygen consumption at high LET may be due
to the inherently lower reaction rate with molecular oxy-
gen, primarily due to radical-radical and self -interaction,
and to a lesser extent the oxygen production within the
tracks.19,33

The data obtained in this study, with its wide range
of LETd values, might act as a valuable benchmark-
ing resource for future developments in radio-chemical
MC simulations, which could enable more accurate pre-
dictions of the oxygen-dependent reactions following
ionizing radiation.

The rate of consumption is observed to be lower
for UHDR irradiation compared to SDR irradiation.
For lower LET irradiation, this behavior was already
observed in several studies using water,15 different BSA
concentrations,14,31 and solutions that mimicked the
intracellular chemical milieu with higher fidelity (namely
“CELL”).18

This difference between SDR and UHDR may be
attributed to the accelerated temporal application of
particles, which could promote inter-track interactions.
Inter-track radical-radical reactions and self -scavenging
of radicals would lead to a reduce the likelihood of inter-
actions with oxygen molecules present in the sample.19

Nevertheless, some MC studies have indicated that
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KARLE ET AL. 1331

such inter-track interactions may not be the underly-
ing mechanism responsible for the observed decrease
in oxygen consumption rates,35,37,38 while other stud-
ies have suggested that, under specific conditions, such
as the administration of large doses and the utiliza-
tion of low-LET, inter-track interactions at UHDR may
potentially contribute to the enhancement of radical
interactions.20,39,40 Given the ongoing debate surround-
ing the fundamental parameters of these analyses,
including the diffusion constant for radicals within cells,
further research is required to elucidate the underly-
ing mechanism behind the UHDR-mediated reduction
in oxygen consumption.

In this work, we demonstrated that with increasing
LETd, the discrepancy between UHDR and SDR con-
sumption rate slightly declined. As LETd and UHDR
increased gradually, the radical-scavenging effect may
have reached a saturation point, resulting in a reduction
in the difference between SDR and UHDR. This hypoth-
esis may be supported by the slightly smaller decreasing
slope of the UHDR consumption rate fit. To investigate
this further, measurements with an even higher LETd
would be required.

Hence, both high LET and UHDR individually may
result in closer spatiotemporal proximity of radicals and
lead to radical-scavenging and thus a reduced interac-
tion rate with molecular oxygen in the sample.19,33,36

This radical scavenging could be beneficial for cell
survival by reducing oxidative damage to key cellular
biomolecules.16,41 Normal cells possess an advantage
over tumor cells due to their lower prooxidant bur-
den and higher reserves of antioxidant enzymes and
pathways.42 This enables normal cells to rapidly and
efficiently eliminate remaining radicals, even before
the initiation of further harmful Fenton-type reactions
or peroxidation chains, providing superior protection
against further damage in contrast to tumor cells, which
lack these robust cellular defense mechanisms. Conse-
quently, the differential antioxidant capacities of normal
and tumor cells may contribute to their varied responses
to UHDR, where the total amount of radicals might be
reduced.13

Our analysis was based on the plateau parameter
gmax obtained by fitting the g-values to a Michaelis-
Menten curve. The second fit parameter k correlates
with the oxygen concentration that yields half the maxi-
mum consumption rate and thus with the slope of the
initial increase. The smaller this value, the faster the
plateau value gmax is reached. No clear LETd trend
or dose rate effect can be seen in the data (Figure
S2). However, due to the inherent resolution limita-
tions of the OxyLite, measurements at concentrations
below 7 mmHg are more prone to error with a res-
olution of ± 0.7 mmHg. This resolution limit could
theoretically be overcome by using phosphorescence
measurement methods due to their longer lifetimes and
correspondingly higher accuracy in low oxygen environ-

ments.Despite this,given the additional small number of
data points in the low oxygen concentration region, the
fit of the k parameter is associated with larger standard
deviations (Table 3), which hinders sensible interpre-
tation of the data. Furthermore, the response time of
the OxyLite system is limited to 20 s, a characteristic
common to detectors embedded in membranes,such as
the TROXsP5.43 However, the longer response time was
considered sufficient for our purposes, as it enables the
evaluation of the total oxygen changes caused by the
applied beams (Figure 3).

While several studies of oxygen consumption for elec-
trons and protons have been conducted,14,18,31,44 only
one study in literature measured the consumption rate
in deionized water after carbon ion irradiation. How-
ever, the LET reached in this experiment was relatively
low at 19.47 keV/µm and so was the dose rate with
a maximum of 1.8 Gy/s.45 Since deionized water is
not recommended as surrogate for cellular milieu,17,41

in this study, BSA was used as a surrogate for the
extracellular environment.18 The simplicity, stability, and
reproducibility of this solution allowed us to discern the
slight differences in oxygen consumption between each
radiation quality. However, in comparison to actual cells,
no thiols, lipids, or scavengers are present in the BSA
solution. Slyker et al. demonstrated that in the “CELL”
solution, the consumption rates were higher than in BSA
but still showed the same dose rate trend. While the
applicability of BSA is surely limited, it gives a first hint
on how the consumption rate changes with dose rate
and LET in a medium with proteins and a high percent-
age of water.18 The tendency of a higher consumption
for SDR compared to UHDR was already found in other
experiments using BSA solutions.14,31,44 Our experi-
ment is qualitatively consistent with their findings and
provides an extrapolation to higher LETd. Differences in
the quantitative values may be caused by deviations in
the irradiation setups.

A recent study by Khatlib et al. directly measured
intracellular oxygen consumption.46 Notably, this study
observed the disappearance of the disparity in oxygen
consumption rates between SDR and UHDR irradia-
tions against the expectancy that organic substances
would enhance the oxygen consumption. This phe-
nomenon could be explained by cellular antioxidant
mechanisms, such as catalase and superoxide dismu-
tase reactions, which convert radicals back to oxygen
and potentially compensate for oxygen consumption.46

Additionally, several reducing agents influence the con-
sumption rate in different ways.For instance,glutathione
enhances it, while ascorbate decreases it, as demon-
strated by Koch et al.17 To decipher the complex
radiochemistry behind the radiochemical oxygen con-
sumption and whether the LETd effect on oxygen
consumption also disappears intracellularly or even
in actual tissue needs to be examined in further
studies.
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1332 KARLE ET AL.

If oxygen consumption and the following transient
hypoxia was one of the underlying mechanisms of
UHDR sparing, our findings would suggest that spar-
ing would decrease for higher LETd. While separate
studies of in vitro UHDR-sparing effects after ion beam
irradiations exist, namely for helium28 and carbon25

ions, comprehensive data sets ranging over a substan-
tial LET-region are still lacking. In combination with
the results of our investigations, such in vitro datasets
could allow a test of biophysical models related to
radiochemical oxygen change.

Regarding the in vivo FLASH effect, a number of
low-LET electron and proton studies are available
for consideration.47–49 Furthermore, Tinganelli et al.
presented evidence of the benefits of lower LET (14.5–
15.5 keV/µm)50 and recently also for high LET (65–
85 keV/µm)51 carbon ion irradiation at UHDR in vivo.
Consequently, high LET data is also a crucial area of
investigation in vivo and could lead to profound implica-
tions for FLASH treatments with heavy ions. In heavy ion
radiotherapy, the target is usually exposed to elevated
LET, while the normal tissue is predominantly receiving
low LET radiation. Given the LET dependence of oxy-
gen consumption observed in this study, in tumor cells
subjected to high LET irradiation less oxygen would be
consumed. This would be advantageous, as it reduces
the likelihood of sparing tumor cells. Furthermore, bio-
logical efficacy of high LET irradiation in general is
known to be less influenced by the oxygen environment,
since the densely ionizing tracks induce a higher pro-
portion of direct damage and rely less on the indirect
processes.52,53 This could even further decrease the
biological effect of the theoretically expected marginal
oxygen consumption induced sparing.For the normal tis-
sue exposed to low LET irradiation, increased oxygen
consumption would refer to a beneficial larger sparing

Although the oxygen consumption rate of UHDR is
slightly lower than that of SDR irradiation, this rate only
includes oxygen consumption,not the associated reoxy-
genation processes,which is substantially changed after
irradiation of UHDR and SDR due to their time scale
differences. The advantage of UHDR is that oxygen
consumption happens so quickly that cells remain in
a state of reduced oxygen until reoxygenation can
compensate for the oxygen loss. Conversely, during
SDR irradiation, oxygen consumption is directly com-
pensated by reoxygenation due to the longer irradiation
duration.11,12,54

Consequently, this study indicates that heavy ion
radiotherapy at UHDR may further expand the thera-
peutic window by ensuring higher consumption rates
and thus sparing in normal tissue while providing
increased radiobiological effectiveness in the target
region.38,50,55 One may even consider enhancing this
effect by employing strategies to maximize the LET in
the target region,since higher LET corresponds to lower
oxygen consumption.56

5 CONCLUSION

This study presents the first direct measurements of
the oxygen consumption rates in BSA 5% samples with
different particles over a wide range of LETd up to
100.3 keV/µm. Using the HIT synchrotron, we were able
to perform UHDR irradiations with protons, helium, car-
bon ions and, for the first time, oxygen ions. The results
show a systematic decrease of the oxygen consump-
tion rate with increasing LETd. In addition, the UHDR
consumption rate remains consistently lower than the
corresponding SDR consumption rate.

Through its comprehensiveness,our dataset could be
a valuable benchmark resource for radiochemical MC
simulations and oxygen dynamics models. Comparison
of the simulation results with our empirical findings could
enhance the understanding of the combined effects
of high-dose rates and increased LETd in relation to
oxygen-dependent reactions after irradiation.

In combination with additional data on the trend of
sparing effects over the LETd, our results may aid the
appraisal of key candidates for the underlying mech-
anism of UHDR sparing and eventually the FLASH
effect.

If the sparing phenomenon persists in higher-order
biological samples and correlates with the oxygen con-
sumption trends observed in this study, it suggests
potential synergies between heavy ions and UHDR. In
this scenario,high consumption rates may confer protec-
tion in normal tissues and organs at risk, while the high
LET in the target would ensure reduced consumption
and thus may avoid potential sparing of the tumor.
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A B S T R A C T

Within this study, we demonstrated the feasibility of ultra-high dose rate (UHDR) oxygen ion irradiation at three 
different levels of biological complexity. The difference in oxygen consumption between UHDR and standard 
dose rates (SDR) was negligible in a protein-enriched saline solution. For the studied conditions of dose, dose rate 
and linear energy transfer (LET), UHDR irradiation showed comparable efficacy to SDR in pancreatic cancer cell 
killing in vitro, along with inducing a similar tumor growth delay in vivo. These findings emphasize the potential 
of high-LET UHDR irradiation and support further investigation of oxygen ions at UHDR.

1. Introduction

Patients diagnosed with pancreatic cancer have the lowest 5-year 
survival rate of all cancers at around 13 %, ranking it as the third 
most common cause of cancer death [1]. The high mortality rate is 
attributed to late diagnosis, resulting in advanced tumors growth with 
unresectable metastases [2]. When surgical intervention is not feasible, 
chemotherapy and external beam radiotherapy often represent the only 
viable treatment option [3,4].

Three major challenges limit the effectiveness of standard radio
therapy in treating pancreatic cancer: proximity to radiosensitive organs 

at risk (OAR), a hypoxic microenvironment and tumor motion i.e. bowel 
activity [5,6]. Particle irradiation offers precise dose distributions 
compared to photon irradiation, allowing superior tumor coverage with 
minimal exposure to surrounding OAR. In particular, irradiation with 
carbon ions [7,8] has demonstrated promising results due to their highly 
conformal dose distribution [8] combined with high linear energy 
transfer (LET) [9,10]. Indeed, studies have shown that high dose- 
averaged LET (LETd) irradiation may be effective in treating pancre
atic tumors [11], primarily attributed to its capacity to overcome 
hypoxia-induced radioresistance by directly inducing lethal DNA dam
age [9,12].
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To address tumor motion, techniques such as abdominal compres
sion have demonstrated promising results [13]. Ultra-high dose rate 
(UHDR) irradiation could additionally mitigate intra-fractional motion 
and minimize motion-related uncertainties by delivering doses 100 
times faster than conventional radiotherapy. Moreover, the FLASH ef
fect observed at UHDR enables the protection of healthy tissue while 
preserving effective tumor control, thereby broadening the therapeutic 
window [14–16]. However, preclinical studies focusing on radiotherapy 
for pancreatic cancer are limited [17], particularly those involving high 
LET radiotherapy.

Building on the potential of high LET particle therapy at UHDR to 
address the challenges of pancreatic cancer radiotherapy, this study 
explored for the first time the effects of oxygen ion UHDR irradiation on 
three levels of biological complexity: as an initial feasibility study, 
molecular oxygen consumption in a simplified plasma model was eval
uated. Subsequently, in vitro survival of pancreatic cancer cells under 
hypoxic and normoxic conditions was assessed. Lastly, the effects on 
tumor growth delay and survival of UHDR irradiation were investigated 
in vivo using a resistant KPC mouse model, a clinically relevant analogue 
of human pancreatic ductal adenocarcinoma (PDAC).

2. Material and Methods

2.1. Dosimetry

For all experiments conducted at UHDR and standard dose rates 
(SDR) a monoenergetic oxygen ion beam of 326 MeV/u was used, 
incorporating a 3 mm ripple filter at the nozzle to widen the pristine 
Bragg Peak (BP). Further details about the Heidelberg Ion Beam Therapy 
Centre irradiation facility and the temporal beam structure can be found 
in the supplementary material. Given this default, the experiments were 
conducted with the setups shown in Fig. 1.

Daily dosimetric measurements were conducted with a PinPoint 
ionization chamber (PTW, REF: TM31015, SN:0903) following clinical 
practice TRS398 [20]. At least three dose measurements per experiment 
were conducted. To calculate the mean dose rate, the recordings from 
the beam application and monitoring system in the nozzle were used to 
extract the length of the spills (Tab. S1). Additionally, Gafchromic EBT3 
films (8′’X10′’ (x25), Ashland 828204) were irradiated to ensure ho
mogeneity within the fields. Details about the irradiated films evalua
tion can be found in the supplementary material (Fig. S1).

2.2. Oxygen Consumption Measurements

The effect of oxygen ion UHDR and SDR irradiation on the inherent 
oxygen concentration in sealed samples containing 5 % bovine serum 
albumin (BSA) was examined (Fig. 1 A). The oxygen concentration was 
monitored with the OxyLite™ system (Oxford Optronix) [21]. As re
ported in [21], the oxygen consumption per dose g was calculated for 
each irradiation, investigating higher initial oxygen concentrations up to 
20 % in this study. The resulting g-values were fitted using the following 
equation: 

g( p[O2]pre− irradiation) =
gmax⋅p[O2]pre− irradiation

k + p[O2]pre− irradiation
(1) 

Here, p[O2]pre-irradiation is the oxygen concentration pre-irradiation, 
while the fit parameters gmax and k correspond to the saturating g- 
value and to the concentration where half of the gmax is reached, 
respectively [21]. For each dose rate, three different samples were 
irradiated, the g-values calculated, and the data fitted with Eq. (1). The 
difference between the fit of the SDR and the UHDR data was analyzed.

2.3. Cell Culture and Colony Formation Assay

Pancreatic cancer cells derived from the autochthonous PDAC KPC 
mouse model (KPC; 6419c5 Kerafast) [22,23] were cultured in Dulbecco 
modified Eagle medium (DMEM, ATCC) supplemented with 10 % heat- 
inactivated fetal bovine serum (FBS; Gibco) and 1 % penicillin/strep
tomycin at 37 ◦C in a humidified atmosphere of 5 % CO2.

For the irradiation cells were prepared as described in Tessonnier 
et al. [24]. The cells were placed in a hypoxia chamber (Biospherix) at ~ 
1 % O2 5 h pre-irradiation and maintained in hypoxic conditions within 
the chamber during irradiation or at 20 % O2 outside of the chamber. 
During the irradiation, 8 Gy were applied at SDR and UHDR with an 
average LETd of 100.3 keV/µm (Fig. 1 B).

Colony formation assay has been performed as described previously 
[24]. Briefly, after colony formation (7 days), cells were fixed with 75 % 
methanol and 25 % acetic acid for 10 min at room temperature and 
stained with 0.1 % crystal violet for 10 min. Three independent bio
logical experiments for hypoxia and two for normoxia were conducted, 
resulting in at least two to five replicates.

The significance of the difference in clonogenic cell survival between 
UHDR and SDR irradiation was evaluated with a Mann-Whitney-U-Test 
using the GraphPad Prism software.

Fig. 1. The experimental setups: A: Oxygen Consumption Measurements, B: Clonogenic Cell Survival and C: Pancreatic Tumor Irradiation In Vivo. The “Setup” 
illustrations contain the experimental components and the spatial information. The “Irradiation Parameters” include details about the field sizes with the corre
sponding spot spacing, average LETd, dose and mean dose rate (“Mean DR”). The dosimetric quantities are given with their standard deviation. The “3 mm RiFi” 
abbreviates the ripple filter installed in the nozzle. 2D range modulators (2DRM) producing a 1 cm or 2 cm spread out BP (SOBP) were used for the in vivo or oxygen 
consumption and in vitro experiment respectively [18,19]. PMMA refers to Polymethylmethacrylate.
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2.4. Animal Model

Subcutaneous (s.c) KPC mouse model was established by injecting 
5x105 KPC cells resuspended in 100 µl PBS s.c. into the hind limb of 6–8 
weeks-old female C57BL/6 mice (Janvier Labs). When the tumor size 

reached 80 ± 20 mm3, the mice were randomized for irradiation (n = 6 
per condition) and irradiated with 10 Gy SDR or UHDR oxygen ion 
beams at an average LETd of 134 keV/µm. Mice were anesthetized with 
isoflurane for irradiation and fixed in a custom-made holder during 
irradiation. The s.c. tumors were irradiated assuring complete tumor 

Fig. 2. Oxygen Ion UHDR Experimental Results − Panel A − Oxygen Consumption Results: On the left are the individual g-values plotted as box plots with 2 % bin 
intervals, displaying medians, quartiles (boxes), whiskers (extremes), and outliers. The fit functions from equation I are displayed as solid lines (orange for UHDR and 
blue for SDR) with the parameters and their standard deviations given in the legend. The difference between UHDR and SDR g-value fits is shown as a function of 
initial oxygen levels with the standard deviation area shaded on the right side. In both graphs, the vertical lines mark the oxygen concentrations used in the in vitro 
experiments. Panel B − Clonogenic Cell Survival: Hypoxia data on the left and normoxia data on the right are presented as box plots representing means (horizontal 
lines) and whiskers, with p-value results (n.s. = non-significant). Each dot represents a single value. Nhypoxia = 3 independent experiments, each n>= 3 replicates; 
Nnormoxia = 2, each n>= 2 replicates). Panel C − Pancreatic Tumor Irradiation: Tumor volume progression and Kaplan-Meier survival curves for the left and right 
sides, respectively. Tumor volumes are presented as mean ± standard error of mean (N = 6), with n.s. = non-significant; *** significant p-values. The arrow marks 
the day of the irradiation. Kaplan-Meier survival curves (Log-Rank test: Ctrl vs. SDR ** significant; Ctrl vs. UHDR ** significant; SDR vs. UHDR n.s.; N = 6). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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target coverage (Fig. 1 C). The tumor sizes were measured 3 times per 
week using a calliper. The volumes were calculated with the following 
formula: Tumor Volume [mm3] = length × width × width

2 .

Animal work was carried out in accordance with the rules approved 
by the local and governmental animal care committee established by the 
German government (Regierungspraesidium, Karlsruhe).

Tumor volumes were compared at given time points using one-way 
analysis of variance (ANOVA) with Tukey’s multiple comparison test 
in GraphPad Prism Software. Kaplan-Meier survival curves were 
compared using the Log-Rank test (GraphPad Prism).

3. Results

In a simplified BSA solution, the oxygen consumption saturated for 
high initial oxygen concentrations after UHDR irradiation at 0.0205 ±
0.0003 %/Gy and for SDR at 0.0235 ± 0.0003 %/Gy (Fig. 2 A). The dif
ference in oxygen consumption between the SDR and UHDR irradiated 
samples was negligible, with less than 0.003 %/Gy.

In vitro, our findings suggested a similar cytotoxic efficacy of SDR 
and UHDR in normoxic and hypoxic conditions when irradiated with 8 
Gy (Fig. 2 B). In vivo, both SDR and UHDR irradiations at a single 10 Gy 
fraction with an LETd of 134 keV/μm indicated potential efficacy in 
treating resistant KPC tumors, with both modalities showing modest but 
significant tumor volume growth delay compared to control. Median 
survival for SDR and UHDR treated animals was 24 and 25 days, 
respectively, compared to 21 days for the controls (Fig. 2 C). Given the 
highly resistant and hypoxic nature of KPC tumor model, this extended 
survival is a valuable starting point for further preclinical high LET in
vestigations aimed at PDAC tumor treatment.

4. Discussion

Pancreatic cancer is highly therapy-resistant, with a median survival 
of 3–5 months. Its proximity to vital organs further complicates precise 
targeting. In this study, we have demonstrated the first application of 
oxygen ion UHDR irradiation offering a promising therapeutic option for 
pancreatic cancer. Marginal differences in oxygen consumption between 
UHDR and SDR were observed in protein-enriched saline solutions. 
According to the oxygen depletion hypothesis, this minimal difference 
suggested that the oxygen consumption mechanism plays a lesser role at 
higher LETds. In vitro experiments revealed comparable PDAC cell 
survival after UHDR and SDR regardless of normoxic or hypoxic (1 % 
O2) conditions in the studied settings (8 Gy, 100.3 keV/µm).

Contrasting findings have been reported in previous studies exam
ining lower-LET irradiation. Although an UHDR sparing under hypoxia 
(1 % O2) was demonstrated for several cell lines below 20 keV/µm at ~ 8 
Gy [24–27], a study with pancreatic tumor cells reported a cell over
killing after UHDR electron irradiation in normoxia [28]. The absence of 
sparing with higher LET oxygen ions may originate from their reduced 
reliance on O2 for inducing cell killing [29,30]. Higher LET beams 
exhibit a reduced dependence on indirect DNA damage mechanisms 
[31,32], thereby minimizing the impact of O2 consumption and poten
tially reducing differential sparing effects between SDR and UHDR. 
However, future experiments under varied O2, dose and LET conditions 
are required to validate these findings.

A fundamental question concerning UHDR radiation pertains to its 
comparative efficacy in controlling tumors when compared with that of 
SDR. To date, UHDR effects, especially at high LET, have been pre
dominantly investigated in healthy tissues [15]. In this work, we address 
tumor-specific impacts of high LET UHDR using the highly resistant KPC 
PDAC tumor model, which closely mirrors human disease [22,23]. 
Both SDR and UHDR showed a moderate impact on tumor progression 
and Kaplan-Meier survival rates. However, a notable 20 % improvement 
in survival highlighted the potential therapeutic benefits of high LET 
oxygen ions. These results underscore the need for preclinical studies 

employing oxygen ions in pancreatic cancer to extend patient life ex
pectancy and refine treatment approaches. Investigations utilizing 
normal tissue readouts are crucial to determine the potential existence of 
a FLASH effect with oxygen ion beams. The presented setup offers a 
versatile platform for high-LET UHDR experiments and lays the 
groundwork for future studies.
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7
Heavy Ion UHDR Towards Clinical

Implementation

The systematic investigations established three key findings: First, the technical feasibility of
Ultra-High Dose Rate (UHDR) heavy ion at the Heidelberg Ion Beam Therapy Center (HIT) was
validated through comprehensive dosimetric characterization. The flashDiamond (fD) detector
showed a response independent of both UHDR and dose-averaged LET (LETd). Second, mecha-
nistic studies revealed an inverse relationship between oxygen consumption rates and LETd, with
consistently lower consumption under UHDR conditions across all particle types. Finally, biologi-
cal investigations spanning in vitro to in vivo experiments demonstrated a comparable therapeutic
efficacy between UHDR and Standard Dose Rate (SDR) oxygen ion treatments in Pancreatic Duc-
tal Adenocarcinoma (PDAC) cell killing and tumor growth delay. These findings not only validate
the technical implementation but also provide insights into potential mechanisms and therapeutic
applications of UHDR heavy ion therapy.
Together, these results lay the foundation for potential integration of UHDR oxygen ion therapy
into clinical practice, particularly for PDAC treatment. Consequently, the following sections will
discuss the implications of these findings for future clinical applications, as well as the necessary
requirements for subsequent steps.

7.1 Technical Implementation of Heavy Ion UHDR Therapy
at HIT

The successful demonstration of UHDR heavy ion delivery at HIT with small targets represents
an important technical milestone. However, clinical translation will require further advancements,
particularly in scaling up particle numbers for larger fields and achieving conformal coverage of
complex tumor geometries.

A key challenge is the limited number of particles. While the Electron Cyclotron Resonance Ion
Source (ECRIS) and synchrotron can, in principle, support higher particle numbers, the current
bottleneck lies in the limited transmission efficiency of the Radio Frequency Quadrupole (RFQ)
at the Linear Accelerator (LINAC) (Fig. 2.1). Merely half of the ions generated in the ECRIS fit
into the RFQ phase space.



Chapter 7. Heavy Ion UHDR Towards Clinical Implementation

Current investigations of the accelerator team are focused on enhancing the RFQ transmission,
with the ultimate objective of facilitating higher currents and, consequently, larger doses and wider
fields for UHDR irradiations. [210]

Equally important is the ability to conform the monoenergetic UHDR beam to the complex three-
dimensional shape of tumor targets. In conventional irradiation, active Pencil Beam Scanning
(PBS) provide conformal coverage of the target volume in both lateral and longitudinal di-
rection (Sec. 2.1.3). At UHDR, lateral coverage is still achieved through conventional PBS, with
the flexibility to adjust the beam pattern to match the anatomy of the targets. In contrast, the
longitudinal coverage typically requires Iso-Energy Layer (IEL) switching with a new synchrotron
cycle, which takes up too much time for UHDR delivery (Sec. 5.2.1). To overcome this limita-
tion at HIT, 2D Range Modulator (2DRM) are employed to achieve full longitudinal coverage in
a single spill, enabling homogeneous Spread-Out Bragg Peak (SOBP) delivery for preclinical ex-
periments (Fig. 5.2). For clinical application, more sophisticated 3D Range Modulators (3DRMs)
with patient-specific, non-homogeneous pin geometries would be required to achieve optimal target
conformity (Fig. 7.1). [211]

Figure 7.1.: 3DRM Design: The heterogeneous pin structure is chosen to conformally irradiate a specific
target volume in one spill. This is a picture of a prototype kindly provided by Sae Hyun Ahn.

The clinical use of 3DRM requires an additional optimization step after the dose planning to gen-
erate the corresponding ideal 3DRM geometry. This optimization step must take into account for
technical constraints from the design and production processes of such range modulators. Several
production processes have been trialed and are available for the fabricating 3DRMs, such as 3D
printing with a polymer resin or laser melting techniques to produce 3DRM out of aluminum.
The additional materials introduced into the beam line alter the beam quality due to increased
fragmentation and induced scattering. The extent of the alterations mainly depends on the ge-
ometry and materials of the 3DRM: One study showed that, when aluminum is used as 3DRM
material, fewer neutrons and fragments are produced compared to 3DRM made from polymer
resins. At the same time, the scattering contribution would increase if aluminum were in the beam
line. [212] These beam modifications must be accurately characterized through measurements and
simulations to ensure proper integration into the Treatment Planning System (TPS).

Exactly these beam alterations and contaminations caused by passive degrader systems were the
initial reasons to use active PBS at HIT to achieve a more conformal dose application on the distal
and proximal edges of the target. [29] Although passive energy degraders are not standard at HIT,
this is well-established in clinical practice in Japan (e.g., at HIMAC).

88



7.2. Dosimetric Protocol for Heavy Ion UHDR at HIT

There, passive energy degraders are utilized for beam shaping, such as patient-specific brass colli-
mators for lateral shaping and polyethylene range compensators for longitudinal modulation. [213]
While the full potential of the active PBS cannot yet be realized at UHDR due to energy switch-
ing limitations, the expertise and infrastructure for 3DRM optimization and production at HIT
in combination with existing clinical protocols, provide a solid foundation for implementation of
UHDR heavy ion irradiation into the clinical workflow.

7.2 Dosimetric Protocol for Heavy Ion UHDR at HIT

A robust dosimetric protocol for Quality Assurance (QA) is fundamental for safe and effective
UHDR heavy ion therapy. Given the absence of standardized guidelines for high-Linear Energy
Transfer (LET) UHDR irradiation (Sec. 5.3.1), we implemented a comprehensive protocol following
established code-of-practice principles, ensuring reliable and accurate dose measurement across
the entire field, and while also monitoring the temporal dose delivery structure needed for UHDR
characterization (Sec. 4.2).

Daily absolute dose measurements were performed with the PinPoint chamber (PTW, REF:
TM31015, SN:0903) [186].1 The PinPoint chamber is recommended for high LET and for small
field dosimetry. [180] Additionally, for the purpose of heavy ion UHDR applications, it has been
validated for UHDR helium [200] and carbon ion SDR irradiation. [214] Specifically for carbon
ions, Hamatani et al. demonstrated a low saturation and recombination correction factor (max
6.15 %) and acceptable measurement precision (1.5 %) at the operating voltage of 400 V. [214]

The field homogeneity was verified using passive radiochromic EBT3 films (Gafchromic™ EBT3,
8×10), which provide a high spatial resolution. While EBT3 films have been shown to be reliable
for UHDR proton irradiation [187], EBT3 films have underresponded to high-LET carbon ions
due to LET-dependent quenching. [215, 216] Thus, EBT3 films were used solely for homogeneity
checks rather than absolute dose measurements. [206] To overcome this limitation in the future,
advanced 2D detector arrays, such as the Octavius Detector 1500XDR [217], may offer simultaneous
assessment of absolute dose and field uniformity at high-LET UHDR. [218]
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Figure 7.2.: Evaluation of EBT3 Gafchromic Films: The films on the left side of the image were used
during the in vitro experiments described in Sec. 6.3.[207] On the right side, representative line profiles
obtained from the marked rows are displayed. Profile extraction and analysis were performed as outlined
in the 1st Paper in Sec. 6.1. [206] The flatness index was calculated within the central region encompassing
50 % of the total area under the curve. A flatness index below 5 % is generally regarded as indicative of a
homogeneous profile. [206]

1The diamond detectors used in the characterization study (Sec. 6.1 [206]) were provided temporarily by our
collaborators at the University of Rome “Tor Vergata” and therefore not used daily.
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A critical aspect of UHDR dosimetry is the monitoring of the dose delivery temporal struc-
ture. As neither the PinPoint chamber nor EBT3 films record temporal information, the UHDR-
optimized Beam Application Monitoring System (BAMS) system, specifically the second Ioniza-
tion Chamber (IC) (Sec. 2.1.3), was utilized to record the total irradiation time. Examples of such
recordings are shown in Fig. 5.1 and Fig. 7.4. Combined with the absolute dose measured by the
PinPoint chamber, the acquired data allowed the calculation of the averaged Dose Rate (Ḋ) for
each irradiation. In UHDR experiments, the Ḋ defines the baseline requirement for temporal dose
assessment (Sec. 4.2).

The daily dosimetric protocol was established by combining PinPoint chamber measurements for
absolute dose and EBT3 films for field homogeneity assessment, supplemented with BAMS tem-
poral recordings, which enable extraction of irradiation time and the subsequent calculation of Ḋ.
Together, this integrated approach forms the backbone of our dosimetric strategy, sufficient for
daily experimental utilization and possible QA protocols.

7.2.1 Advanced Temporal Dosimetry with Diamond Detectors

To further advance the dosimetric protocol of the temporal characterization, diamond detectors
present a valuable addition. Their potential for straightforward integration into clinical work-
flows at HIT, compatibility with existing electrometers, and commercial availability make them
attractive for QA-use. [195, 196] Most importantly, diamond detectors enable measurements of the
local instantaneous Dose Rate (Ḋinst) within one pulse (Sec. 5.3.1), providing detailed insight into
the spatio-temporal dose distribution, which is essential for understanding and optimizing UHDR
effects (Sec. 4.2).

To demonstrate this, the temporal structure of various PBS patterns was measured to assess their
effect on the Ḋinst. For this purpose, the diamond detectors were connected to a transimpedance
amplifier with adjustable gain (Model DLPCA-200, FEMTO, Germany) and subsequently to a 12-
bit 200 MHz digital oscilloscope (PicoScope 5444A, PicoScope Version 7, Pico Technology, UK).
For the microDiamond (mD), a gain and bandwidth combination of 106 V/A with 200 kHz was
used. For the fD, a combination of 107 V/A with 50 kHz would have been required to obtain a
measurable signal; however, such high amplification rendered the measurement chain highly sensi-
tive to electromagnetic interference and noise. Consequently, the mD was preferred for its stability,
despite the slight LET dependence. The latter effect and mitigation strategies are discussed in the
next section.
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Figure 7.3.: Various Dose Rate Measures and Cumulative Dose Assessment for Carbon Ion Irradiations:
The first column shows the Ḋinst and the corresponding cumulative dose (green) measured with the mD.
The calculation of Ḋ5%−95% is illustrated, with grey dotted lines marking the 5 % and 95 % dose thresholds
and their corresponding time points. The Ḋ5%−95% and Ḋ are given in the legend, while the latter was
determined from the total cumulative dose of the mD measurement and irradiation time measured by the
BAMS. The corresponding BAMS signal and the total irradiation time, indicated by grey dotted lines, are
presented in the middle column. The right column shows the PBS spot pattern, with the estimated mD
position marked by a white circle. The starting point of the raster scan is indicated by a yellow outlined
arrowhead. The beam then follows the blue line to cover the full PBS pattern.

The signal-based, uncorrected Ḋinst was calculated by dividing the background-corrected signal
[V] by the amplifier gain to obtain values in [C/s] and normalizing by the dose linearity factor
[C/Gy] for the respective detector and particle type (Sec. 6.1 [206], Fig. 6). The cumulative dose
was obtained by integrating the Ḋinst. The results for carbon and oxygen ions are illustrated in
Fig. 7.3 and Fig. 7.4, respectively. These visualizations emphasize how the temporal and spatial
delivery pattern directly affect the local dose rate experienced by the sample.

Two PBS patterns were compared: the standard UHDR “Normal” pattern with conventional
sequential scanning of the lines, and the “Snake Out” pattern, where spots are irradiated from the
center outward. For both carbon and oxygen, the number of particles per spot and the synchrotron
settings were identical; the sole variable was the sequence of spot delivery. The influence of the
irradiation pattern is evident in the resulting Ḋ, Ḋinst, and Ḋ5%−95%.

The Ḋ depends solely on the total dose and overall irradiation time and is therefore expected to
remain constant across the irradiated patterns, since the same number of particles were applied
to each spot. Indeed, BAMS records confirmed that the total irradiation time2 varied by less
than 7 ms. With uncorrected cumulative doses of approximately 2 Gy for oxygen and 3.6 Gy for
carbon, the resulting Ḋ differs only marginally and maintains values of ≈68 Gy/s for carbon and
≈23 Gy/s for oxygen. Small variations could be attributed to the inherent instability of synchrotron
extraction at UHDR settings (Sec. 5.2.1).

In contrast, the Ḋinst is highly sensitive to the delivery sequence: it exhibited sharp peaks when
the detector was traversed by the beam, reaching values of up to 800 Gy/s for both ions.

2Determined from the point at which the BAMS intensity exceeds a threshold of 400 MU and decreased below this
value again.
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Figure 7.4.: Various Dose Rate Assessment and Cumulative Dose Assessment for Oxygen Ion Irradiations:
Dose rate and cumulative dose assessment for oxygen ion irradiations, following the same structure as
described for carbon ions (see Fig. 7.3). The first column shows the Ḋinst and cumulative dose (green)
measured with the mD, including the Ḋ5%−95% interval determined from the 5 % and 95 % dose thresholds
(grey dotted lines). The middle column presents the corresponding BAMS signal, with grey dotted lines
indicating the total irradiation time. The rightmost column shows the PBS spot pattern, with the estimated
mD position marked by a white circle and the raster scanning path beginning at the yellow arrowhead.

The number and timing of these peaks depended on the spot pattern and the beam’s Full Width
Half Maximum (FWHM), e.g., the “Normal” pattern irradiation produced eight distinct peaks
corresponding to the eight scanned lines (Fig. 7.3), whereas for oxygen, owing to its smaller FWHM,
only five peaks were observed (Fig. 7.4), corresponding to two neighboring PBS lines.

The Ḋ5%−95% metric focuses on the time interval during which the dose rises from 5 % to 95 %
of the total and provides a more representative measure of the effective dose rate experienced
locally: For the “Normal” pattern, the Ḋ5%−95% is considerably higher than the Ḋ, as the first
signal peaks for carbon and oxygen did not contribute more than 5 % of the dose, so these were not
included in the dose rate metric. The time span of this metric was reduced, so the Ḋ5%−95% was
higher than the Ḋ. In the “Snake Out” pattern, the detector remained exposed to the beam for
a longer duration due to the outgoing sequential pattern, making the time span for the Ḋ5%−95%

and total irradiation time nearly identical. Also for oxygen with the narrower FWHM (Fig. 7.5),
this behavior was evident (Fig. 7.4).
This demonstrates that Ḋ5%−95% is sensitive to both the temporal and spatial characteristics of
the delivery plan, and thus distinguishes between patterns that would appear similar in the Ḋ

metric.

The figures in this section illustrate the importance of employing multiple dose rate metrics to
comprehensively characterize UHDR delivery. While Ḋ provides a general summary, the Ḋ5%−95%

captures the local, time-resolved dose rate. Ideally, the Ḋinst provides all the necessary information
to calculate the metrics given the total irradiation time. These observations highlight the impor-
tance of detailed temporal characterization in both research and potential clinical UHDR protocols
(Sec. 4.2).
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Figure 7.5.: Beam FWHM for Carbon and Oxygen Ions: Single spot beams are illustrated with their
measured FWHM in x and y directionsa for both carbon and oxygen ion beams. The irradiated field with
a size of 10.5 mm × 10.5 mm and a spot spacing of 1.5 mm is shown for reference. (Tab. 5.1). Due to
scattering, the FWHM of one carbon spot is larger compared to oxygen ions (Eq. 2.10). The FWHM in
x and y direction varies for the oxygen ion beam and produces an ellipsoidal shape. This does not pose a
limitation since this behavior can be accurately modeled in treatment planning to ensure correct dose rate
calculations. For comparison, the sensitive area of the detector is indicated with a circle.

aThe FWHM is measured with the MWPC in the BAMS. The beam is displayed as a Gaussian function with
different FWHM in x and y directions.

7.2.2 Detector Response and Correction Strategies

The amplified noise was the reason to conduct this first signal investigation with the mD. However,
it should be noted that the mD detectors exhibited a slight LET-dependent deviation, with an
increasing overestimation of the dose at SDR and a constant 5 % overestimation at UHDR. [206]
Firstly, such tiny deviations often result from setup or positioning uncertainties, as detailed
in Sec. 6.1. [206]
Secondly, for future mD applications, linear deviations can be corrected, maintaining the detector
suitability for absolute dosimetry. Similar to ionization chambers, which are routinely corrected for
temperature, pressure, [179] or recombination for UHDR application [190], appropriate correction
factors could be derived for mD detectors to account for their signal overestimation.

However, the literature presents an inconsistent picture on the signal trend of the mD from PTW
Type 60019, used at HIT. While no LET-dependence was reported in the lower-LET proton regime
[219], multiple studies identified systematic deviations at higher LET. In helium-ion UHDR ex-
periments, the mD detector exhibited a dose overestimation of up to 4 %. [200] Whereas for
monoenergetic carbon ions at 62 MeV/u in the distal Bragg peak, Rossomme et al. reported under-
responses of up to 20 % relative to Advanced Markus Chamber (AMC) measurements with increas-
ing LET. [220] Conversely, Marinelli et al. observed no LET or dose-rate dependence for scanned
clinical carbon beams up to 380 MeV/u. [197] Subsequent studies refuted the hypothesis that such
discrepancies arose from inconsistent mD fabrication, demonstrating high reproducibility across
different production batches. [221]
Part of these discrepancies may stem from differences in beam characteristics: for instance, the
strong under-response was observed in a purely monoenergetic carbon beam without range modu-
lation, whereas studies using modulated beams with broader LET distributions did not show this
effect. [220]
Physical mechanisms to explain the over- and under-response have also been proposed. Under-
response at high LET was attributed to enhanced recombination of electron-hole pairs within the
thin diamond layers. [219]
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Over-response, though less intuitive, has been linked to radiation-induced charge imbalances in
detector contacts and cables, a mechanism demonstrated in small-field electron beams, where re-
ducing exposed electronics mitigated this effect. [188]

Overall, the small deviations observed with mD detectors are more likely attributable to experi-
mental uncertainties or setup effects than intrinsic detector physics, especially given inconsistent
literature trends. For absolute dosimetry, detector-specific characterization and correction factors
remain necessary, as is standard for other detector types. Since this study focused on the com-
bined challenges of high-LET and UHDR irradiation, a systematic characterization of mD detectors
should be pursued in future work.

7.3 Mechanistic Insights into UHDR Effects

Echoing Max Planck’s quote on the importance of understanding the mechanisms (Chap. 1),
unraveling the basis of UHDR effects is essential for advancing this modality. While it is established
that the temporal irradiation structure strongly influences UHDR effects – an aspect that can
be precisely characterized with diamond detectors – the pathways by which it modulates the
radiochemical cascade and biological outcomes remain incompletely understood (Sec. 4.3). The
identification of these pathways is therefore a critical next step.

7.3.1 Impact of Solution Composition

Systematic solution studies are essential for dissecting the molecular contributions within the radio-
chemical cascade (Sec. 4.3). By isolating and examining each stage and component, these studies
provide insight into the role of specific molecules, for example oxygen, in modulating UHDR effects.
Such understanding is fundamental for both the mechanistic elucidation of the UHDR effects and
for the accurate benchmarking and validation of radiochemical Monte Carlo Simualtions (MCs).

The composition of the solution critically determines the dynamics of the radiochemical cascade,
as demonstrated for organic molecules, highlighted in red in Fig. 2.6. Consequently, experiments
conducted in pure water are insufficient to capture the complexity of radiochemical processes. [57,
222]
Therefore, in this work, Bovine Serum Albumin (BSA), a protein-enriched saline solution, was
selected to model the extracellular environment. [144] This model provides a simple, stable, and
reproducible solution well suited for sensitive detection of oxygen consumption differences. [67]

To approximate intracellular conditions, additional components such as thiols and scavengers must
be considered, as they further affect the cascade (Sec. 2.3). [54, 61] Model solutions containing
these components, such as “CELL”, have shown similar trends in oxygen consumption under
UHDR exposure as observed for BSA. [144] However, one recent study using cell lysate reported
no difference in oxygen consumption between UHDR and SDR irradiation [223], underscoring
the complexity of the cascade in heterogeneous cellular environments. While BSA is suitable for
initial investigations, more complex solutions are ultimately required to fully elucidate oxygen
consumption dynamics.

Current MCs for radiochemical interaction cascades are limited by the use of oversimplified so-
lution models (Sec. 5.3.2). For elevating the complexity and an accurate representation of the
chemical stage, detailed information about reaction rates for relevant molecules is needed, ac-
counting for variables such as pH and oxygen concentration.
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These rates and parameters, such as the g-value for oxygen depletion [67], are essential for creating
accurate MC models of the chemical cascade but are also used for robust benchmarking. [204, 206]

7.3.2 Hypothetical ODH Mechanism

The Oxygen Depletion Hypothesis (ODH) remains debated and largely hypothetical (Sec. 4.3.1).
Data from Sec. 6.2 suggest that high-LET UHDR irradiation may provide a unique advantage when
following the ODH. Heavy ion therapy produces an inhomogeneous LET distribution, with Tumor
Tissue (TT) receiving high LET and Normal Tissue (NT) exposed to lower LET (Fig. 3.2). Ac-
cording to the ODH hypothesis and the experimental evidence from the oxygen consumption study
[67], increased oxygen consumption in low-LET regions could induce a transient oxygen-depleted
state, potentially sparing NT. In contrast, TT exposed to high LET would exhibit lower oxygen
consumption and thus reduced sparing.
In tissue, the oxygen concentration itself is an additional determinant that could amplify the
FLASH sparing: Compared with NT, TT is often hypoxic [108, 224], so further oxygen con-
sumption may have little impact on its radiosensitivity, whereas physiologically oxygenated NT
could transiently become more radioresistant under UHDR conditions and the additionally higher
consumption rate may amplify this.

However, absolute oxygen consumption values are quantitatively small. [67] Nevertheless,
even minor shifts in oxygen levels can strongly modulate radiosensitivity, particularly under low-
LET irradiation. [225] Whether such shifts are sufficient to account for radioprotection remains
unresolved.

When accounting for oxygen consumption, the process of reoxygenation adds an additional layer
of complexity (Sec. 4.3.1). For example, in vivo measurements during SDR irradiation showed no
net oxygen consumption, as reoxygenation compensated for the radiation-induced oxygen consump-
tion. [146] The oxygen perfusion and distribution within tissue was demonstrated to influence the
effect of the UHDR irradiation. [141] Thus, a comprehensive description of the oxygen kinetics is
essential when the dependence of the UHDR effects on oxygen is investigated. [140]

In summary, oxygen dynamics are likely to play a role in UHDR effects, though their extent remains
unresolved. Given the conflicting evidence both supporting [141, 151] and challenging [60, 146] on
the importance of oxygen consumption, further research is required. Systematic investigation of
the radiochemical cascade as a whole will be critical for elucidating UHDR effects and predicting
their clinical relevance.

7.3.3 Dose Rate Effects in Pancreatic Cancer Models

The variability of UHDR experimental results across cell types is discussed in Sec. 4.1. For PDAC
in particular, data remains limited. Katsuki et al. irradiated two pancreatic cancer cell lines
(PANC01 and B16F10) with high-LET (55 keV/µm) carbon ions at UHDR (380 Gy/s) and SDR
(1.1 Gy/s). Clonogenic assays revealed no UHDR sparing effect, although differences in Double-
Strand Breaks (DSB) repair pathways were observed in Western blots and flow cytometry. [175] In
our study, survival outcomes likewise showed no sparing effect; still, the influence of 100 keV/µm
oxygen ions on DSB repair mechanisms remains to be determined.
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The importance of mechanistic investigations is underscored by an “anti-UHDR sparing effect”
reported by Venkatesulu et al.: Using PANC01 and KPC cells (the latter also applied in the oxygen
UHDR study [207]), electron irradiation under normoxic conditions at higher dose rates (35 Gy/s) 3

resulted in greater cell killing than at SDR (0.1 Gy/s). [226] While sparing effects under normoxia
have been observed in other cell lines [139], an inverse dose-rate effect has only been described at
extremely low dose rates (0.37 Gy/h) used in brachytherapy, where enhanced killing is attributed
to low-dose hypersensitivity and cell cycle effects. [116, 227] However, the dose rate in Venkatesulu
et al. was in the higher range, making these mechanisms unlikely explanations. This single study
needs inter-institutional validation to confirm its findings.

Overall, these results highlight the need for further mechanistic and inter-institutional studies to
unravel cell-type-specific responses to dose rate in pancreatic cancer.

7.4 Future Directions for Biological Investigations

Having established robust dosimetric protocols and identified mechanistic differences at high-LET
UHDR, the next step is to expand biological investigations, since the presented findings suggest
that future clinical applications of UHDR irradiation merit further exploration. [207]
The initial biological experiments were designed to minimize biological samples in accordance
with ethical guidelines. Consequently, one dose of 8 Gy was employed based on prior carbon ion
experiments showing sparing effects at 7.5 Gy, and technical constraints of the synchrotron. [207]
Moving forward with oxygen ion UHDR, comprehensive dose-response curves for cell survival
are required, particularly at higher doses, to determine whether combined high LET and UHDR
effects become more pronounced with increased oxygen consumption or radical-radical interactions.
Under hypoxic conditions, the observed Oxygen Enhancement Ratio (OER) of approximately 1.8
at 100 keV/µm [207] was consistent with expectations (Fig. 3.5). Extending dose-response studies
also in hypoxia may reveal whether UHDR modifies the oxygen-dependent radiosensitivity
and, if so, at which dose level.

The KPC cell line used is a well-established murine model for PDAC. [208, 209] Complementary
studies in human pancreatic cancer cell lines are warranted to identify cell-type and species-
specific differences in the UHDR response. Given the ongoing debate regarding the biological mech-
anisms underlying FLASH (Sec. 4.3.3), future investigations should also address Desoxyribonucleic
Acid (DNA) damage, repair dynamics, and associated signaling pathways, using assays such as
Western blotting, flow cytometry, or advanced microscopy.
In summary, further in vitro experiments are required, incorporating a broader range of doses and
oxygen concentrations across multiple cell lines.

Beyond in vitro investigations, in vivo data are essential for clinical translation. Our preliminary in
vivo experiments, though limited in sample size, established iso-efficacy between UHDR and SDR
irradiation and showed a survival benefit. Although modest, the survival extension is especially
valuable for PDAC with its poor prognosis in general (Sec. 3.3.1). These findings serve as a
necessary foundation for subsequent studies of the oxygen ion FLASH effect in NT.

3The dose rate of 35 Gy/s used in this study is technically below the commonly cited threshold for UHDR ir-
radiation. While there are no strict physical boundaries defining UHDR, most experimental and theoretical
studies classify dose rates above approximately 40 Gy/s as UHDR. [136] Higher dose rates are typically applied
in FLASH experiments to ensure the characteristic biological effects.
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Inter-institutional comparison for in vitro and in vivo experiments will be critical, as reported
UHDR results remain variable across centers. Collaborative efforts are needed to provide indepen-
dent validation, especially in the context of clinical translation.

Finally, beyond potential sparing effects, UHDR irradiation offers a technical advantage for pancre-
atic cancer by mitigating motion-related uncertainties (Sec. 5.4). With the demonstrated feasibility
of oxygen-ion UHDR, the tumor iso-effectiveness and the modest survival extension further suggest
a clinical potential.

7.4.1 Pathway to Clinical Translation

For clinical translation, it is essential to quantitatively characterize the effects of oxygen ion UHDR
irradiation and implement dependencies on key variables into the TPS.
The TPS workflow begins with patient imaging with a Computer Tomography (CT), followed by
delineation of the tumor and Organ At Risk (OAR). Physicians then prescribe the tumor dose, the
treatment scheme, and dose constraints for the OAR. Based on this ideal plan, the TPS inversely
optimizes particle irradiation parameters to achieve the prescribed dose distribution, accounting
for accelerator, beamline specifics, and possible 3DRMs. Therefore, the TPS requires physical
models to accurately predict the physical dose in the patient anatomy.
At present, no clinically approved TPS exists for high-LET oxygen ion irradiation. However, pro-
tocols are established for other particle irradiation modalities, such as helium and carbon ions.
In this context, the physical dose is weighted by the biological effectiveness to predict the bio-
logical outcome in the patient, necessitating robust Relative Biologic Effectiveness (RBE) models
(Sec. 3.1.3). [10, 228]

Starting with the physical dose prediction, MCs are the most advanced tool for predicting Depth
Dose Distribution (DDD) in patient geometries. However, their clinical application is challenged
by high computational demands and incomplete hadronic physics models (Sec. 3.2). The latter
is particularly relevant for heavy ions such as oxygen, since inelastic nuclear interactions generate
numerous secondary fragments, which contribute to the dose and the LET distribution in the distal
part of the Bragg Peak (BP) and the tail region. [204, 206] Nevertheless, MC studies using FLUKA
have demonstrated a large agreement with experimental dose measurements for oxygen ions. [77,
229]
Beyond the physical dose, a TPS must also predict the resulting biological effect of the radiation
quality. Since RBE depends strongly on LET (Sec. 3.1, Eq. 3.2), accurate LET distributions are
essential. However, the LET is sensitive to the spectrum of secondary particles. The potential
deviations in LET prediction may translate to deviations in biological dose estimation. [204]
Thus, high-precision cross-section data for clinically relevant ions and energies are crucial for further
improving both dose and LET predictions, and, consequently, the biological effect estimation.

Additionally, RBE and biological outcome prediction further depend on tissue type and fraction-
ation scheme, aside from other biological factors (Sec. 3.1.3), necessitating sophisticated models.
Current models, like Local Effect Model (LEM) and the Microdosimetric Kinetic Model (MKM),
are available for carbon ion biological outcome prediction. [10]
Despite their utility, these models do not account for all relevant variables that would be needed
for oxygen-ion UHDR outcome predictions. Given a proper RBE and biological dose prediction,
neither OER nor local oxygen concentration is included in existing clinical TPSs.
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Incorporating these factors will be essential for UHDR-TPS, since oxygen dynamics are expected
to play a decisive role in biological effects.
Extending the biological prediction to UHDR irradiation, analogous to RBE and OER, the FLASH
Modifying Factor (FMF) is defined as the ratio of the SDR dose to the UHDR dose required
to achieve a specific biological endpoint. [230] This factor could be used to implement an UHDR
effect prediction in the TPS. Therefore, the FMF depends on dose, LET, oxygen tension, and
biological endpoint and thus can be expressed as a function of multiple parameters:

FMF(Dose, LET, O2, RBE, Biological endpoint) (7.1)

Quantitative characterization of these dependencies is required for accurate modeling and clinical
implementation of the UHDR effect in TPS.
In the presented data set in Sec. 6.3 [207], the FMF is unity. However, this may change at higher
doses or altered experimental conditions, highlighting the need for further biological investigation.

Integrating the various dependencies of FMF, RBE, and OER into the TPS is essential for clinical
implementation of oxygen-ion high-LET UHDR irradiation. Achieving this requires comprehensive
mechanistic insight and quantitative modeling of the effects of these modalities.
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8
A FLASH-Debate: Is Heavy-Ion

UHDR Needed?

The preceding chapters have outlined the technical, dosimetric, and biological groundwork for
heavy ion Ultra-High Dose Rate (UHDR) irradiation. Radiation is no longer a trivial tool for shoe
fitting, but a central pillar of modern cancer therapy. Yet, a critical question arises: is heavy ion
UHDR truly needed in clinical practice?

Skeptics may highlight the current absence of a clear UHDR sparing effect in high-Linear Energy
Transfer (LET) regimes, the technical complexity of implementation, and the substantial thera-
peutic gains already achieved with conventional heavy ion therapy.
However, the absence of in vitro tumor cell sparing for oxygen UHDR does not necessarily preclude
the possibility of FLASH sparing effects for in vivo Normal Tissue (NT).1 Moreover, the technical
barriers and subsequent solutions have been systematically addressed in this work, by showing the
feasibility of precise dose delivery at the Heidelberg Ion Beam Therapy Center (HIT) synchrotron.
A detailed dosimetric protocol with possible advanced temporal monitoring with characterized di-
amond detectors was provided. With the ongoing developments in beam delivery with 3D Range
Modulators (3DRMs) for conformal UHDR at HIT – from a technical point of view – clinical
translation may be within reach.

Importantly, high-LET ions could offer unique advantages for treating hypoxic and radioresistant
tumors. Particularly, the focus of this thesis on biological experiments was oxygen ions. While
potential risks must be weighed carefully, even incremental survival gains, as observed here for
oxygen ions in preclinical Pancreatic Ductal Adenocarcinoma (PDAC) models, may translate into
meaningful clinical benefits for patients with poor prognosis and limited options. Due to the iso-
efficacy between UHDR and Standard Dose Rate (SDR), the demonstrated therapeutic potential
of oxygen ion irradiation in general may already justify exploration of this modality. The add-on
in favor of UHDR is the mitigation of intra-fractional motions, which could not be investigated
in the mouse model. This could provide additional benefit for motion-influenced indications such
as PDAC. Notably, even in the absence of a measurable normal tissue sparing FLASH effect, the
iso-effectiveness of oxygen ion treatments at UHDR, combined with possible motion mitigation,
could support clinical adoption.

1As discussed in Sec. 5.1, in vivo FLASH sparing has been reported by Tinganelli et al. for high-LET carbon ion
irradiation, although other studies have shown no in vitro UHDR sparing.
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Perhaps rather the debate is not whether heavy ion UHDR is universally “needed”, rather the
question should be: “Is heavy ion UHDR a new therapeutic avenue for selected patient populations
where current treatment options remain inadequate?”. Innovation in oncology has often emerged
from addressing such unmet needs. The clinical evaluation of this very “fast and furious” modality
remains to be answered.2

In conclusion, the central focus of this thesis was to establish the physical and methodological foun-
dations for heavy ion UHDR. A comprehensive dosimetric protocol was developed, and diamond
detectors were thoroughly characterized for carbon and oxygen ion UHDR, thereby demonstrating
their suitability for this modality. [206] The functionality of these diamond detectors facilitates the
measurement of instantaneous Dose Rate (Ḋinst), which has the potential to serve as a powerful
tool for unravelling the temporal dependencies underlying UHDR effects.
At the mechanistic level, it has been demonstrated that the oxygen consumption – a potential
contributor to the UHDR effect – decreases with increasing LET. This finding not only suggests
a plausible mechanism but also delivers valuable reference data for benchmarking Monte Carlo
Simualtions (MCs), thereby advancing the search for the underlying processes of UHDR. [67]
The final demonstration confirmed the feasibility of conducting biological experiments. The initial
results indicate that oxygen ion UHDR is iso-effective compared to SDR in terms of in vitro cell
killing and in vivo tumor growth delay. The modest survival benefits in the PDAC model observed
with oxygen ion irradiation may serve as a foundation for further preclinical experiments.
While definitive clinical conclusions await further biological and clinical studies, the technical and
physical basis has now been established. The subsequent pivotal stage is to undertake a thorough
investigation of the biological mechanisms – following Max Planck – to determine which patients
and tumor types might benefit from this modality in terms of enhanced therapeutic efficacy.

2The response to this question is more likely to be provided within the context of a biological rather than physical
thesis.
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high dose rate over a wide LET range.” [67] For inclusion in this thesis, the original files were
adapted through bycropping to accommodate the document layout. The scientific content remains
unaltered.
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Figure Captions 3 

 4 

Figure S 1: Depth dose curves for the 2DRM obtained with the beam parameters mentioned in Tabel 2 for the UHDR irradiations. 5 

The normalized depth dose is plotted against the depth in water. Due to the different energies of the primary particles the curves 6 

are shifted in depth, which is accounted for in the experiment by using different thicknesses of PMMA. 7 

Figure S 2: Fitted k values and their standard deviations for every particle type against their LETd values. The SDR values are 8 

marked with a diamond while the UHDR are represented by a cross. 9 
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E.2 Supplementary - 3rd Paper

Supplementary material corresponding to Sec. 6.3 “First in vitro and in vivo experiments with
ultra high-dose rate oxygen ion radiotherapy.” [207]
For inclusion in this thesis, the original files were adapted through by cropping to accommodate
the document layout. The scientific content remains unaltered.

Supplementary Material 

Irradia&on facility  
The Heidelberg Ion Beam Therapy Centre (HIT) currently facilitates research using four par<cle beams: 
protons, helium, carbon and oxygen ions. The laAer two are generated using a single electron cyclotron 
resonance ion source, with carbon dioxide (CO₂) as primary gas, yielding carbon ions  (¹²C₄+) or oxygen 
ions (¹⁶O₆+) [1]. AOer accelera<on in a synchrotron, the par<cles are extracted via a third-order 
resonant RF-knockout extrac<on system. The nozzle is equipped with a Beam Applica<on and 
Monitoring System (BAMS), which integrates various ioniza<on chambers and mul<-wire propor<onal 
chambers. These components serve the dual purpose of monitoring and recording the spill structure to 
facilitate the raster scanning. Addi<onally, a feedback loop enables precise intensity-controlled 
applica<on of raster-scanned pencil beams [2]. 

To achieve UHDR, specific synchrotron adapta<ons are required. These include tuning the extrac<on 
frequency closer to resonance and increasing sextupole magnet strength. Notably, these modifica<ons 
facilitate UHDR applica<on without compromising the func<onality of the raster scanning or intensity 
control system [3]. 

 

Film Evalua&on  
To guarantee that the various field sizes and spot spacings employed in the ac<ve pencil beam scanning 
irradia<on deliver a uniform dose to the samples, EBT3 Gafchromic Films (Ashland) were irradiated and 
scanned at a resolu<on of 1200 dpi. Horizontal and ver<cal line profiles through the center of the film 
were extracted with ImageJ. In Python, the profiles were normalized to the maximum greyscale value 
and smoothed with a Gaussian filter. From the central point of the profile, we iden<fied a region 
spanning 50 % of the total area under the curve. Within this central region, we calculated a flatness 
index (F): 

! = 100 ∗ &!"# − &!$%&!"# + &!$%
 

with Ymax and Ymin being the maximum and minimum normalized grey scale value in the central area. 
The profile was evaluated for one film per experiment and the profile with the largest F was displayed 
in Figure S1. As the index did not exceed 5 %, homogeneous irradia<on of the samples is ensured. The 
fields were u<lized exclusively for the evalua<on of field homogeneity, rather than for absolute 
dosimetry. 
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Figure S1: The film flatness graphs provide a representa9ve line profile of an irradiated film with the calculated flatness 
index (F).  
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applied by the total irradia9on 9me. The delivery 9me encompasses the interval between the ini9a9on of the first spill and 
the conclusion of the final spill, whereas the spill 9me represents the temporal dura9on of a single spill. The interspill 9me, 
on the other hand, denotes the interval between the end of one spill and the subsequent onset of the next. 
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