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ARTICLE INFO ABSTRACT
Keywords: At the Photo Injector Test facility at DESY in Zeuthen (PITZ), an R&D platform for electron FLASH and very high
FLASH and VHEE radiation therapy energy electron radiation therapy and radiation biology is being prepared (FLASH/«/@PITZ). The beam pa-

Ultra-high dose rate

Flexible electron accelerator
Online image guiding

Uniquely wide parameter range

rameters available at PITZ are worldwide unique. They are based on experiences from 20 + years of developing
high brightness beam sources and an ultra-intensive THz light source demonstrator for ps scale electron bunches
with up to 5 nC bunch charge at MHz repetition rate in bunch trains of up to 1 ms length, currently 22 MeV
(upgrade to 250 MeV planned). Individual bunches can provide peak dose rates up to 10'* Gy/s, and 10 Gy can
be delivered within picoseconds. Upon demand, each bunch of the bunch train can be guided to a different
transverse location, so that either a “painting” with micro beams (comparable to pencil beam scanning in proton
therapy) or a cumulative increase of absorbed dose, using a wide beam distribution, can be realized at the tumor.
Full tumor treatment can hence be completed within 1 ms, mitigating organ movement issues. With extremely
flexible beam manipulation capabilities, FLASH/ »/ @PITZ will cover the current parameter range of successfully
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demonstrated FLASH effects and extend the parameter range towards yet unexploited short treatment times and
high dose rates. A summary of the plans for FLASH/ »#@PITZ and the status of its realization will be presented.

1. Introduction

The classical approach of radiation therapy for cancer care relies
largely on the rationale that cancer cells are less efficient in repairing
DNA damages than normal cells — an effect that is also dependent on the
tumor microenvironment [1]. However, radiation can damage normal
tissue surrounding the treated tumor and radioresistance occurs [2-4]
that limits the applied treatment dose and causes cancer relapse,
respectively. The treatment of radiation-resistant and metastatic cancers
is nowadays a major challenge. Therefore, it is of critical importance to
widen the therapeutic window of radiation therapy, i.e. the differential
effect between tumor tissue and normal tissue response, to be able to
decrease side effects, while at least keeping tumor control. The novel
field of FLASH radiation therapy (FLASH RT) - radiation at ultra-high
dose rates (UHDR) with short treatment times that not only maintains
anticancer action of conventional radiation therapy, but also reduces
toxicities of normal surrounding tissue — is called the FLASH effect.
FLASH RT allows new treatment regimen and can shorten the overall
time for the optimum dose delivery by about several thousand times.
This ultimately offers not only comfort to the patient but also economic
advantages, reducing costs and curing more patients in the same amount
of time.

Pioneering investigations in the late 1960s to 1970s already showed
that UHDR radiation has a much smaller impact to normal tissue than
conventional irradiation schemata [5-7]. But conversely to the common
dogma, in 2014 Favaudon et al. showed that in addition to the strongly
reduced impact on normal tissue, UHDR radiation was able to eradicate
tumors in xenografted and orthotopic tumor-bearing mice [8]. The in-
crease of the mean dose rate from conventional (<0.03 Gy/s) to ultra-
high levels (40-60 Gy/s) reduced pulmonary fibrosis in mice. This
sparked a flurry of activity, and the FLASH effect was demonstrated in
several experimental animal models (mice, rat, zebrafish) and multiple
organs (lung, skin, gut, brain, bone) [9-20]. The FLASH effect was
demonstrated with electrons, protons and photons, but electrons were
used in most cases, as also in the effort described in this paper. There-
fore, electron FLASH RT is meant in the following if not stated other-
wise. In parallel, efforts were started to explain the mechanism of the
FLASH effect. A few reviews summarize the efforts so far [18,21-24],
but due to persisting lack of clarity on the fundamentals of the FLASH
effect the work on modeling and simulations is ongoing.

Overall one can state that detailed explanation of the observed ef-
fects, many crucial experiments and optimization of the FLASH RT for
different tumor types are still missing. To address the lack of experi-
mental data, dedicated efforts have started: for proton FLASH RT the
technical challenges were addressed by Jolly et al. [25].

Utilizing electrons, besides modified commercial accelerator systems
also research accelerators like for example CLEAR at CERN [26-28] and
ELBE at HZDR [17,29] have been used for UHDR and FLASH RT studies
in their specifically given parameter range. CLEAR can provide electron
beams of up to 220 MeV with bunch charges of up to 3 nC and in total 75
nC within 100 ns at 10 Hz repetition rate [26]. ELBE allows beam en-
ergies up to 40 MeV with bunch charges of up to ~0.25 nC at varying
repetition rates with a maximum average current of up to 1.6 mA [29].

In this paper we report about a collaborative effort, called
FLASH/ »/@PITZ. This has recently started under the leadership of
Deutsches Elektronen-Synchrotron (DESY) together with its local
collaborator Technical University of Applied Sciences Wildau (TH
Wildau) and several national and international partners to systemati-
cally study the conditions for FLASH RT. An electron FLASH RT R&D
beamline will be installed at the existing research accelerator Photo
Injector Test facility at DESY in Zeuthen (PITZ). This should allow
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gaining an in-depth understanding of the FLASH effect and optimizing
the FLASH treatment beam parameters for different types of tumors,
fully utilizing the capabilities of the PITZ facility. Currently electron
beam energies of up to 22 MeV can be provided with bunch charges up
to 5 nC and bunch train charges within 1 ms up to 5000 nC (upgrade by
factor 4.5 to be realized in 2023). These parameters for UHDR irradia-
tion allow to provide a worldwide uniquely wide parameter range for
studying the FLASH effect, see Sections 2.2-2.4.

The FLASH effect is defined in a living organism and has to be
demonstrated with animal experiments. Therefore, the planned work is
organized in four work packages which are not sequential but over-
lappingly address different goals that are interdependent: the first work
package is the preparation of biological experiments with beam dy-
namics simulation, dosimetry experiments and in silico predictions of
FLASH effects. The second and third work package are in vitro experi-
ments for preparing the subsequent in vivo studies, and the fourth work
package is a beam energy upgrade from currently 22 MeV to up to
250 MeV. This will allow to optimize the dose delivery for FLASH RT
treatment for different types of cancer, including deep-seated tumors.
The ultimate goal is the definition of optimum beam parameters for
clinical treatments of humans with very high energy electron (VHEE)
FLASH RT.

The paper is organized that in the following Section 2 the PITZ
infrastructure will be described, demonstrating the unique capabilities
of the accelerator towards opening a new window in FLASH RT. In
Section 3 a proposal to fully utilize the possibilities given and the
different work packages being followed will be described. This com-
prises the main work of in vitro and in vivo experiments plus preparatory
work for a possible facility extension towards higher beam energies. In
Section 4 first results towards realization of FLASH/~/@PITZ are
described.

2. Description of the PITZ infrastructure
2.1. Basic principle of the electron source

The Photo Injector Test facility at DESY in Zeuthen (PITZ) was built
for doing research and development on high brightness electron sources
that are needed for super-conducting linear accelerator (linac) driven,
high duty cycle, pulsed, short wavelength Free-Electron Lasers (FELs).
Examples for this are the user facilities FLASH, the XUV and soft X-ray
Free-Electron Laser Facility at DESY [30,31], and the European X-ray
Free-Electron Laser (European XFEL) [32,33], both operated by DESY in
Hamburg. For reaching the required beam quality, the electron bunches
are produced in a 1.6-cell photo cathode radio frequency (RF) gun
operated at a resonance frequency of 1.3 GHz with a high cathode
gradient of up to 60 MV/m. More details can be found in [34]. The
electrons then receive further acceleration by a booster cavity. Besides
these key components a large number of additional instrumentations is
available in the PITZ beamline for detailed control and diagnostics of the
electron beam, see Fig. 1. After optimization the PITZ photo injector was
able to demonstrate world leading beam quality in a wide range of
electron bunch charges from 0.02 to 2 nC [35]. Other key issues of the
photo injector are its stability and reliability [36]. As discussed in detail
in this reference, the PITZ accelerator has several feedback loops to
stabilize its water cooling system and RF power systems, resulting in
stable bunch charge production and corresponding dose delivery. Fig. 2
shows examples of bunch charge measurement statistics (left) and bunch
charge along a bunch train (right). Both measurements show relative
errors in the sub percent level; 0.65 % and 0.56 %, respectively. These
numbers already include noise from the electronic readout system. This
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demonstrates the current stability on bunch charge and together with
the available charge measurement devices, very good reproducibility of
bunch charge is given. Further improvement on the bunch charge sta-
bility is expected with the new photo cathode laser system which is
expected to be installed in 2023.

2.2. Unique time structure of the electron bunches

Since the PITZ electron source has to feed the super-conducting
linacs of the FEL user facilities FLASH, the XUV and soft X-ray Free-
Electron Laser Facility at DESY, and the European XFEL, it can offer a
worldwide unique time structure of the electron bunches that can be
generated. The RF pulses in the RF gun can have a length of up to
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1 ms and the repetition rate of these RF pulses currently can be
chosen to be between 1 and 10 Hz. The photo cathode laser systems
available at PITZ currently allow laser pulse repetition rates from
100kHz to 1 MHz so that within the maximum length of the RF
pulses of 1 ms currently up 1000 electron bunches can be produced
as a bunch train sequence (Fig. 3). With a laser upgrade to 4.5 MHz in
2023 even up to 4500 electron bunches will be possible within 1 ms.

2.3. Unique properties of the individual electron bunches
The number of electrons in each electron bunch (i.e. the bunch

charge) can be adjusted by changing the laser intensity hitting the photo
cathode. A lower bound on this parameter is only set by the capability of
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Fig. 1. Schematic and photograph of the PITZ accelerator. The upper part of the figure shows a schematic of the existing photo injector layout (split in two lines to be
better readable). GUN - electron source, LEDA - low energy dispersive arm, CDS — cut disk structure booster cavity, Plasma — test area for e.g. plasma acceleration,
HEDA1,2 - high energy dispersive arm 1 and 2, TDS - transverse deflecting structure, PST — phase space tomography section, EMSY — emittance measurement system.
The part framed in red is the new R&D beamline for FLASH RT and radiation biology that is subject of this paper. The lower part of the figure shows a photograph of
the RF gun section in tunnel 1. © 2022 Frank Stephan. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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detecting a clear signal of electrons above electronic noise. On the other
hand there exists an upper bound for high bunch charges due to the
space charge limit of photo emission. This is reached when the so-called
longitudinal space charge field of the already emitted electrons over-
compensates the accelerating RF field at the cathode so that no further
electrons can be emitted. Bunch charges over more than 5 orders of
magnitude, in the charge range between 0.03 pC and 6000 pC, have
been measured with the existing setup. The high tuneability on the
bunch charge allows an extremely flexible adjustment of the radiation
dose that is deposited by the individual electron bunches.

Experimental studies at PITZ have been able to demonstrate electron
bunch lengths from some hundred femtoseconds for low charges up to
30-40 ps for high charges. A bunch compressor recently installed will
allow a larger tuning range of the bunch length so that single bunch
lengths in the range from 0.1 to 60 ps can be produced, depending
on the bunch charge. For a fixed bunch charge, changing the bunch
length allows a flexible adjustment of the radiation dose rate while
keeping the deposited dose constant.

For its original application as a high brightness electron source for
short wavelength FELs, the PITZ photo injector has to deliver the best
possible beam quality. Especially the transverse emittance, a measure of
the product of transverse beam size and angular divergence of the
electron beam, has to be as small as possible. This capability was
demonstrated experimentally at PITZ [35] and is also beneficial for ra-
diation applications: The electron beam is very well controlled and
currently allows electron spot sizes from a few centimeters down to
about 100 pm, dependent on the single bunch charge and beam energy.
The large spot sizes allow full irradiation of a large tumor volume. The
small spot sizes can not only increase the local dose that is deposited in a
radiation volume but also allow generating narrow pencil beams. Such
pencil beams together with the PITZ capability of generating bunch
trains with currently up to 1000 bunches in 1 ms and a fast, pulsed
magnetic system deflecting the electron beam (called kicker for single
deflection or sweeper for ‘painting” an area) will allow scanning of up
to 1000 electron bunches over the radiation area within a total
treatment time of 1 ms! Such a short treatment time will make it
possible to neglect the organ motion during the radiation process
assuming that the tumor location is monitored online (see Section 4.1).
The beam spot size during this beam scanning can be either chosen such
that partially overlapping beam profiles cause a homogeneous dose
distribution, or spatially separated pencil beams hit the tumor area. In
all cases the bunches are expected to fulfill the FLASH RT conditions.
While the small spot size of this pencil beam scanning over the tumor
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Fig. 3. The pulsed time structure of the electron bunches currently available at
PITZ. The electron bunches at PITZ are produced in bunch trains, which can
have a length of up to 1ms. The bunches within these trains are currently
repeated with 100 kHz to 1 MHz so that the separation of neighboring bunches
is between 1 and 10 ps. The number of bunches in the bunch trains can be freely
chosen from 1 to 1000 bunches (for 1 MHz bunch repetition rate). These trains
of bunches can be repeated with 1-10Hz so that the separation between
neighboring bunch trains is between 0.1 and 1 s. Within the described limita-
tions the bunch pattern can be freely chosen by user needs. © 2022
Frank Stephan.

Table 1

List of some key operation parameters of PITZ for two (extreme) cases. The
bunch charge is the charge within a single electron bunch (i.e. within one RF
cycle) and can be freely chosen. The user can also choose if a single bunch or a
train of bunches is wanted. The RF pulses in which the single bunches or bunch
trains are accelerated can have a length of up to 1 ms and can be repeated with a
repetition rate between 1 and 10 Hz. The single bunch length is adjustable by
laser shaping, RF phasing and the bunch compressor. The doses and dose rates
are calculated per bunch (Dpune, and Dyunen), per bunch train (i.e. within 1 ms,
Dyain and Dyin) and per second ((D), average dose rate) depending on the pa-
rameters chosen in the upper lines of the table. For the dose and dose rate values
the energy deposition of a 20 MeV electron beam over 1 mm depth in water and
using a 1 mm? spot size was estimated.

Options @PITZ Low dose High dose case
case
Bunch charge [pC] 0.1 5 000
Individual bunches OR train Single bunch 1 ms train, (i.e.1000
bunches)
RF pulse rep. rate [Hz] 1 10
Bunch length [ps] <1 ~30
Dose (Dyunch) per bunch [Gy] 0.02 1000
Dose rate (Dpunen) per bunch [Gy/s]  >2E+10 4E+13
Dose (Dyin) per train (ms) [Gy] 0.02 1E+6
Dose rate (Dyiy) per train (ms) 20 1E+9
[Gy/s]
Dose per second ((D)) [Gy/s] 0.02 1E+7

T G

Within pulse train (100 pulses)
(2700+15) pC
slope=-0.044pC/us

Fig. 2. Bunch charge measurements statistics (left) and
bunch charge along a bunch train (right). Measurements
were conducted at a bunch charge level which can be
used for FLASH RT experiments at PITZ. The bunch
charge statistics on the left shows the histogram of 1000
measurements of the first bunch in the bunch train (blue
bars) and the distribution deconvoluted from the back-
ground noise (red curve). This resulted in a bunch charge
of 2599 + 17 pC. The charge along a pulse train with 100
pulses was 2700 + 15 pC with a slope of —0.044 pC/ps,
again with a statistic of 1000 measurements. Statistical
errors are given for the measurements, both showing
relative stability in the sub-% level. A new photo cathode
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60 80 100 system being installed in 2023 is expected to further

t, pus improve the bunch charge stability. © 2022 Frank Ste-

phan. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of
this article.)
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area will be broadened by multiple scattering of the beam electrons in
the vacuum exit window and in the tissue at low beam energy (the
current PITZ facility it is limited to ~22 MeV), it would reach its full
potential at high electron beam energies after an energy upgrade to
250 MeV at PITZ.

2.4. Unique R&D capabilities on radiation biology and FLASH RT at
PITZ

Table 1 lists two (extreme) cases of PITZ operation parameter choices
and shows the corresponding local doses and dose rates that can be
deposited in the tissue.

By varying the PITZ operation parameters like bunch charge, single
bunch or bunch train operation, single bunch repetition rate within the
train, RF pulse repetition rate or length of the individual bunch, an
extremely wide parameter range is accessible at PITZ. Fig. 4 shows this
wide parameter range as a function of two parameters: on the vertical
axis the time that is needed to deliver 10 Gy to a certain volume that has
to be irradiated (a common value for a dose delivery session) and on the
horizontal axis the dose rate during the delivery. On the horizontal axis
one has to distinguish between 3 different estimates: a) the bunch or
peak dose rate delivered within the individual electron bunches (Dyynch),
which is marked as red area, b) the average dose rate in the bunch train
when more than 1 bunch is used in the train (Dyqin), which is marked as
blue area, and c) the total dose delivered over one second ((D)), which is
marked as green area. The estimation in Fig. 4 again assumes the energy
deposition of a 20 MeV electron beam over 1 mm depth in water and
using a 1 mm? spot size, identical to the examples given in Table 1. The
time to deliver 10 Gy is defined by the bunch charge and the bunch
repetition rate. Since for this figure a single bunch repetition rate of
1 MHz was assumed, a gap in the time needed to deliver 10 Gy between
about 1 ps and 60 ps is visible. This stems from the fact that either 2
bunches with a separation of 1 ps are needed to deliver 10 Gy or the
10 Gy are provided by a single bunch, which is stretched in length. This
gap can be overcome e.g. by using a 1.3 GHz photo cathode laser system,
which can fill a low charge bunch in every RF cycle of the 1 ms RF pulse.
This option is also shown with the corresponding colors in the figure.
The two operational cases listed in Table 1 are marked with a green
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circle for the low dose case and with a red circle for the high dose case in
Fig. 4.

Also shown is published data for the conditions to obtain reproduc-
ible FLASH effects (fully filled markers in the center of the plot) and
conditions which could not show the FLASH effect (marked with crosses
in the plot), adapted from [14,37]. With this comparison one can clearly
see that the enormously wide parameter range accessible at PITZ not
only covers the recent state of the art of FLASH RT worldwide but also
offers to study and exploit yet unexplored high dose rates and short
delivery times. On the other hand, it additionally offers to emulate the
study of conventional radiation therapy at the same facility as marked
with a red star in the upper left part of the plot by using many low-
charged bunches. Having this wide parameter range available at a sin-
gle facility allows a direct comparison of optimized FLASH therapy re-
sults with conventional radiation therapy. Additionally, it should allow
reducing the systematic uncertainties in these comparisons in contrast to
having to compare experiments from different facilities.

3. Overview of the different R&D work packages of the
FLASH/ ~/ @PITZ project

In the first work package, the basic version of the beam delivery
system for FLASH RT radiation biology is designed, built and installed.
Beam dynamics and dosimetry experiments are performed using corre-
sponding detectors, phantoms and non-biological samples. Also, com-
puter simulations following the whole irradiation chain from dosimetry,
via in vitro and in vivo experiments with biological samples up to longer
term medical effects of the delivered radiation will start in this work
package and will continue and be refined over the entire project
duration.

In the second work package, the in vitro experiments will use thin
chemical and biological models like inorganic and organic molecules,
cells and tissues etc. This is done not only to understand the effects of
UHDR radiation on and interaction with inorganic, organic and living
matter, but also to reduce the subsequent number of in vivo experiments.

Once the above described preparatory work for performing in vivo
studies is completed, the third work package of the R&D program can
start. Since the leading conception defines the FLASH effect as a
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Fig. 4. The worldwide unique parameter space available at PITZ in comparison with state-of-the-art FLASH RT and conventional radiation therapy. The vertical axis
shows the time needed to deliver 10 Gy and the horizontal axis shows the dose rate for 3 different estimations: The red area shows the available bunch or peak dose
rates; the blue area shows the available average dose rates within the bunch trains and the green area shows the available dose rate averaged over a full second. The
color of individual dots represents the bunch charge that was assumed for the individual PITZ operation parameter set (see legend on the right). The two conditions
listed in Table 1 are marked with circles. The conditions to obtain reproducible FLASH effects are included as fully filled data points in the center of the plot and cases
which could not prove the FLASH effect are marked with crosses as summarized by [14,37]. A star is added to represent conventional radiation therapy in the upper
left corner. The PITZ parameter space available on the right side of and below the colored markers displayed in the center of the plot is yet unexplored and un-
exploited territory and gives potential for further improvement of FLASH RT in future. It must be noted that the colored areas show parameter combinations, which
can be obtained quite easily, but none of the colored areas are sharp edged, since the parameter range can also be extended beyond the colored areas. © 2022 Frank
Stephan. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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biological observation characterized in vivo, the combination of careful
selection of physical parameters and in vivo study are required to vali-
date the FLASH effect [38]. It requires studying the biological effects of
FLASH RT on small model organisms.

The fourth work package of the R&D program is dedicated to a beam
energy upgrade of the PITZ accelerator to about 250 MeV and aims for
the definition of optimum beam parameters for clinical treatment of
different types of tumors. Afterwards, radiation biology, very high en-
ergy electron (VHEE) therapy, and FLASH RT experiments can be per-
formed with thicker samples like e.g. body phantoms, biological tissue,
living biological samples. Fig. 5 shows a tentative schedule of the four
work packages described above.

3.1. Preparations for FLASH/ «# @PITZ: R&D beamline, dosimetry,
simulations

In 2021, the installation of beamline components to conduct FLASH
RT experiments at PITZ started. The FLASH RT beamline will start with a
dipole switchyard, branching this part off from the straight THz beam-
line which was commissioned in 2022 (see ‘Tunnel 2’ in the schematics
of Fig. 1). This has the big advantage that a lot of knowledge regarding
beam transport can be reused from the THz project. That is because both
beamlines work in a similar parameter space with high bunch charges
and long bunch trains and diagnostics and other hardware is shared for
most of the way. A first detailed design of the FLASH RT beamline will be
discussed in Section 4.2 (see Fig. 9 there). The beam will be transported
through an exit window to the experimental test area for the FLASH RT
studies which has a dimension of at least 2 m width, 6 m length, and 3 m
height.

To prepare for the radiation biology and FLASH RT experiments at
PITZ, the detailed beam parameters at the treatment area will be char-
acterized. These parameters include bunch charge, bunch length and
transverse bunch size, also along the bunch trains. Besides beam dy-
namics simulations, which guide the way to reach the wanted beam
parameters, different beam diagnostics devices will be used to measure
the obtained beam parameters at the experimental area.

The new beam parameter space that is accessible at PITZ will also
require a thorough characterization of the needed radiation dosimetry
devices. Challenges are the shortness of the irradiation pulses down to
the picosecond regime and the high particle density in the bunches (up
to 3 x 1010 electrons per bunch). To address this issue, a collaboration
with the PTB in Braunschweig and the UHDpulse Consortium was
established [39]. This collaboration aims for providing the metrological
tools needed to establish traceability in absorbed dose measurements of
UHDR particle beams. Within this collaboration, dosimetry experts will
contribute in the development of suitable methods and devices for the
yet unexplored beam conditions. Different existing dosimetry technol-
ogies will be tested at PITZ (see Section 4.5) also beyond their current
use range.

The in silico simulations and predictions are of high importance for
quick and reliable progress in radiation biology and the corresponding
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research and development. Starting from the prediction and reproduc-
tion of dosimetry experiments, via the preparation and interpretation of
in vitro and in vivo experiments with biological models they will also be
essential for the clinical translation of FLASH/ ~# @PITZ. Furthermore,
we hope that with better understanding of the FLASH effect with deci-
sive experimental data and including the primary findings in simulation
models that extensive in silico simulations will substantially contribute
to reduce animal experiments.

3.2. Studies of biological effects at FLASH/ «/ @PITZ

Investigations of biological effects of FLASH radiation are realized by
the work packages 2 and 3 that focus on in vitro and in vivo studies,
correspondingly, and will mainly run in parallel. The in vitro preparatory
step is dominant in the beginning, as long as in vivo studies of UDHR and
FLASH radiation effects are not yet possible. This is in order to provide
the required evidence for regulatory organization of animal studies. The
PITZ beam validation for FLASH effect is planned in vivo “as soon as
possible”. The continuous combination of in silico, in vitro and in vivo
studies will give us an opportunity to harmonize the running studies
based on accumulated experimental data.

The planned biological studies will investigate the FLASH radiation
effects with molecular, cellular, tissue, and whole-organism models
(Fig. 6). The general experimental workflow requires exposure to the
radiation, and evaluation of the follow-up changes in each model’s
structure and functionality. The studies will focus on simulations and
experimental characterizations, both quantitatively and qualitatively. E.
g. the FLASH effect will be studied for a fixed total deposited dose as a
function of the individual bunch length, the bunch train length and the
average dose per second. Other important experiments are to be per-
formed to confirm that the FLASH effect can be maintained or even
extended by applying scanning electron beams over a tumor volume.
The downstream chemical and biological responses to FLASH radiation
will be assessed in strict comparison to conventional radiation protocols
(with <5 Gy/min) in order to provide toxicological assessment and a
dose-response correlation to elucidate the therapeutic potential of the
PITZ electron beam.

Rooms and laboratories at TH Wildau as an animal facility for hus-
bandry, welfare and with diagnostics capabilities are planned close to
PITZ. In a neighboring building to the accelerator tunnel a small
welcome, storage and welfare facility will be set up for the animals
before/after irradiation and transport. The animal facility at TH Wildau
is planned to enable basic/common as well as high technological animal
research. Following the common practice worldwide, the animal facility
will support the in vivo evaluation of biological effects of FLASH radia-
tion to realize an important step of preclinical therapy development.

3.3. PITZ energy upgrade

Currently the beam energy at PITZ is limited to about 22 MeV, which
limits the reach of electrons in water to a few centimeters. This is

Year 6 Year 7 Year 8 Year 9

Define optimum
clinical beam
parameters for
curing different
types of tumor
in human body

in vitro studies
prep (cell-based)

in vivo studies
PEER (organism-based)

beam dynamics,

shutdown dosimetry

Fig. 5. Schematic time structure of the four work packages of the presented project. © 2022 Frank Stephan.
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sufficient to study radiation biology and FLASH RT for small subjects
like mice or close to the surface for thicker samples, e.g. skin cancer. But
cancer cells inside of larger patients like humans cannot be treated.
Therefore, an energy upgrade to enable VHEE radiotherapy [28,40] is
the next logical step. Another advantage of the beam energy upgrade,
which is at least as important, is that with high beam energy the radi-
ation distribution in the volume can be much better controlled. This
means that one would.

1. have a well-defined and homogeneous dose delivery over the entire
tumor tissue, especially when the tumor is in a depth from the surface
of more than 2-3 cm

. have a smaller and constant irradiation beam size over the entire
sample depth, and

. perform pencil beam scanning, especially for treating tumors beyond
1-2 cm from the surface (see last paragraph of Section 2.3).

To illustrate the benefit of increased beam energy, Fig. 7 shows the
energy deposition for the two cases of 22 and 250 MeV beam energy and
three different beam sizes. It is clear that the lower energy electron beam
undergoes significant multiple scattering, which widens the beam dis-
tribution quite quickly, and also the total reach (depth) is quite limited.
On the other hand, the high energy electron beam mainly keeps its size
and allows a much more homogeneous dose delivery over the entire
irradiation volume. By extending the water volume in the beam direc-
tion, it was shown that the treatment range can be extended by a factor 5
with respect to the 22 MeV case, so that up to 30 cm in depth could be

Energy deposition [Gy] with 22 MeV beam
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-

Fig. 6. Overview of the planned studies on chemical
and biological effects of FLASH radiation at
FLASH/ »#@PITZ: The effects of FLASH radiation
should be modelled and evaluated in comparison with
the radiation delivered at conventional dose rate.
Target models to be studied include molecules,
phantoms, cells, tissues and whole organisms. The
decisive evaluation of the FLASH effect has to be done
with in vivo models as soon as possible. In silico sim-
ulations are integrated into the project to simulate
and predict physical, chemical, and biological effects
of the FLASH beam and predict treatment responses.
Biological effects of radiation are to be evaluated in

in silico vitro and in vivo on the structure and functionality of
in vitro the studied biological models. © 2022 Frank Stephan.
in vivo

handled, a depth sufficient for treating humans.

The beam energy upgrade at PITZ is planned to be realized by using a
super-conducting cryomodule with eight super-conducting European-
XFEL-like cavities. They together should provide an energy gain of about
240 MeV with an RF pulse length such that 1 ms long bunch trains with
up to 5 nC charge per bunch can be accelerated. This option maintains
the full flexibility in the choice of the beam parameters, which PITZ can
produce. This is essential for optimizing the beam parameters to maxi-
mize the therapeutic window for different kinds of tumors in a human
body.

4. Preparations for realization

4.1. X-ray fluorescence imaging (XFI) as novel method for image-guiding
in FLASH therapy

Due to the high flexibility and unique pulse train structure at PITZ,
XFI based image guiding together with FLASH RT could potentially be
combined so that diagnostics and treatment could be realized within
1 ms. Due to the high relevance of this approach to further reduce the
irradiation of healthy tissue, the preparatory studies for this concept are
already started in an early stage of the project realization.

XFI allows the detection and tracking of medical agents such as drug
compounds, nanoparticles for drug delivery, immune or tumor cells, as
well as other entities, if those are labelled with markers which emit
fluorescence photons upon excitation with a pencil beam, e.g., brilliant
X-rays from a synchrotron. As the spatial resolution of the modality

0.00001

60

Fig. 7. Energy deposition in Gray for 1 bunch with a charge of 100 pC and a beam energy of 22 MeV (left) and 250 MeV (right) for 3 different beam sizes in water.
The simulation shows the energy deposition when integrating over a water slice thickness of 1 mm. The initial transverse beam distribution was assumed to be
Gaussian and the sigma of the distribution was chosen for the 3 cases: 0.1 mm (upper line), 1 mm (middle line) and 3 mm (lower line). The simulations are shown for

the first 6 cm of the water volume. © 2022 Frank Stephan.
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Fig. 8. X-ray fluorescence imaging full-body (a) and fine scan of the thyroid region (b) of a mouse. The left map depicts the number of Compton-scattered photons for
each scan position. As seen, the only visible iodine concentration is the natural one found in the thyroid with the local iodine mass in the beam volume as retrieved
from data analysis (each pixel of the fine scan covers an area of 0.25 mm? and shows the amount of iodine Ky fluorescence photons) [41].

solely depends on the applied beam diameter, structures smaller than
1 mm can be detected, as demonstrated in [41,42] and shown in Fig. 8,
where the endogenous iodine content of a murine thyroid was deter-
mined with a spatial resolution of only 0.25mm? In this case, no
additional marker was needed since iodine already is an XFI-visible
element which can also be used as marker for entities of interest.

Besides the substantially higher detection sensitivity than X-ray ab-
sorption imaging, XFI has the additional advantage that it can be applied
over arbitrarily long time windows as the used markers do not decay
over time like radiotracers used in PET or SPECT imaging. Furthermore,
XFI offers multi-tracking, i.e., the simultaneous tracking of different
entities like for example various types of immune cells which contribute
to immune-mediated diseases. Moreover, the high sensitivity of XFI al-
lows the detection of very low numbers of quantities, e.g., only a few
hundred tumor cells labelled with functionalized nanoparticles, as
demonstrated in [43].

So far, X-rays are used for the excitation of the fluorescence photons
[41-46], however, also low intensity electron beams can be applied as
incident radiation. This use of electron beams allows an online locali-
zation of a labelled tumor, e.g., with functionalized gold nanoparticles,
before the immediate treatment of tumorous tissue with a high intensity
electron beam. It has been shown in [44] that functionalized gold
nanoparticles specifically bind to dedicated target regions and that XFI is
capable of localizing them, thus, offering the potential to combine di-
agnostics and therapy.

With the setup described in Section 2, the first part of a bunch train
with low charge can be used to excite fluorescence in the targeted tumor
to allow precise localization, as given by the applied scanning pencil
beam diameter. A subsequent second part of the bunch train with much
higher charge can then be used to apply ultra-high dose rate, short
treatment time (FLASH RT). The whole procedure, e.g., the exact tumor

wall
Tunnel 1 Tunnel 2

N

localization as well as its treatment, can hence be done within 1 ms, a
time scale at which organ motion such as breathing does not play a role
any more. Moreover, this exact localization allows the restriction of the
treatment volume to the tumorous tissue only, while surrounding
healthy tissue is spared.

4.2. Beamline design

To fully employ the 22 MeV beam for studying FLASH RT, a dedi-
cated beamline has been designed in order to send electron beams with
varying bunch charge and length to the experimental station. The new
beamline will be installed in PITZ tunnel 2 (see upper part of Fig. 1). This
part of the PITZ beamline is shown in more detail in Fig. 9: the
FLASH/ »# @PITZ beamline will be in parallel to the THz FEL beamline,
first translated by a dogleg, then captured and focused down to the exit
window (see Section 4.4) by two quadrupole triplets. A transverse
deflecting system (TDS) could be used to measure the longitudinal
bunch profile; the sweeper will kick the beam transversely for tumor
painting studies; a short solenoid after the exit window is under
consideration for imaging the electron beam to the sample.

The dogleg consists of two dipole magnets which deflect the beam
horizontally in opposite directions and two pair of quadrupole magnets.
By properly tuning the strengths of the quadrupoles the dogleg is made
achromatic (i.e. vanishing horizontal dispersion functions: , = 0,1, =
0), thus preserving the quality of the beam from the photoinjector. The
transfer matrix of the dogleg has a nonzero longitudinal dispersion Rse
(0.11 m here), allowing to manipulate the bunch length by tuning the
longitudinal phase space with the booster accelerator phase. A pair of
sextupole magnets is also being considered to minimize higher order
effects. Following the dogleg is a quadrupole triplet that captures the
electron beam before it is focused with another quadrupole triplet down
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Fig. 9. The layout of the FLASH/ »/@PITZ beamline. The FLASH/ ~/# @PITZ beamline (upper beamline) will be in parallel to the THz FEL beamline (lower beamline),
translated there by a dogleg, which consists of dipole magnets for bending, quadrupole magnets for focusing and possibly sextupole magnets to minimize higher order
effects. The following 4.3 m long beamline contains a transverse deflecting system (TDS) to measure longitudinal bunch profiles, and a sweeper for transverse beam

kicking; the beam is captured from the dogleg and focused down to the exit window by two quadrupole triplets. Subsequently the experimental area for the R&D on
FLASH RT is located. © 2022 Frank Stephan.
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Fig. 10. Transport of a 1 nC bunch along the FLASH/ ~/@PITZ beamline. The left side of the figure shows the development of the beam size along the PITZ beamline
for a tightly focused beam at the exit window. The right side shows the beam profile for a different beam transport with a larger spot size at a location 2 cm

downstream of the exit window. © 2022 Frank Stephan.

to the exit window, while optionally being kicked transversely by the
sweeper (see Section 4.3).

Start-to-end simulations from the photocathode to the exit window
have been performed with typical bunch charges. Fig. 10 shows the
results for a 1 nC bunch charge. Four upstream quadrupoles in the
existing PITZ beamline were optimized to match the electron beam into
the dogleg, then the FLASH/~/@PITZ beamline successfully delivers
the beam to the exit window. In Fig. 10 (left side) one sees that a small
beam (~0.2 mm rms transverse size) can be generated and transported,
e.g. to do pencil beam scanning. By choosing different transport pa-
rameters, larger spot sizes can be generated to irradiate the full tumor in
one shot. Fig. 10 (right side) shows an example with a ~2.4 mm rms
transverse size 2cm downstream of the exit window which could
correspond to the sample position. The simulations were performed with
the software suites ASTRA [47], Ocelot [48] and Geant4 [49].

The scattering effects in the exit window can cause significant
transverse divergence of the 22 MeV electron beam, making its size blow
up during the drift in air. In order to minimize this effect, an imaging
system with magnets and a total length of 5 cm (as shown in Fig. 9) is
being investigated to image the focused beam at the window to the
surface of the irradiated samples. Another option to minimize the win-
dow scattering effect will be putting the samples as close as possible to
the window. Both options are under further studies.

4.3. Bunch distribution with fast kicker systems

To irradiate extended samples with ultra-high dose rates, a system of
fast deflector (“kicker” — also called “sweeper”) magnets will be
employed. The requirements on the system are the distribution of up to
4500 bunches in a train of 1 ms duration, which already includes the
photo cathode laser system update in 2023. The transverse distribution
of the pencil beams will be flexible over a maximum area of currently

Inductive kicker

Bunches from
PITZ -

625 mm? (see also Fig. 11, top right). Especially the flexible variation of
the deflection strength between bunches in multiple steps at a bunch
separation of <1 ps is challenging and we are not aware of an existing
system which fulfills these requirements. Therefore, the kicker system
will be implemented in three steps, following the progress of the
necessary research and development of the final system.

4.3.1. Conventional, one-dimensional distribution of flat beams

At first instance, an available, inductive kicker magnet design [50]
with the corresponding driving electronics will be implemented. The
magnet consists of a flat copper conductor laid in a single loop around a
ceramics chamber. Pulsed currents are provided by a power amplifier,
which allows to amplify arbitrary input current signals to a maximum
of £100 A on a time scale of 10 ps. Hence, time gaps in the electron
bunch trains have to be foreseen in case the next current level cannot be
reached stably within one nominal bunch separation time. A sketch of
this system with an exemplary input current is shown in Fig. 11 (current
curve in lower right corner). In this first phase, only one kicker will be
installed to distribute bunches in one direction. Bunches will be defo-
cused in the static plane to irradiate samples which extend in both
transverse planes.

4.3.2. Fast bunch distribution

To allow for distribution of bunches at up to 4.5 MHz bunch repeti-
tion rate, a new kicker system is being developed. Kicker systems with
even shorter bunch-to-bunch separations are being developed already at
DESY [51], whereas the challenge will be to provide a fully flexible pulse
amplitude and polarity on such short timescales. A collaboration with
the Institute for Pulsed Power and Microwave Technology (IHM) of the
Karlsruhe Institute of Technology (KIT) has been established for this
development.

A first prototype will be added to the inductive kicker system
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Fig. 11. Sketch of FLASH/ »/@PITZ initial bunch distribution system. Inset graph shows an exemplary current waveform of the driver electronics of the kicker

magnet. © 2022 Gregor Loisch.
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described above to enable distribution of a bunch train of at least 25
bunches in both transverse planes with some constraints on e.g. mini-
mum bunch separation.

4.3.3. Fully flexible distribution of high energy, long bunch trains

In its final implementation, the beam distribution system will consist
of two of the fast bunch deflector systems described above, capable of
flexibly distributing the full train of 4500 bunches at a beam energy of
up to 250 MeV over a sample area of 25 mm by 25 mm (see also Fig. 11).

4.4. Considerations on an exit window

The electrons used for irradiating biological samples must leave the
beam line vacuum through an exit window. Although having to with-
stand static atmosphere pressure, its thickness should be small in terms
of radiation length to minimize scattering. On the other hand, the

Table 2
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window must withstand the short thermomechanical impact as a
consequence of the related energy loss of the incoming bunch trains.
This is most severe for tightly focused, long bunch trains of high charge
electron bunches.

Thus, the window has to fulfil the following criteria, sorted according
to their relevance:

1. Scattering effect as small as possible.

2. Allowed beam spot size due to pulsed load by one bunch train as
small as possible.

3. Tolerable average load by repeating bunch trains as large as possible
(calculation of quasi-equilibrium temperature).

The goal is to identify the optimal window for the specific needs of
our application.

Comparison of window materials. The summarized results are based on simplified analytical formulae. The scattering angle is derived by the Moliere approximation
[52]. In pulsed beam applications, every passage of a bunch train causes a sudden temperature rise ATj,s, which creates mechanical stress. A simple model [53]
transfers the endurance limit of the material into the allowed tolerable instantaneous temperature jump tol(ATj,s). From this the minimum allowed Gaussian beam
Spot size Gy is gained by the materials stopping power and its specific heat capacity. The quasi equilibrium temperature rise AT.q around which the temperature
jumps oscillate, assumes a non-pulsed beam of the same average current as the pulsed one has. Only radial heat conduction between the axis of the Gaussian heat source

and a heat sink at the outer radius is considered.

Parameter Unit CFC | Kapton® | Be | Al Ti
. 1dE . cm?
Stopping power (55)  [54] MeVoem il 182 | 172 | 163|171 159
P @z/50n g
Material density p [g/cm?] 1.6 1.42 1.85 | 2.7 4.54
Tensile strength oo, [MPa] 130 120 | 300 | 110 | 350
Endurance limit o, [MPa] 110 70 240 | 40 200
Minimal window thickness t;to withstand . | 0.27 | 0.44 .
[mm] 0.41 0.43" . . 0.25"
1 bar pressure difference ) )
Window thickness t, as for envisaged
. [mm)] 0.51 0.05
window
Calculated scattering angle 8,,(22MeV t:: ty:
gangle O ) | fmrad) |21 | st | | Y | w1
12" | 35°
Tolerable instantaneous temperature j
¢ l(ATl )/ tol ol nerg densit o /g | I el Rl Il
o A olerable energy densi =
tnst BEESEY g |/3a0] 200 | 70 | 14 | 79
tol (ﬂ)
Am
Minimal allowed beam spot size [mm] 0.7 0.8 14 | 31 13
Omin (SUC)
Thermal diffusion length A(1ms) [mm] 0.16 0.1 0.3 | 0.28 | 0.083
Quasi equilibrium temperature drop (K] 220 330 31 25 760
ATeq(Gmin, SUC, 10HZ)
170% of estimation since C is brittle, ? assumed, no data available
‘) overestimated thickness due to simplified calculation
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4.4.1. Material comparison

In order to motivate the selection of the intended window type, a
rough comparison of materials, which are commonly used in this type of
application, was conducted. We take metals (Be, Al and Ti), a polyimide
plastic like Kapton® and a very advanced composite, namely carbon
fiber reinforced carbon (CFC - one side coated with pyrolytic graphite
for leak-tightness). Table 2 shows the results for a @ = 34 mm window
and 1 ms trains, repeating with 10 Hz and containing 5000 bunches of 1
nC each. They are scalable with the applied beam parameters.

Referring to the above criteria, material ranking is indicated by
coloring the corresponding rows from green (well suited) to red (bad
choice). Although Be is a wonderful candidate in every respect, it will be
out of discussion due its hazard properties. In terms of minimum scat-
tering and pulsed beam capability Ti, Kapton and CFC are top of the list.
While the 50 um thin Ti-sheet creates less scattering, the CFC has better
cyclic strength capability and thus allows smaller beam spots. Kapton
behaves in between of both. Al has a low endurance limit and the
allowed beam spot must be large to avoid a window failure. In high
repeating pulse mode, when the energy deposition of subsequent bunch
trains adds significantly, thermal conduction is decisive for the ranking.
That is why the CFC type is clearly the best choice if all three criteria are
of relevance.

FLASH/ «»# @PITZ uses single bunch trains with a very low repetition.
Thus, only the first two criteria are of importance and Ti is a good
window material. A 50 um thick Ti-foil assembled in a commercially
available DN40 flange set is already in use in another facility at DESY
and therefore intended to be used here as well. Kapton can serve as a
future option.

For PITZ like beams with 10 Hz repetition rate, the CFC window is of
course very attractive in all aspects, but challenging in production. A full
metal version with brazing technology was not successful. But a leak
tight solution exists, where the CFC disc is glued into the surrounding
vacuum pipe. Beam tests with this window are planned at PITZ to
determine its limits, especially tol(AQ/Am) experimentally. If the results
are still promising like in Table 2, other radiation hard assemblies than
brazing might be investigated. The glued version suffers from limited
lifetime due to radiation damage of the epoxy compound, which is ex-
pected after passage of about 3.107 bunch trains with 5000 nC each. At
10 Hz this corresponds to a continuous operation time of about 800 h.

The energy upgrade to 250 MeV will not affect the selection of
window material, since the thermomechanical impact for thin materials
does not depend on the beam energy in this range, while the scattering is
reduced by an order of magnitude.

4.4.2. Monte Carlo simulation results

To support the analytical results the FLUKA Monte Carlo code
[55,56] was used to calculate the energy deposition map in the exit
window and the electron beam parameters behind it for two windows
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which will be used for first experiments at PITZ: the first is a 50 pm thick
titanium window, the second one is based on graphite. It consists of a
500 um CFC carrier material (1.5 g/cm3), that is coated on one side with
a 10 um thick layer of pyrolytic graphite (PyC, 2 g/cm®). A Gaussian fit
on the scattering profile of 22 MeV electrons exiting these windows
delivers a rms value of 17.3 mrad (titanium window) and 19.6 mrad
(graphite window) and agrees fairly well with calculated results which
are shown in Table 1.

The interaction of an electron bunch with the window generates
energy losses, which transform into a thermal energy load on the win-
dow. Fig. 12 shows the heat density as deposited by a single 1 nC bunch
in a titanium or graphite window as a function of the radial distance
from the beam center. According to beam dynamics simulations (see
Section 4.2) a round bunch with a minimum beam size of 6 = 0.2 mm
can be expected at the window. Such a bunch induces a heat density
profile in the window with a peak value of gmayx = 2.41 J/cm® (0.53 J/g)
for titanium and gpex = 0.91 J/cm® (0.61 J/g) for graphite. Calculations
give 0.64 J/g for titanium and 0.73 J/g for the graphite window.

4.5. Dosimetry

4.5.1. Monte Carlo simulation results

A Monte Carlo study of scenarios expected for FLASH#/ @PITZ ex-
periments was performed using the Geant4 toolkit [49] with a PITZ-like
mono-energetic electron beam of 22MeV. The depth doses within a
water phantom were simulated for a range of beam sizes as shown in
Fig. 13.

The electron beam dose distribution inside the phantom decreases
exponentially behind an initial dose peak at a depth Zp,ax below 10 mm
(Fig. 13 left). The parameter Z,,x and thereby the beam penetration can
be tuned slightly by adjusting beam size and energy. Another important
parameter used to estimate the beam penetration is the R5¢ depth cor-
responding to 50 % of the maximal dose in the depth dose curve (Fig. 13
right). Rsp is linearly depending on the beam size with values between
10 mm and 30 mm for the simulated range.

4.5.2. Detector needs

In the subsequent experiments the dose distributions need to be
characterized. With an average dose rate of up to ~ 10’ Gy/s and peak
dose rates per bunch of up to ~10'* Gy/s (Fig. 4) the dosimetry is a
major challenge. There is no detector yet known that provides reliable
measurements and linearity up to such high dose rates. So far only the
passive detectors alanine and radiochromic films have been tested up to
a limit of 10'° Gy/s. Other common detectors for dosimetry are ioni-
zation chambers, silicon and diamond solid-state detectors, and plastic
scintillators [57-59].

Each detection method has different limits at which saturation oc-
curs. Ionization chambers can only be used up to a few hundred Gy/s
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Fig. 12. The deposited heat density by a single 1 nC bunch in the 50 ym thick titanium (left) and the 510 um thick graphite (right) window for different beam spot
sizes, as a function of the radial distance from the beam center. The curves correspond to a beam spot size ¢ of 0.1 mm, 0.2 mm, 0.5 mm and 1 mm. For a bunch with
6 =0.2mm the maximum temperature rise of AT = gmax/(pc) on the axis is 0.96 K for titanium and 0.85K for graphite. © 2022 Frank Stephan.

184



F. Stephan et al.

Physica Medica 104 (2022) 174-187

— 0,,=0.5mm
— 6, =1.0mm
6,,=1.5mm
— 0,=2.0 mm
— G, =2.5mm
0,,=3.0 mm

o

=)

Normalized dose [Gy/primary electron]
o

50 e e e
= R,

—— (86%03) o +(6.7%0.6)

Ry, [mm]

30 40 50

o

Depth [mm]

). S S S S S U S A
25 3
Beam size ("xy) [mm]

Fig. 13. Calculation of the dosimetric properties of a 22 MeV mono-energetic electron beam: Depth dose curves at the beam axis for different Gaussian beam sizes oy,
at the surface of a water phantom with dimensions 61 x 61 x 60 mm® (left); Rsp variation in terms of the beam size o,y (right). © 2022 Frank Stephan.

[60,61]. The parallel plate ionization chamber PPCO5 from IBA
Dosimetry [60] will be used at PITZ for calibration and as a reference for
other detectors. Gafchromic EBT-XD films [62] are chemical dosimeters
and their linearity at the ultra-high dose rates available at PITZ will be
investigated. Alanine is planned to be used for cross dosimetry. Other
potential candidates for investigation could be pyroelectric and graphite
calorimeters [63-65], modified ionization chambers, Cherenkov de-
tectors, fluorescence detectors and magnetic inductive coils [66-68].

Efforts are underway to make ionization chambers and other
commercially available detectors work at FLASH dose rates. For
FLASH/ »# @PITZ, radiation hardness is a major challenge. Although the
total dose of a treatment will not exceed 100 Gy, the facility and the
dosimetry detectors may be exposed to a much higher dose, even in the
order of MGy. Furthermore, a very high readout speed is one way to cope
with the high dose rates and prevent the detector from saturating. De-
tectors from particle physics experiments such as silicon pixel sensors
are especially designed for both, radiation hardness and high readout
speed. Therefore, they seem to be potential candidates to be tested at
PITZ.

Different kinds of silicon particle physics detectors will be tested, all
of them with a different sort of optimization: The MALTA sensor [69]
combines fast readout and a very high radiation hardness with an
adjustable readout threshold, which could solve the problem of satura-
tion at high dose rates. The DECAL sensor [70] is more specialized for
calorimetry and may be better suited for dosimetry. The Timepix sensor
which is a hybrid pixel detector for particle tracking [71] has a focus on
an even higher timing precision. It is planned to do measurements with a
customized Timepix3 in cooperation with the company Advacam [72].

The requirements for time resolution are high: at PITZ a bunch with
maximum charge (5 nC) is approx. 30 ps long. In this time a detector
1 cmz, 3 cm in water) will be hit by an avalanche of up to 5.5%1010
primary and secondary particles. The time resolution required to resolve
individual bunches at PITZ will push even these detectors from particle
physics to their limits. Fortunately, the future development in particle
physics is focused on even better time resolution. Low Gain Avalanche
Detectors (LGADs) are being developed to achieve a time resolution of
10-30 ps [73-75]. These sensors are being incorporated in test beams at
DESY, and are a possible upgrade path for PITZ.

5. Summary

Here we described the FLASH/ ~# @PITZ platform, which is planned
to be realized at the PITZ facility over the next several years. The
extremely wide parameter range accessible at PITZ together with its full
flexibility and tight beam control capabilities will give worldwide
unique opportunities to push forward the understanding, optimization
and application of FLASH RT. To summarize the unique capabilities of
the electron bunches and their time structure, PITZ will allow a new
approach to FLASH RT with
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e an individual bunch charge tunable over more than 5 orders of
magnitude to the wanted local radiation dose and dose rate,

a bunch length adjustable over about a factor 10 for fixed bunch
charge to tune the wanted instantaneous dose rate for fixed dose per
bunch,

a beam size adjustable to match the tumor size or for scanning the
tumor area with pencil beams allowing local dose variation,

a bunch repetition rate and bunch train length tunable over 3 orders
of magnitude to adjust the local dose and the average dose rate,

a bunch train repetition rate adjustable between 1 and 10 Hz to tune
the local dose and the average dose rate by another factor 10.

Besides simulations also experimental activities have already started
as preparation of the upcoming experiments. A radiation biology
beamline is in the process of being added to the PITZ accelerator,
including an optimized electron beam transport, a beam exit window,
specialized radiation detection and novel diagnostic techniques.

The final goal of FLASH/ »/@PITZ is to define the optimum beam
parameters and treatment modalities in order to maximize the thera-
peutic window for the safe treatment of different kinds of tumors, in
their specific surroundings and at human scale. This means that new
cancer radiation therapy treatment modalities are developed which
mitigate the risk of harmful side effects and allow cancer treatment
strategies with higher efficacy and efficiency.
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