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Abstract

The design of an accelerator facility capable of delivering FLASH radiotherapy to large, deep-seated
tumours is presented. The facility, called DEFT (Deep Electron Flash Therapy), produces 140 MeV
electrons so is capable of treating tumours located at depths up to 25 cm. It is capable of delivering
sufficient electron intensity to treat tumours up to 20 cm in diameter, in less than 0.1 s with doses up
to 20 to 30 Gy. The full facility, including electron source, accelerator and beam delivery system are
described along with extensive performance simulations.
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Chapter 1

Introduction

Radiation therapy (RT) is one of the main methods used in treating cancer, together with surgery,
chemotherapy and immunotherapy. The workhorse of modern external beam RT is MV photo beam
therapy. In addition, there is particle-based therapy, which includes protons, light ions, and low energy
electrons. All of these treatment modalities must confront the con�icting requirement of sparing the
healthy tissues that surround the tumour while maximizing the effectiveness in tumour control. This
requirement has pushed RT technologies toward fractionated dose administration together with highly
conformal dose delivery systems.

While such modern high-precision RT treatments can provide acceptable clinical outcomes with
limited side effects for many patients, there is still a clinical care gap and a resulting clinical need for
numerous cancer patients. For such cases, hope is being generated by the observation that doses de-
livered at ultra-high dose rates (UHDR, average dose rate&50 Gy/s) can produce a sparing effect on
healthy tissues while maintaining the effectiveness on tumour cells compared with irradiations delivered
at conventional dose rates (average dose rate� 0.05 Gy/s) [1, 2]. This increase of the therapeutic index
by the ultra-fast dose delivery, commonly referred to as “FLASH effect”, was initially observed in the
1970s, �rst proposed in 2014 and has since then been independently con�rmed in numerous studies using
different radiation modalities and preclinical models.

These initial investigations have all used low energy electrons, which limits applicability to near-
surface treatment. In order to extend FLASH therapy to large, deep-seated tumours in humans, Very
High Energy Electrons, roughly de�ned as having energies above 100 MV/m, are a natural choice since
they penetrate deep enough into the body and intense enough electron beams can now be produced in
relatively compact accelerator complexes. In particular, the use of high-gradient RF technology devel-
oped at CERN for the realization of the high-energy linear collider CLIC appeared to be the logical
choice for designing a compact FLASH-RT device capable of producing penetrating very high-energy
electron (VHEE, 100–250 MeV) beams at UHDR to treat deep-seated tumours. In addition, supporting
experiments are being carried out at the CERN facility CLEAR in relation to the creation and detection
of UHDR and to the characterization of the FLASH effect.

A comprehensive design of an accelerator complex optimized for delivering FLASH radiation
therapy has been carried out by a team at CERN. This report describes the Deep Electron Flash Therapy
(DEFT) accelerator complex.

The DEFT beam facility consists of an injector, a linac and a beam delivery system (BDS). The
objectives that drive the design of the beam facility are the need to provide an electron beam, with
an energy of 140 MeV, in a compact facility, with a high delivered total charge, of the order of a few
micro-Coulombs, over a large and well-controlled �eld that meets clinical requirements, with a di-
ameter of at least 20 cm, within FLASH timescales. These objectives can be achieved in a novel and
high-performance DEFT facility in part by adopting high-gradient linac technology developed in the
framework of the CLIC project [3]. CLIC targets TeV-range electron-positron collisions and requires a
collider several kilometres long, which is clearly at a far larger scale than a FLASH facility but shares
with FLASH the requirements for high accelerating gradients, high instantaneous beam current and well-
controlled beam characteristics. The CLIC project has invested signi�cant resources over the past two
decades in developing high-gradient and high-current linac technologies and has successfully carried out
extensive testing of prototype systems and components. The CLIC project has also developed an exten-
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sive beam dynamics simulation capability, which has been benchmarked against experiments carried out
at numerous laboratories. Much of this technology and simulation capability is directly applicable to a
FLASH facility, and a highly compelling design of a FLASH accelerator has been produced. Accelerator
parameter choices for this FLASH accelerator are largely supported by experimental results or extensive
studies within the CLIC project and the larger electron linac community.

This chapter describes the basic features of the beam facility, its underlying motivations, and its
connection to developments in the CLIC study. A baseline design has been elaborated, for which all key
elements have been speci�ed, and a consistent set of simulations has been carried out.

The linac consists of X-band, 12 GHz, accelerating structures operating at an accelerating gradient
of 30 MV/m. A high accelerating gradient is important to minimize the size of the facility. Gradient of
30 MV/m is high compared to the typical 15 MV/m range of most current electron linacs, but is quite
conservative compared to the 100 MV/m achieved in CLIC prototypes. A higher gradient requires more
RF power from the klystron and modulator systems, which will be described below, and thus increases
their cost, but results in a shorter linac and smaller facility and which lower bunker and building costs.
The optimized total cost has a broad minimum around 30 MV/m.

The operating frequency of 12 GHz is the same as the main linac of CLIC and is thus a natural
choice for this facility. The relatively high frequency (most electron linacs operate at 3 GHz) has the
advantage that the stored energy needed to establish a speci�c gradient is lower, thus lowering the RF
power system cost. Higher frequencies, however, require tighter mechanical tolerances in components;
consequently, until now, the use of X-band has been limited. The CLIC project has been instrumental in
driving the development of X-band technology and its commercialization, and is at the centre of an in-
ternational collaboration developing and adopting the technology. The collaboration includes a steadily
increasing number of advanced accelerator projects, including CompactLight (a free electron laser) [4],
Smart*Light (an Inverse Compton Scattering X-ray source), POLARIX (short-bunch diagnostic)[5], in
addition to CLIC and FLASH-eRT. The CLIC and other projects worldwide have now received over
twenty X-band klystrons from commercial suppliers, so the commercialization of X-band is well under-
way.

The focus at CERN in developing high-gradient X-band systems over the past few years has been
building and operating four klystron-driven X-band test stands, known as the XBoxes. The XBoxes
have been built to operate and validate all the major RF parts of an X-band linac, including RF power
sources, pulse compressors, waveguide systems and accelerating structures. The test stands are also
used to study the fundamental performance limitations and to develop optimized operational algorithms.
Together, the XBoxes have been operated for over 50 000 hours. The XBoxes are quite similar in layout
and composition to the linac units, which are foreseen for DEFT and provide the basis for estimations of
performance and cost.

The linac for DEFT consists of eight 0.6 m long accelerating structures which are driven by two
klystron/modulator units and an RF pulse compressor. The beam gains energy in the accelerating struc-
tures through the synchronization of the electromagnetic (RF) wave travelling through the structures and
the subsequent conversion of electromagnetic energy into increased kinetic energy of the beam. There
are also important interactions of the beam with the accelerating structure that can lead to beam instabil-
ities and loss of beam quality. The beam parameters and accelerating design and optimization process
are highly complex and determine, to a large extent, the overall performance achievable in the facility.
Signi�cant resources in the CLIC study have been dedicated to the development of design tools and ex-
perimental validation of this subject. To highlight one aspect, the objective to treat large tumours requires
accelerating a high total charge in FLASH timescales. The result is that the instantaneous current in the
linac is approximately one Amp, which is very close to the current in the CLIC main linac. Maintaining
beam stability requires accelerating structures with higher-order mode suppression, and over twenty such
structures have been tested for extended periods in the XBoxes.
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After acceleration, the beam is manipulated in the beam delivery system. A magnetic lattice
controls the transverse beam size and uniformity to produce the desired radiation dose at the patient.
The electron beam uniformities derived in this section are calculated by propagating the beam forward
through vacuum to the isocenter. The effects of beam scattering by the output vacuum window, air and
patient are considered in the medical physics section of this report. The lattice of the beam delivery sys-
tem is composed of conventional normal conducting magnets with quite conservative speci�cations. The
lattice optics have been optimized using the simulation tools developed for beam dynamics simulation in
CLIC.

The electron beam is generated in a laser-driven photoinjector. This type of electron source is used
in numerous accelerators around the world, for example, in X-ray free electron lasers, although DEFT
shares with CLIC the requirement of a very high current. CERN has studied different injector tech-
nologies and built and operated numerous high-current photoinjectors in successive generations of beam
test facilities: CTF2, CTF3, PHIN and CLEAR. The photoinjector for DEFT is based on the measured
characteristics and performances of these facilities, optimized using well understood and benchmarked
simulation tools. The required beam parameters are achievable.

The components, systems and issues will be elaborated in the sections below. The components
and systems will be described in detail, and motivations for speci�c design choices will be given. The
simulation tools used to address critical issues will be described, results presented, and conclusions
drawn. Examples of existing components and systems are given, as well as test and operational results
which support simulation results. Alternatives and variants will be described where relevant.
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Chapter 2

Beam parameters and design strategy

1 Beam parameters and machine layout

The overall layout of the beam facility, including electron source, linac and beam delivery system (BDS),
is illustrated in Fig. 2.1. During one treatment session, up to 40 bunch trains are created in a photoinjector
RF gun, accelerated in a short X-band linac up to 140 MeV, then transported through a magnetic system
that delivers the electron beams to the target within a time of less than 100 ms.

Figure 2.1: Overall layout of the accelerator and the beam delivery system.

The electron source consists of an S-band photocathode gun, immersed in a solenoidal magnetic
�eld, that produces trains of up to 507 electron bunches with a nominal charge of 190 pC per bunch and
energy of about 7 MeV. The cathode is hit with a laser with a spot size radius of 0.8 mm for an RMS
emission time of 1 ps, corresponding to a bunch length of about 300mm. The phase and the amplitude
of the RF in the gun, as well as the amplitude of the solenoid �eld, are tuned to prepare the beam for
transport through the linac optimally.

The linac starts 1.3 m downstream of the cathode and consists of two groups of four 60 cm-long
X-band accelerating structures placed on a girder and spaced by 10 cm, which we call RF units later on.
Two combined RF power sources feed the two RF units. The RF units have 70 cm drift space in between,
where two quadrupoles are placed. The �rst RF unit fully relies on RF focusing provided by the strong
accelerating �eld at the entrance of each structure. The RF focusing is suf�cient for transverse stability
and transport of the beam in the �rst RF unit, where beam energy is relatively low, from 7 to 75 MeV.
In the second RF unit, the RF focusing is not strong enough and must be complemented by the focusing
provided by the two quadrupoles placed upstream.

The primary function of the BDS is to transport the beam to the target and provide the required
transverse beam distribution. It consists of a beam line composed of individually powered conventional
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electromagnets. The beam is transported through a beam line featuring �ve quadrupoles. At the end
of the beam lines, a multi-leaf collimator (MLC) is used to provide the best possible conformity of the
beams to the shape of the target. The MLC provides the important safety feature of ensuring that the
patient is not accidentally irradiated away from the target region.

2 Beam dynamics design strategy

In the DEFT facility, a high-intensity electron beam is accelerated from the cathode to ultra-relativistic
energies in a short distance of just a few metres. The unconventional requirements for beam unifor-
mity and large �elds at the patient, as well as the simultaneous presence of collective effects, including
space charge, beam loading, and wake�elds, render conventional concepts such as emittance and Twiss
parameters ineffective.

The Twiss formalism comes from the second-order moments of the phase-space distribution, such
as the sigma matrix, the rms ellipse, or the emittance. A description using Twiss parameters is therefore
completeonly for Gaussian beams, which are fully described by their second-order moments [6]. If
the beam is not Gaussian, second moments alone do not capture the full distribution: two very different
distributions can have the same rms emittance and Twiss parameters. As it will be shown in the following
paragraphs, features such as uniformity are associated with higher moments than the second ones and
are not encoded in the sigma matrix. The Twiss parameters are therefore unsuitable for assessing and
treating uniformity.

For these reasons, the DEFT design was based on realistic multi-particle beam tracking and a
numerical assessment of uniformity. In this fashion, the mentioned collective effects were incorporated
by design. The distinctive nature and challenges of the DEFT project have led to the development of an
in-house beam dynamics code, RF-Track [7], as the design tool for the facility.

RF-Track is a versatile particle tracking code developed by one of the authors of this document.
Initially created for the simulation of hadron medical linacs, it was subsequently developed to provide
the functionalities required by the DEFT project, making it the optimal choice for DEFT. Its most notable
features are as follows:

1. It implements space-charge forces, which are crucial to accurate tracking in the injector.

2. It implements wake�eld and beam-loading effects, which are crucial for assessing the beam evo-
lution along the linac.

3. It implements single-bunch and multi-bunch effects, which is crucial for assessing beam stability
in the linac.

4. It tracks particles through conventional elements, such as quadrupoles and sector bends, and
through 1D, 2D, or 3D �eld maps of static and oscillating electromagnetic �elds. This is es-
sential for accurately describing the particles' motion in the electron gun �eld, the solenoid, and
the linac accelerator structures.

5. It implements particle generation in photocathodes using pseudo-random or quasi-random number
generators.

6. It implements particle scattering through materials, which allows for assessing the properties of
the beam travelling through air and water.

7. It implements orbit correction algorithms, which enable testing beam-based alignment procedures
and realistic operational scenarios.
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2.1 Field uniformity

Crucial to the successful design of the DEFT facility was the capability to quantify the uniformity of
the distribution of particles at the patient location. A measure of uniformity was found in the fourth
standardised moment of a distribution, called “kurtosis”. Kurtosis measures the narrowness of the tails
of a distribution. It is de�ned as

Kurtosis[X] = E

" �
X � m

s

� 4
#

=
E

h
(X � m)4

i

�
E

h
(X � m)2

i� 2 =
m4

s 4 ; (2.1)

wherem is the average,m4 is the fourth central moment, ands is the standard deviation of the distri-
bution. Figure 2.2 shows the kurtosis of different probability density functions. In the red box, two

Figure 2.2: Kurtosis of different probability density functions for selected distributions with mean 0,
variance 1. The two cases of interest are in the red box. [Image © Wikipedia.]

cases of interest: “U”, which is the 1D uniform distribution, corresponding to kurtosis of 1.8; and “W”,
which is the “Wigner semicircle distribution”, corresponding to kurtosis of 2. The Wigner semicircle
distribution describes the projection of a uniform disc over a line. Figure 2.3 shows an example of the
two distributions based on the simulation of a particle beam at DEFT.

Kurtosis is an estimator readily available through common numeric computing environments, such
as Octave and Python, and it became a crucial quantity in designing the DEFT injector and the linac op-
tics. However, kurtosis is quite sensitive to the distribution's tails and has proved inaccurate in achieving
and assessing the target beam quality at the patient location. Therefore, we elaborated a more sophis-
ticated and robust de�nition of “uniformity” based on the concepts of percentile and cumulative distri-
bution function (CDF). In statistics, ak-th percentile is a score below which a given percentagek of
items falls. For example, the 50th percentile of a distribution is the median, whereas the 100th percentile
corresponds to its maximum value. The curve with all percentiles, from 0th to 100th, is the inverse of the
CDF. We used the Euclidean difference between the inverse CDF of a given distribution and the inverse
CDF of an ideal uniform distribution as a re�ned measure of uniformity. Uniformity is then evaluated as
a c 2

c 2 = å
8 angles






 CDF(ProjectedXY) � 1 � CDF(Uniform disc) � 1








2
;

where CDF(: : :) � 1 denotes the inverse CDF of a distribution, “ProjectedXY” is the trackedXY distribu-
tion at the patient's location, projected onto a line in theXY plane tilted by a certain angle, and “Uniform
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disc” is the ideal uniform disc. To sample the distribution over different angles, we sum the contributions
of eight directions in theXY plane, from 0� to 180� in steps of 22:5� . The result is that the closer a
distribution is to an ideal uniform disc, the smaller thec 2. Compared to kurtosis, this method allows for
a more accurate handling of the tails, as the inverse CDF functions can be arbitrarily truncated to exclude
the tails.

Figure 2.3: The projection of a uniform disc is a Wigner semicircle distribution, with kurtosis = 2. The
projection of a uniform distribution has kurtosis = 1.8.

2.2 Stabilising randomness

The impact of statistical noise needed to be reduced to assess uniformity reliably. We used two methods
to reduce the noise:

1. Simulating 1 million particles.

2. Using “quasi-random” distributions.

A “quasi-random” distribution is a fully deterministic low-discrepancy sequence of points covering a
multi-dimensional space as uniformly as possible.

The �rst method reduces the statistical error but increases the simulation time. The second, where
the particle distribution is created using a quasi-random sequence, is key to ensuring stable results free
of statistical errors while enabling faster simulation times. We used the second method to design the
optics throughout the machine and the �rst to compute the �nal particle distributions for dose-delivery
simulations.

2.3 Design strategy

The design strategy is based on four consecutive steps addressing as many key aspects:

8



Injector and linac optics. Utilise the space-charge force, balanced by the focusing effects of the injec-
tor solenoid and the linac optics, to obtain beam uniformity at the linac end. This is achieved with a
multi-objective optimisation using the following degrees of freedom: the laser spot size and pulse
length at the cathode, the RF gun phase, the solenoid strength, the linac accelerating gradient, and
the linac's quadrupole strengths and positions. Beam uniformity at the linac end is assessed as
previously described.

Beam stability. Evaluate the impact of short- and long-range wake�elds on the beam stability. The
impact of wake�elds is primarily assessed in terms of transverse beam jitter ampli�cation. Too-
large jitter ampli�cation can lead to beam break-up and must be avoided by increasing the linac's
quadrupole strength, which in turn compromises the �ne balance between the different knobs
obtained in the previous step to achieve uniformity. A compromise between beam uniformity and
beam stability must be reached.

Beam delivery. The �ve quadrupoles of the beam delivery line are optimised to transport uniformity
from the linac end to the isocentre, ful�lling all beam requirements: 20 cm diameter, circular
shape, uniformity, and equal divergence in both horizontal and vertical directions (homothety). The
optimisation uses both the strengths and the positions of the quadrupoles as degrees of freedom and
includes constraints such as suf�cient spacing for accommodating correctors and beam position
monitors, as well as the position of the vacuum window.

Robustness.Assess the impact of static elements misalignment and dynamic imperfections, such as
jitter, to ensure a robust solution and an effective beam-based correction strategy. Beam-based
alignment techniques are tested in simulation under realistic imperfections, and an analysis of
the response matrix is performed to identify the number and the position of correctors and beam
position monitors required.

These steps are usually performed in the order presented and can be repeated and reiterated until
a satisfactory solution is found.

Except for the fact that, in this optimisation, the position of the elements is a degree of freedom
and is used to achieve the beam parameters at the patient, the methodology presented here anticipates
practical commissioning, operation and tuning procedures for the proposed machine. Indeed, the position
where the screens will be installed corresponds to the points where the uniformity point is imposed by
the design in the simulation. The operation will consist of assessing and maintaining uniformity at these
positions.

Figure 2.4 shows the overall layout of the full DEFT facility from a beam dynamics perspective,
including the electron gun, the linac, and the beam delivery system.

Figure 2.4: Schematic layout of the DEFT facility, from a beam dynamics perspective. The beam goes
left to right. The BCS element is a screen located after the vacuum window, providing information for
the beam setup and beam-based alignment.
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3 Beam dynamics and estimated performance

3.1 Gun section

The main parameters of the photoinjector are summarised in Table 2.1. The injector consists of a 3 GHz
2.5-cell standing-wave structure, operated at 90 MV/m gradient, and a solenoid magnet integrating the
primary and bucking coils to provide zero magnetic �eld at the cathode. The gradient of the RF gun,
together with its operating phase and the solenoid magnet, is tuned to provide beam uniformity at the
linac entrance, 1.3 m downstream of the cathode.

Table 2.1: Main laser and beam parameters at the cathode and beam's time structure.

Parameter Symbol Units Value

Bunch charge Q pC 190
Photon energy Ephot eV 4.73
Effective work function F eff eV 3.5
Laser spot size at cathode, rmssx, sy mm 0.8
Laser pulse length, rms s t ps 1.6
Bunch repetition rate trep GHz 3
Number of bunches per train nb - � 507

Table 2.2 summarises the operational setup of the photoinjector, while Fig. 2.5 shows the uniform
transverse beam pro�le at the linac start.

Table 2.2: Operational parameters of the RF gun.

Parameter Symbol Units Value

RF gradient Ez MV/m 90
RF phase F RF deg -139.975
Solenoid peak �eld Bsol T 0.2197

Figure 2.5: Bunch transverse pro�le (left) and 2D density histogram (right) at longitudinal positionS=
1.3 m from the cathode (the linac start), normalised to the average density.

The beam pro�le evolution along the injector is depicted in Fig. 2.6. The beam envelope, including
all particles denoted asR= 100% in the plot, determines the required minimum aperture in the injector
part.
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Figure 2.6: Transverse beam pro�le evolution from the cathode,S= 0 m, to the main linac entrance,
S= 1:3 m.

The evolution of the transverse beam distribution from the cathode surface to the end of the injector
section is visualised in Fig. 2.7. Initially, the Gaussian beam pro�le originated by a corresponding
shape of the laser at the photocathode becomes uniform before the end of the injector, 0.6 m. Such
an evolution is possible due to a tailored combination of the repulsive Coulomb interaction between
the electrons (transverse space charge effects), the RF focusing in the standing wave structure, and the
magnetic focusing from the solenoid. First uniformity point at 0.6 m is an ideal location for the transverse
pro�le monitor to measure and control the uniformity of the electron beam in the injector. If location
of the monitor is upstream or downstream from 0.6 m due to integration requirements, the uniformity
point can be shifted precisely to its location by tuning the magnetic �eld of the solenoid according to the
values predicted with numerical simulations.

Figure 2.7: Bunch transverse pro�le evolution in the injector section.

As shown in Fig. 2.5, the beam at the injector end, 1:3 m, is not uniform. Here, uniformity would
be desirable; however, more stringent requirements must be met. Firstly, the bunch must enter the �rst
structure's iris comfortably to minimise the impact of short-range transverse wake�elds and nonlinear-
ities. A maximum beam radius of 3:2 mm is imposed as a hard constraint of the injector+linac optimi-
sation. Secondly, the beam must enter the structure as a diverging beam to counteract the strong RF
focusing at the structure entrance. The beam's transverse uniformity is achieved at the linac end as the
primary objective of the optimisation process.

Two correctors and one beam position monitor are placed between the gun's solenoid and the linac
start for beam-based alignment purposes.
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3.2 Linac sections

The linac consists of two sections separated by a 70 cm gap where a quadrupole doublet focuses the beam,
ensuring beam stability and providing uniformity at the screen downstream of the linac. The two linac
sections comprise four X-band structures each, spaced 10 cm from each other. A pulse compressor feeds
the eight accelerating structures by combining the output of two klystrons to increase the peak power.
A single klystron can power four structures in each section. In the gap between the two linac modules,
a corrector steerer magnet precedes the quadrupole doublet, and a beam position monitor follows it for
beam-based alignment procedures.

The linac is conceived to accelerate the beam up to 140 MeV. Lower operating beam energies are
also easily achievable. In this case, properly adjusting the magnet settings along the machine would be
essential to recover the required uniformity at the beam �eld size at the patient location.

All linac structures are operated on-crest with a �xed gradient; see Table 2.3. The RF phase is one
of the degrees of freedom utilised to achieve beam uniformity in theX Y-plane at the linac end, together
with the quadrupole doublet's strength and position. The optimum corresponds to on-crest acceleration.

The quadrupole parameters relevant to beam dynamics are summarised in Table 2.4. Figures 2.8
and 2.9 show the beam longitudinal momentum and the transverse beam pro�les along the linac for the
target beam energy of 140 MeV.

Table 2.3: Setup of the RF structures in the linac.

Parameter Symbol Units Value

Linac phase F RF deg 0.0
Linac unloaded avg. gradientEz MV/m 34.4 (96.3% max. �eld)

Table 2.4: Linac quadrupole doublet parameters. The total length of this section is 70 cm, corresponding
to the distance between the two linac modules.

Parameter Symbol Units Value

QA gradient GA T/m 14.36
QB gradient GB T/m -14.53
Length L cm 4.5
Aperture radius a mm 6
Distance 4th structure to QA L1 cm 37
Distance from QA to QB L2 cm 4
Distance from QB to 5th structure L3 cm 20

3.2.1 Single-bunch effects

Short-range wake�elds in the X-band structures introduce head-to-tail effects within the bunch. Lon-
gitudinally, they introduce correlated energy spread, usually utilised to compensate for the RF-induced
energy spread. Transversely, they produce a head-to-tail de�ection correlated with the beam offset in the
structure, which harms the bunch, defocusing and kicking it out of its trajectory.

In our simulations and design optimisation, we used a widely adopted numerical model to de-
scribe the short-range wake�eld effects [8]. This model computes the Wake�eld function based on three
structure parameters:a, the iris aperture radius in meters;l , the cell length in meters; andg, the gap
length in meters. The parameters(a; g; l ) of the DEFT X-band structure are summarised in Table 2.5,
and displayed in Fig. 2.10.
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Figure 2.8: The average longitudinal momentum of the bunches along the linac for the three energies
(top). The curved momentum pro�le, shown at high energy, is due to beam-loading effects. Bunch
pro�le along the linac, including the envelope at different percentiles (bottom).

In the presence of an incoming transverse beam jitter, the transverse short-range wake�elds am-
plify the jitter-induced betatron oscillation, de�ecting the beam off-axis further and increasing the ampli-
tude of the oscillation. The ratio between the oscillation amplitude at the linac entrance and the amplitude
at the linac end is called the “ampli�cation factor”. We designed the RF structures and the linac optics to
keep it below 1.2, that is, less than 20% amplitude increase.

A convenient technique to evaluate the ampli�cation factor is through the “action” variable, as the
“action” gauges an oscillation amplitude in the phase space. Using the beam, one paints an ellipse in the
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Figure 2.9: Bunch transverse pro�le on the screen at the linac end. The average bunch energy is
140 MeV.

Table 2.5: The X-band cell parameters.

Parameter Symbol Units First cell Last cell

Iris aperture radius a mm 4.6 3.0
Gap length g mm 6.83
Cell length l mm 10.41

Figure 2.10: Pictorial representation of the RF accelerating structure's cell parameters:a, iris aperture
radius;g, gap length; andl , cell length.

phase space at injection and then measures the variation of the ellipse's area through the linac. The area
of the ellipse in the phase space is the “action”. The jitter ampli�cation factor, JA, is the square root of
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the ratio between the “action” at the linac end and the “action” at the linac start,

JA =

s
A�nal

Ainitial
:

For oscillations well within the beam pipe aperture, this quantity is independent of the oscillation ampli-
tude, providing a robust and general indicator of beam stability.

In a lattice with only linear elements, the “action” is preserved throughout the system. Never-
theless, the “action” increases with wake�eld and nonlinear effects. Figure 2.11 shows an example of
“action” evolution along the linac with and without wake�elds. The focusing effect of the quadrupole
doublet in the middle of the linac counteracts such an ampli�cation. Figure 2.12 shows the ampli�ca-
tion factor at the linac end as a function of the quadrupole doublet's gradient. Figure 2.13 shows the
ampli�cation factor at the linac end as a function of the average iris aperture in the RF structures.

Figure 2.11: Jitter ampli�cation factor along the linac. This factor grows where transverse short-range
wake�elds are strong. The �at part in the middle of the linac corresponds to the quadrupole doublet.

3.2.2 Multi-bunch effects

The excitation of high-order modes by bunches passing off-axis through an accelerating structure can
persist for suf�cient time to de�ect the subsequent bunches along the train and induce transverse oscilla-
tions, leading to jitter ampli�cation or even beam breakup. For this reason, the higher-order modes must
be damped and reduced to be harmless.

From a beam dynamics viewpoint, the high-order modes are modelled as the summation of damped
oscillations computed with electromagnetic 3D solvers:

w? (s) = å
i 2 all modes

Ai e
p s

Qi l i sin
�

� 2p
s
l i

�
: [V=pC=m2] (2.2)

Three quantities describe eachi-th mode:Ai , the amplitude in V/pC/m/mm;Qi , the damping factor; and
l i , the wavelength in metres of the mode. The independent variables is the distance in metres from the
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Figure 2.12: Jitter ampli�cation factor in the linac as a function of average quadrupole gradient in the
quadrupole doublet. The dashed line indicates the nominal average gradient.

Figure 2.13: Jitter ampli�cation factor as a function of the average iris aperture of the structures. The
dashed line indicates the baseline average aperture.

driving bunch, and it's always negative, as the witness bunch always follows the driving bunch. Table 2.6,
in the following chapter, summarises these parameters for the DEFT accelerating structure.

Assuming that the long-range effect only affects the �rst following bunch, a scan of the thresh-
old kick that a bunch in the train can sustain without amplifying too much the oscillation of the trailing
bunches was performed. The result is shown in Fig. 2.14. The threshold kick targets the jitter ampli�ca-
tion factor to be less than 1.1, which determines the kick to be less than� 50 V/pC/m/mm in its absolute
value.
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Table 2.6: Table of the high-order modes considered in the beam dynamics simulations. The two main
modes in each cell are denoted as #1 and #2.

Input First cell Middle cell Last cell Output Units
coupler #1 #2 #1 #2 #1 #2 coupler

Amplitude 163 63.2 - 105.0 2.39 145.5 3.04 185 V/pC/m/mm
frequency 15.42 14.88 - 15.75 21.01 16.82 21.59 16.82 GHz
Q factor 160 19.6 - 10.3 60.3 7.1 119.4 80 -

Figure 2.14: Jitter ampli�cation factor at linac end as a function of the transverse kick at the following
bunch. Targeting 1.1 or below drives the design of the HOM suppressors in the RF structures.

The maximum kick that the following bunch can sustain drives the RF design. Figure 2.15 shows
the jitter ampli�cation due to the high-order modes in the table, along the �rst 30 bunches of a train
entering the linac with an offset; 72 modes per structure were considered, 1 for each cell.

One would normally want the JA to be as small as possible; however, achieving this objective
is not possible given the several constraints in the optimisation. Indeed, the baseline steady-state JA is
approximately 1.16 on the horizontal axis and 1.14 on the vertical axis. These values were deemed an
acceptable compromise, and the sensitivity studies presented in the following sections con�rmed this.

3.3 Beam delivery

3.3.1 Beam transport to window

Twenty cm downstream of the last structure's exit, a beam screen allows for measuring the beam proper-
ties and assessing uniformity. Following this screen is the beam delivery system (BDS), which prepares
the beam for delivery to the patient. The BDS system is de�ned as that section from the end of the linac
to the vacuum window, located 1.3 m ahead of the isocenter.

The beam delivery system comprises �ve quadrupole magnets, two magnetic correctors (steerers),
and two beam position monitors (BPMs). The distance from the linac end to the isocenter is exactly six
meters. The vacuum window is located 1.3 m ahead of the isocenter. A third beam position informa-
tion, necessary for beam-based alignment beside the two BPMs, is provided by the BCS screen located
between the vacuum window and the isocenter. The position and the strength of the quadrupoles are ob-
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Figure 2.15: The jitter ampli�cation factor in the linac due to short- and long-range transverse wake�eld
effects for the �rst 30 bunches of the train, using the realistic long-range wake�elds from the �nal struc-
ture design.

tained via a multi-objective optimisation aimed to achieve the following �ve objectives simultaneously:

1. The best possible uniformity.

2. A �eld radius between 100 and 105 mm.

3. Homothety of the outgoing beam.

4. A transmission larger than 98%.

5. Ful�lling integration space requirements.

The search for the optimum is performed while maintaining the peak �eld at the cathode in the electron
gun at 90 MV/m to limit the required input power to the gun. The result of this multi-objective optimisa-
tion is shown in Figs. 2.16 and 2.17. The optimisation achieves its objectives with 100 % transmission.
Figure 2.16 shows the beam envelope along the beam delivery system. Figure 2.17 shows the beam
pro�le at the isocentre. Tables 2.7 and 2.8 summarise the machine setup resulting from the optimisation.

3.4 Preserving the beam quality

Unwanted effects due to the unavoidable installation misalignments of the accelerator components or
variations in time of the operating conditions affect the beam quality at the patient location. To counteract
“static” effects such as misalignments, we adopted strategies and methods developed in the context of
linear collider R&D, like automatic orbit steering and beam-based alignment. “Dynamic” effects, such
as time-dependent variations, can be separated into two regimes: high-frequency variations, i.e., jitter of
various machine parameters, and low-frequency variations, i.e., slow drifts of key system quantities. The
aim of reducing the jitter ampli�cation led to key design choices, like reducing the single-bunch charge
to reduce the impact of wake�elds. The effect of jitter was already assessed in the previous sections; see
the jitter ampli�cation studies. Slow variations of key quantities can be addressed using feedback loops
that apply the automatic correction methods described in the following paragraphs.
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Figure 2.16: Transverse envelope along the beam delivery system.

Figure 2.17: Transverse density pro�le and 2D histogram of the beams delivered to the patient.

3.4.1 Automatic orbit correction and beam-based alignment

Unwanted but unavoidable offsets of the accelerator components installed induce beam degradation
through mechanisms like spurious dispersion due to misaligned quadrupoles and transverse wake�eld
effects from off-axis accelerating structures, which impart transverse de�ections to the beam that de-
grade its quality and harm uniformity.

Over the last decades, automatic beam-based steering procedures have been devised for linear
colliders, like CLIC or ILC. The large number of correctors (hundreds or more) in such large-scale
facilities makes manual orbit correction impossible.

Beam-based techniques allow for automatic correction based on trajectory measurements. Given
an estimate of the orbit distortions due to element misalignment,c 2 in the formula below, one can
compute the required corrector strengths to steer the trajectory and make it closer to the ideal one.
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Table 2.7: Parameters of the DEFT accelerator, section by section.

The trajectory distortion can be quanti�ed as,

c 2 = w2
1 å

8i 2 bpms
x2

nominal,i + : : : (2.3)

w2
2 å

8i 2 bpms

�
xnominal,i � xoff-energy,i

� 2 + : : :

w2
2 å

8i 2 bpms

�
xnominal,i � xoff-charge,i

� 2 :

where

w2
1 =

�
s 2

bpm offset+ s 2
bpm resolution

� � 1
; (2.4)

w2
2 =

�
2s 2

bpm resolution

� � 1
: (2.5)

Minimising c 2 in Eq. (2.3) corresponds to applying the Dispersion-Free Steering (DFS) and the Wake�eld-
Free Steering (WFS) methods to correct the beam trajectory dispersion and wake�eld effects simultane-
ously.

Given a set of orbit measurements, the corrector settings that minimisec 2 are the solution of the
following system of equations:

x = R � q; (2.6)

wherex is the vector of orbit measurements,q is the unknown vector of corrector strengths to be found,
andR is the global response matrix of the system, which contains the response of the trajectory and the
dispersion to correctors:

x =

2

4
xnominal

wD �
�
xoff-energy� xnominal

�

wW �
�
xoff-charge� xnominal

�

3

5 ; R =

2

4
Rnominal

wD �
�
Roff-energy� Rnominal

�

wW �
�
Roff-charge� Rnominal

�

3

5 :

Rnominal, Roff-energy, andRoff-chargeare respectively the orbit, the dispersive, and the wake�eld response
matrices, containing the response of each BPM along each beamline to each corrector in the three differ-
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Table 2.8: Elements position in the DEFT accelerator, section by section.

ent cases; the weights,wD andwW, are:

wD = wW =
w2

w1
;

or can be adjusted to match speci�c cases.

The solution of the linear system of equations in Eq. (2.6) can be found using the least-squares
method:

q = � R� 1 � x;

whereR� 1 is the pseudo-inverse of the matrixR, andq is the vector of required variation of the corrector
strengths to achieve correction.
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3.4.2 Implementation of the orbit correction procedure

Magnetic steering and BPMs allow automatic trajectory correction according to the described correction
strategy. Two BPMs with a resolution of 10mm are located in the injector and in the linac, where the
beam size is small. The beam delivery system has two BPMs with a larger aperture and, therefore, a
degraded resolution of 100mm. An additional beam position information with a larger lever arm after
the vacuum window is also required to reach the isocentre with the required accuracy. Five correctors
(magnetic steerers) are required to perform the orbit correction. BPMs and correctors are distributed
along the beam line as shown in Fig. 2.4.

The implementation of realistic misalignments in the simulation was discussed with the team
responsible for the prealignment of the elements in the tunnel. The key quantities used in this context
were two: (1) the transverse alignment accuracy for the two points at each end of an object,s t; and (2)
the distance between these two points,DL. It should be noted that this distance often differs from the
actual length of the physical object, as these two points refer to the rigid support underneath the object
rather than the object itself. Figure 2.18 gives a pictorial representation of the key quantities involved.

Figure 2.18: Misalignment model used in the simulations.

The rms transverse misalignment of the centre of an object is

s t, centre=
s tp

2
:

One can compute its rms pitch/yaw misalignment angles using the ends' rms transverse misalignment,
s t and an object's length,DL:

sa =

p
2s t

DL
:

To assess the effectiveness of the correction procedure, we created 100 randomly misaligned con-
�gurations of the machine, according to the rms offsets shown in Table 2.9. Then, we applied the
correction procedure to each machine and evaluated the performance by looking at three parameters:

1. Uniformity, which is de�ned as

c 2 = å
8 angles

kCDF(ProjectedXY) � CDF(Uniform disk)k2 ; (2.7)

where the �rst term is the cumulative distribution function of the simulatedXY distribution at the
patient location projected against an angle in the plane, and the second term is the target CDF, that
is, the cumulative distribution function of an ideal uniform disk. We sum up the contributions of
eight directions in theX Y-plane, from 0� to 180� in steps of 22:5� . The smaller thec 2, the closer
the distribution to an ideal uniform disk. Thec 2 for the ideal machine has a value of about 10.

2. The horizontal and vertical beam position at the patient.
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3. The horizontal and vertical beam radii at the patient.

Our simulations showed that the effect of wake�elds in the accelerating structures is much stronger than
the dispersion introduced by misaligned quadrupoles. For this reason, we decided to use only WFS and
not DFS (i.e.,wD was set to 0). As a test beam to estimate the impact of wake�elds in WFS, we used a
bunch charge of 100 pC, almost half the nominal charge.

3.4.3 Results of the orbit correction simulations and discussion

Figure 2.19 shows the results of the simulations. We display the results of the 100 randomly misaligned
machines sorted from small to large, to give a visual insight into their statistical distributions. As shown
in the plots, WFS effectively recovers all the critical parameters in most of the 100 simulated machines:
uniformity, transverse position, and beam radii. This con�rms that wake�eld effects are the most crucial
ones, as well as the choice of algorithm. In the plots, the dashed lines show the result for 90% of the
simulated machines. The corresponding values are within the speci�ed tolerances. Figure 2.19 also
shows that some random seeds can be particularly unlucky, missing one or more targets completely. This
should not be alarming: These results are from a beam-based correction procedure designed to be fast
and fully automatic in the interest of short simulation time. Should the real machine be one of the unlucky
seeds, one could always imagine applying speci�c corrections on a case-by-case basis. For example, if
an element was found to be “too off-axis”, there would be no automatic correction better than to go into
the tunnel and realign it.

Figure 2.19: Performance of the beam-based alignment technique proposed. The “Uniformity” param-
eter for the ideal machine is about 10.

Figure 2.20 shows the corrector strengths in both transverse planes required by all machines. In
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Figure 2.20: Required corrector strengths for the simulated 100 machines.

this plot, the peak-to-peak values are most relevant. As can be seen, the peak-to-peak is within a range
of � 3 T� mm, which is perfectly acceptable from a magnet design point of view.

Table 2.9: Root-mean-squared values of the offsets considered in the simulations.

Component s t [mm] DL [cm] s t;centre[mm] sa [mrad] s roll [mrad]
(assumed) (assumed) (computed) (computed) (assumed)

Electron gun 40 - 28.2 - 300
Solenoid 40 25 28.2 226.2 300
Injector BPM 40 10 28.2 565.7 300
Injector correctors 40 10 28.2 565.7 300
Linac structures 40 70 28.2 80.8 300
Linac corrector 40 10 28.2 565.7 300
BDS quadrupoles 40 20 28.2 282.8 300
BDS BPMs 40 20 28.2 282.8 300
BDS corrector 40 20 28.2 282.8 300

Injector girder 100 130 70.7 108.8 300
Linac module girders 100 300 70.7 47.1 300
BDS girder 100 400 70.7 35.3 300

3.5 Sensitivities studies to the injector parameters

Sensitivity studies are dedicated to imposing limitations on the acceptable variations in the parameters
of the machine, within which reaching the requested performance at the patient location is feasible.
Furthermore, they allow for �ne-tuning of the optimal operational parameters. In this section, we discuss
limitations on the required parameters of the injector part. In this simpli�ed analysis, we neglect the beam
collimator before the patient's location in the beam line delivery system. Acceptable �uctuations of the
beam parameters at the patient location are summarised in Table 2.10. These values are not obsolete but
rather provide some guidance for the design of the machine and de�ne the limitations on the acceptable
variation of the critical machine parameters. The results presented below are for simulations with 10 000
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particles. In limited cases, these �ndings are cross-checked and validated by simulations with one million
particles.

Table 2.10:Acceptable �uctuations of the beam parameters at the patient location used for the sensitivity
studies.

Parameter Symbol Units Fluctuation

Flat area radius DRx, DRy mm � 1
Position X-Y DX, DY mm � 1
Uniformity U % 0–15
Homothety H % � 2
Symmetry S % � 1
Transmission T % > 98
Flat area charge q % > 85
Beam energy mean E MeV � 2
Beam energy 5 pct. E5pct MeV � 2
Divergence D mrad/cm � 0:5

3.5.1 Impact of errors in laser parameters

Laser spot offset at the cathode in horizontal/vertical direction mostly impacts the beam spot offset at
the vertical/horizontal direction correspondingly, as can be seen in Figs. 2.21 and 2.22. The required
stability for the laser spot position is� 3:4% from the rms spot size, which corresponds to� 27mm.

Laser spot size variations are depicted in Fig. 2.23 and should be limited to� 1:2 %.

Impact of the laser pulse duration �uctuation is depicted in Fig. 2.24. The variations should be
limited to � 1:6 % or� 26 fs.

3.5.2 Impact of errors in charge at the cathode

The charge variations at the cathode (i.e. due to laser power �uctuations or rapid changes in the quantum
ef�ciency) can signi�cantly impact the total delivered charge and the beam quality at the patient location.
Allowed �uctuation of the total charge critical for space-charge dominated beam dynamics should be
within 2%. The total charge delivered to the patient in the �at area must be more than 85%. We check
the initial variations of the charge at the cathode within the� 20% range. We �nd that required charge
stability at the cathode should remain within� 1% or� 1:9 pC as depicted in Fig. 2.25 due to horizontal
size variation at the patient location.

3.5.3 Impact of errors in solenoid parameters

Figure 2.26 indicates a critical impact of the variations in the solenoid magnetic �eld on the beam quality
at the patient location. As mentioned in Section 3.1, the solenoid's magnetic �eld is tuned to achieve
uniformity at the injector part for a selected gun gradient and phase. The �uctuations of the �at area
radii, Rx andRy, impose severe limitations on the magnetic �eld stability of� 0:1 % from the nominal
value.

3.5.4 Impact of errors in gun parameters

Figure 2.27 shows the dependence of the �uctuations of the critical beam parameters at the patient lo-
cation on the variations in the gun gradient. This de�nes the admissible variations of the gun gradient:
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Figure 2.21: Deviation of the critical beam parameters at the patient location with the horizontal laser
spot position �uctuations. Required laser spot stability is� 28mm to remain within the acceptable �uc-
tuations of the vertical position at the patient location (dashed red lines).

� 0:1 MV/m to remain within the limitations at the patient location dictated by the size �uctuation at the
patient location.

The impact of the phase stability of the RF gun is depicted in Fig. 2.28. The required phase
stability is� 3� again limited by the size �uctuation at the patient location.

3.5.5 Summary of injector errors

Table 2.11 summarizes the maximum acceptable variations of the injector parameters to satisfy the re-
quirements of the beam quality at the patient location (see Table 2.10). It also highlights the most critical
parameters of the �nal beam, de�ning the limitations.

3.6 Sensitivities studies to the linac and beam delivery system parameters

3.6.1 Impact of RF errors in the linac section

The effect of RF gradients and phase errors is shown in Figs. 2.29 and 2.30.

3.6.2 Impact of quadrupole errors

Figures 2.31 and 2.32 show the impact of linac quadrupole strength errors. The acceptable variations are
0.4 �% and 0.2�% correspondingly in 1st and 2nd quadrupole.

For beamline quadrupoles the results are shown in Figs. 2.33– 2.37.
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Figure 2.22: Deviation of the critical beam parameters at the patient location with the vertical laser spot
position �uctuations. Required laser spot stability is� 27mm to remain within the acceptable �uctuations
of the horizontal position at the patient location (dashed red lines).

Table 2.11: Acceptable �uctuations of the parameters in the injector section to satisfy the stability
requirements at the patient location listed in Table 2.10.

Parameter Symbol Units Target Max. variation Limitation

Laser

Offset X, Y mm 0 � 28,� 27 DY, DX
Size sx;y mm 800 � 9:6 DRx, DRy
Duration s t fs 1600 � 25:6 DRy
Charge Q pC 190 � 1:9 DRy

Solenoid

Amplitude B mT 219:7 � 0:2 DRx, DRy

Gun

Gradient Ez MV/m 90 � 0:1 DRx, DRy
Phase F degree � 140 � 3 DRx, DRy

3.6.3 Summary of linac and beamlines errors

Table 2.12 summarizes acceptable maximum variations of the linac and beamlines parameters to satisfy
the requirements of the beam quality at the patient location (see Table 2.10). It also highlights the most
critical parameters of the �nal beam, de�ning the limitations.
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Figure 2.23: Deviation of the critical beam parameters at the patient location with the laser spot size
�uctuations. Required laser spot stability is� 1:2 % to remain within the acceptable horizontal �at area
radius �uctuations at the patient location (dashed red lines).

Figure 2.24: Deviation of the critical beam parameters at the patient location with the laser pulse duration
�uctuations. Required stability is� 1:6 %.
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Figure 2.25: Deviation of the critical beam parameters at the patient location with the �uctuations of the
bunch charge at the cathode. Required stability is� 1 % to remain within the acceptable horizontal �at
area radius �uctuations at the patient location (dashed red lines).

Table 2.12: Acceptable �uctuations of the parameters in the linac and beam delivery sections to satisfy
the stability requirements at the patient location listed in Table 2.10.

Parameter Symbol Units Target Range, % Limitation

Linac

Gradient Ez MV/m 33:7 � 0:3 DRx, DRy
Phase F degree 0 � 1� DRx, DRy
Quadrupole 1 QA T/m 14:4 � 0:4 DRx, DRy
Quadrupole 2 QB T/m � 14:6 � 0:2 DRx, DRy

BDS

Quadrupole 1 Q1 T/m � 18:5 � 0:7 DRx, DRy
Quadrupole 2 Q2 T/m 6:6 � 0:5 DRx, DRy
Quadrupole 3 Q3 T/m � 5:1 � 0:12 DRx, DRy
Quadrupole 4 Q4 T/m 6:3 � 0:3 DRy, DRx
Quadrupole 5 Q5 T/m � 18:5 � 0:5 DRy, DRx
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Figure 2.26: Deviation of the critical beam parameters at the patient location with the magnetic �eld
�uctuations of the injector solenoid. Required solenoid stability is� 0:1 % to remain within the accept-
able �uctuations at the patient location (dashed red lines).

Figure 2.27: Deviation of the critical beam parameters at the patient location with the �uctuations of the
gun gradient. Required gun gradient stability is� 0:1 MV/m to remain within the acceptable �uctuations
at the patient location (dashed red lines).
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Figure 2.28: Deviation of the critical beam parameters at the patient location with the �uctuations of the
gun phase. Required gun phase stability is� 3:0� degrees to remain within the acceptable �uctuations at
the patient location (dashed red lines).

Figure 2.29: Deviation of the beam parameters at the patient location with variations of the gradient in
all accelerating structures of the linac. Maximum affordable variation is� 0.3% .
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