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Dispositif et procédé pour une radiothérapie par impulsion a dose élevée avec une imagerie a temps réel.

@ ABSTRACT: A radiotherapy system comprising at least one
pulsed radiation source, at least one imaging system, a
control system, and a synchronization system is disclosed.
The pulsed radiation source deposits high dose radiation
pulses to a target region inside the patient; simultaneously
the imaging system is used to monitor the target region,
synchronized by the synchronization system. The dose per
radiation pulse is high enough to deposit, within few
pulses, 1 Gy at a depth of at least 1 cm in water. At each
irradiation time step, the pulsed radiation source delivers
short pulses of radiation (< 1 ms) and the imaging system
performs a snapshot of the position, and eventually the
shape, of the target region during the irradiation time,
with a time resolution better than 200 ms. Being both the
pulsed radiation source and imaging system synchronized
by the synchronization system with less than 200 ms jitter,
this system allows for very precise reconstruction of the ¥ /
map of the dose deposited into the target region. 93102 ]
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1
DEVICE AND METHOD FOR HIGH DOSE PER PULSE RADIOTHERAPY WITH

REAL TIME IMAGING
FIELD OF THE INVENTION

The invention relates to a radiotherapy system which allows the monitoring of the position of the

target region during the treatment and thus allowing effective radiotherapeutic treatment.

BACKGROUND OF THE INVENTION

Radiotherapy is an important treatment for many types of cancer. This technique relies on the use of
radiation sources to deliver dose to a target region within the patient’s body. Furthermore,
radiotherapy is not restricted only to cancer treatment, but can be applied in general to deliver dose to

a target region within the patient’s body as in the case, for example, of radiosurgery.

In the state of the art, radiotherapy is, in most of the cases, performed using radio frequency
accelerators, which are devices capable of delivering electron or gamma beams with energy typically
in the range 6-30 MeV. Due to their technology, these devices usually deliver very wide beams on the
order of 10x10 cm? and a dose rate of few Gy/min. Typically, such devices deliver to the target region
0.1-1 mGy per pulse, at a frequency of few hundreds Hz. Treatments with these devices usually last at
least few minutes. During this time the target region within the patient’s body can move, due, for
example, to patient’s breathing. For this reason huge effort is put in imaging the target region during

the treatment.

Patent US 9,044,604 discloses a radiotherapy system including a radiotherapy module and at least one
X-ray imaging module. Using radio frequency accelerators, due to the low dose per pulse and to the
high number of pulses needed, it is not feasible to perform radiography at each irradiation step. One of

the reasons is that each radiography delivers additional dose to the patient.

Patent US 8,039,819 discloses a device for creating a spatial dose distribution in a medium volume,
the device comprising a laser system and at least one electron source for releasing a plurality of high-
energy quasi-monoenergetic electron pulses upon irradiation with said laser pulses. The disclosed
device produces ultra-short radiation pulses (< 1 ms) with very high energy (> 50 MeV), but it is
lacking a synchronized imaging system and a feedback control that exploits the treatment

effectiveness due to the shortness of the radiation pulses.

DISCLOSURE OF THE INVENTION

The present invention provides a system for radiotherapy which comprises at least one pulsed
radiation source for delivering radiation pulses shorter than 1 ms, at least one imaging system, at least

one control system for determining the deposited dose, and at least one synchronization system for
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2
synchronizing said pulsed radiation source and said imaging system within a time jitter shorter than

200 ms, wherein said pulsed radiation source is capable of delivering a dose of at least 50 mGy at a
depth of at least 1 cm in water within a single pulse, wherein said imaging system has the time
resolution better than 200 ms, and wherein said control system is connected to the pulsed radiation

source and to the imaging system.

The system of the present invention, by enabling depositing in a target region of a very high dose per
pulse, by imaging the target region during each irradiation time step, and by retrieving the dose
deposited map after each irradiation time step, allows to achieve a very effective treatment because it
allows to determine the dose deposited in the individual parts of the treated region of the body, and
the position of the target region after each irradiation time step is monitored, hence allowing adapting
and improving the treatment pl;m after any irradiation time step, whenever necessary. By delivering
higher dose per pulse, it is possible to perform a patient treatment session with just few radiation
pulses. Using a synchronized imaging system, it is possible to gain information about the position, and
eventually the shape, of the target region during each irradiation time step. This synchronized imaging
helps to understand how precisely the target region has been irradiated, and this information can be
used for improving the dose delivery in the subsequent pulses. Furthermore, this imaging may be used

to foresee the target region position, and eventually shape, for the following radiation pulses.

With a radiation pulse shorter than 1 ms, with the time resolution of the imaging system shorter than
200 ms, and with the time jitter between them shorter than 200 ms, the target region irradiation and
imaging happens in a time window smaller than 400 ms. Said time resolution is short enough that most

of the patient’s body internal structure can be considered still.

In this way it is possible to image the position, and optionally the shape, of the target region, with
respect, for example, to markers and/or internal organs or bones of the patient’s body, within an
overall time window of less than 400 ms. After processing the data from the imaging system and the
pulsed radiation source, it is possible to retrieve the dose deposited distribution in the target region
and, eventually, in the patient’s body. This informatijon can be used to modify, according to patient
specific needs, the patient’s treatment plan. For this reason the invention disclosed herein brings

advantages in the direction of Personalized Medicine.

By combining the imaging data with the radiation pulse data, a map of the dose deposited into the
patient’s body can be reconstructed with a very high accuracy due to the fact that the patient is still
during the whole irradiation and imaging process. The reconstruction of the deposited dose map can be
done either after each radiation pulse, after few of them or after the whole treatment session. The
advantage is that this provides a better understanding of where the dose has been really deposited into
the patient’s body. In particular, performing a reconstruction of the dose deposited after one or more

radiation pulses, and adjusting the treatment plan according to this information after one or more
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pulses, can lead to an higher dose deposited into the target region and to a lower dose deposited in the

surroundings of the target region, inside the patient’s body. This method can be more effective than

conventional methods in performing a more personalized treatment.

In a preferred embodiment, the synchronization system is an electrical device capable of sending

electrical pulses synchronized with a tunable delay within a time resolution better than 200 ms.

The pulsed radiation source creates and delivers radiation beams to the patient. Each pulse of radiation

is shorter than 1 ms and delivers a dose of at least 50 mGy at a depth of at least 1 ¢m in water.

The pulsed radiation source can preferably be selected from the group comprising sources of electron
beams, sources of high energy photon beams, sources of positron beams, sources of neutron beams,

sources of pi meson beams, sources of beams comprising combinations of these particles.

The pulsed radiation source can in one embodiment comprise a laser plasma electron accelerator. The
electron beam emitted from the accelerator can be used as the radiation beam, or may be converted in
the pulsed radiation source into a beam of high energy photons, positrons, neutrons or pi mesons, or of

a mixture of these particles.

The pulsed radiation source may comprise a laser emission system, a laser transport, a laser focusing
system, a plasma electron accelerator, a radiation beam delivery system. In one embodiment, the
radiation beam delivery system is adapted for checking the electron beam quality and/or stopping or
modifying the beam in order to achieve pre-determined criteria (e.g., determined by the treatment
plan). In one embodiment, the radiation beam delivery system may use the kinetic energy of the

electron beam to create a different particle beam, for example a beam of high energy photons,

positrons, neutrons or pi mesons.

In a preferred embodiment, the laser emission system is a Ti:Sa laser, for delivering laser pulses with
energy of at least 100 mJ and pulse duration shorter than 1 ps; more particularly a Ti:Sa laser,
pumped by diode pumped solid state lasers with frequency conversion, for delivering laser pulses with

energy of at least 100 mJ and pulse duration shorter than 1 ps.

In a preferred embodiment, the laser transport comprises at least one system selected from: a
compressor for compressing the laser pulse in time to less than 100 fs, and an optical transport line for
sending the laser pulse to the laser focusing system; a compressor, an optical transport line and a
phased optical fiber array for transporting an uncompressed laser pulse with time duration of at least
10 ps to the compressor, whereas the compressor is capable of compressing the laser pulse in time to

less than 100 fs and then sending the laser pulse to the optical transport line for sending the laser pulse

to the laser focusing system.
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In a preferred embodiment, the laser focusing system may be an optical system for focusing the laser

pulses into the plasma electron accelerator, comprising at least one positioning mirror and at least one

off-axis parabola capable of focusing the laser pulses to intensity higher than 102 W/em?.

In another preferred embodiment, the laser focusing system is an optical system for focusing the laser
pulses into the plasma electron accelerator, comprising at least one positioning mirror and at least one

spherical mirror capable of focusing the laser pulses to intensity higher than 102 W/em?.

In a preferred embodiment, the plasma electron accelerator is a device comprising at least one gas
target mounted on a remotely controlled motorized stage with at least one degree of freedom to align

the gas target according to the laser focus.

In a preferred embodiment, the radiation beam delivery system comprises at least one of the following
components: a magnetic field for selecting the energy of the beam and for optionally shaping the
beam, a beam charge diagnostic, a magnetic system for changing the size of the beam, and optionally

for focusing or defocusing it, and a solid target converter for generating other particle beams.

The pulsed radiation source may preferably comprise at least one laser beam diagnostic, selected from:
a spectral shape diagnostic for measuring the spectral shape of the laser pulse; an energy diagnostic for
measuring the energy of the laser pulse; a beam shape diagnostic for measuring the energy distribution
of the laser pulse along its transverse section; a spectral phase diagnostic for measuring the spectral
phase of the laser pulse; a temporal profile diagnostic for measuring the temporal profile of the laser
pulse; a laser focal spot diagnostic for measuring the spatial distribution of the laser pulse in its focus;

and a wavefront diagnostic for measuring the phase front of the laser pulse.

In a preferred embodiment, the spectral shape diagnostic can be an optical and/or infrared light

spectrometer.

Preferably, the energy diagnostic comprises a calorimeter; and/or at least one optical diode.

In a preferred embodiment, the beam shape diagnostics comprises a set of mask filters; and/or a

camera and imaging optics.

In a preferred embodiment, the spectral phase diagnostic comprises at least one of the following

devices: SPIDER, FROG, D-SCAN and GRENOUILLE.

~ In a preferred embodiment, the temporal profile diagnostic comprises at least one of the following

devices: SPIDER, FROG, D-SCAN and GRENOUILLE.

In a preferred embodiment, the electron beam shape diagnostic comprises a fluorescent screen coupled

with a CCD. -
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In a preferred embodiment of the device, the electron beam charge diagnostic comprises at least one

Integrating Current Transformer and/or at least one fluorescent screen coupled with a CCD.

In a preferred embodiment, the electron beam spectral shape diagnostic comprises a magnetic dipole

and a fluorescent screen coupled with a CCD.
In a preferred embodiment, the laser focal spot diagnostic comprises a CCD and a reflective object.
In a preferred embodiment, the wavefront diagnostic comprises a wavefront sensor.

The pulsed radiation source may further comprise a gas target for emifting the electron pulses, which
can optionally be monitored by one or more diagnostics selected from a plasma diagnostic for
measuring the plasma density inside the target; a laser plasma coupling diagnostic for measuring the
coupling in the laser plasma interaction; and a laser propagation diagnostic for measuring the laser

propagation after the plasma.

The electron pulses accelerated by the plasma electron accelerator can preferably be monitored by one
or more diagnostics selected from an electron beam shape diagnostic for measuring the transverse
shape of the electron pulse; a beam charge diagnostic for measuring the charge of the electron pulse;
an electron beam spectral shape diagnostic for measuring the spectral shape of the electron pulse; a
beam divergence diagnostic for measuring the divergence of the electron pulse; and a beam temporal

profile diagnostic for measuring the temporal profile of the electron pulse.

In a preferred embodiment, the plasma diagnostic comprises at least one CCD with imaging optics

looking at the gas target.

In a preferred embodiment, the laser propagation diagnostic comprises a CCD looking at the laser

exiting the target.

In a preferred embodiment, the laser plasma coupling diagnostic comprises a CCD with imaging

optics looking at the light emitted by the target.

In a preferred embodiment, the beam divergence diagnostic comprises a fluorescent screen coupled

with a CCD.

In a preferred embodiment, the beam' temporal profile diagnostic comprises a streak camera with a

resolution better than 10 ps.

In another embodiment, the beam temporal profile diagnostic comprises an infrared spectrometer and

a solid target.
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The pulsed radiation source may further comprise a control system for the electron beam optimization

for collecting the data from all diagnostics, analyzing said data and optionally saving the results. If the
electron beam does not satisfy the parameters required for the treatment, the control system for the
electron beam optimization modifies the position or state of the pulsed radiation source components

until the electron beam reaches the parameters desired.

The pulsed radiation source may preferably comprise at least one of the following components: a
spectral shaping device for modifying the spectral shape of the laser pulses; an energy attenuator for
changing the energy of the laser pulses; a spectral phase shaper for modifying the spectral phase of the
laser pulses; compressor gratings motors for changing the temporal profile of the laser pulses;
positioning motors for modifying the path of the laser pulses in the laser focusing system; focusing
optics motors for modifying the position and the shape of the laser focal spot; a gas density shaper for
modifying the density profile of the gas target; gas target motors for changing the position of the gas
target within the plasma electron accelerator; adaptive optics for modifying the wavefront of the laser
pulse and so also the shape of the focal spot; a radiation spectrum fine shaper for modifying the
spectrum of the radiation pulse; a radiation pulse particle number controller for adjusting the number
of particles in the radiation pulse; a radiation pulse spatial distribution shaper for modifying the spatial
distribution of the radiation pulse; a radiation pulse divergence controller for adjusting the divergence
of the radiation pulse; and a radiation pulse temporal profile controller for adjusting the temporal
profile of the radiation pulse. The control system for the electron beam optimization is adapted to
operate on at least one of these pulsed radiation source components and/or it is connected to at least

one of these pulsed radiation source components.
In a preferred embodiment, the spectral shaping device is a mazzler.

Preferably, the spectral shaping device comprises at least one colored optical filter; and/or at least one

prism and at least one neutral optical filter.

In a preferred embodiment, the energy attenuator comprises at least one half-lambda plate and at least

one polarizer.
In a preferred embodiment, the spectral phase shaperv is a dazzler.
In a preferred embodiment, the adaptive optics comprises a deformable mirror.

In a preferred embodiment, the compressor gratings motors are at least one linear stage mounted

below one of the gratings to change the optical path of the different wavelengths.

In a preferred embodiment, the positioning motors are at least one actuator mounted on at least one

mirror mount capable of moving with at least one degree of freedom the at least one positioning

mirror.
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In a preferred embodiment, the focusing optics motors comprise at most five rotation stages and at

most seven linear stages mounted below the focusing optics, capable of moving the focusing optics

with at least one degree of freedom.

In a preferred embodiment, the gas density shaper is a device capable of changing the spatial density
of the gas target, comprising at least one of the following components: a gas pressure regulator, a gas
mixture regulator, and at least one wire and/or at least one sharp edge, remotely controlled and

eventually automatic, that modifies the trajectory of the supersonic- gas jet, thus changing the plasma

“density profile.

In a preferred embodiment, the gas target motors are a set of at least one linear stage capable of

moving the gas target with at least one degree of freedom.

In a preferred embodiment, the radiation spectrum fine shaper comprises at least one magnetic field

and at least one slit.

In a preferred embodiment, the radiation pulse particle number controller comprises at least one

magnetic field and at least one slit.

In another embodiment, the radiation pulse particle number controller comprises at least one solid

target and at least one slit.

In a preferred embodiment, the radiation pulse spatial distribution shaper comprises at least one solid

target.

In a preferred embodiment, the radiation pulse divergence controller comprises at least one magnetic

field and at least one slit.

In another embodiment, the radiation pulse divergence controller comprises at least one solid target

and at least one slit.

In a preferred embodiment, radiation pulse temporal profile controller comprises at least one magnetic

field.

In a preferred embodiment, radiation pulse temporal profile controller comprises at least one solid

target.

In a preferred embodiment, the device is controlled by a wireless device, for example a tablet or a

laptop.
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The pulsed radiation source may, for example, comprise a laser master oscillator, a booster, a

stretcher, a first amplifier, a laser pulse delivery system, a final amplifier, a laser transport, a laser

focusing system, a plasma electron accelerator, a radiation beam delivery system.

The pulsed radiation source may comprise one radiation arm or a plurality of radiation pulse arms,
such as two, three, four, five, or more radiation pulse arms. Each of the radiation pulse arms may for
example comprise a final amplifier, a laser transport, a laser focusing system, a plasma electron

accelerator, a radiation beam delivery system.
In a preferred embodiment, the laser master oscillator is a Ti:Sa oscillator.

In a preferred embodiment, the booster comprises a laser pulse amplifier, for example a regenerative

amplifier or a multi-pass amplifier.

In a preferred embodiment of the device, the stretcher is an optical device comprising at least one pair

of diffractive gratings.

In a preferred embodiment, the first amplifier and/or the final amplifier comprises a Ti:Sa crystal
pumped by a diode pumped solid state laser with frequency conversion and/or a Ti:Sa crystal pumped

by a flash lamp pumped solid state laser with frequency conversion.

In a preferred embodiment of the device, the laser pulse delivery system is an optical system
composed by a set of fast flip mirrors. In another embodiment of the device, the laser pulse delivery
system is a fast rotating mirror. In another embodiment of the device, the laser pulse delivery system

comprises at Jeast one galvo mirror.

The imaging system is synchronized with the pulsed radiation source by means of the synchronization
system within a time jitter shorter than 200 ms. The imaging system can be based on various imaging
technologies known to the person skilled in the art. By way of example, x-ray imaging technology,
magnetic resonance imaging (MRI) technology, ballistic and snake photon technology, fluorescent

markers, or Cerenkov radiation detection can be used, or a combination of any two or more of these

methods.

In one embodiment, real time magnetic resonance systems capable of imaging may be used to monitor
the target region with a time resolution better than 200 ms. The MRI is synchronized to the radiation

pulse by the synchronization system with a time jitter lower than 200 ‘ms.

Tn another embodiment, x-ray imaging system is used, wherein a synchronized x-ray source is adapted
to emit x-ray for imaging in a time shorter than 200 ms. Thus, x-ray images are acquired with a time
resolution better than 200 ms. The x-ray imaging system is synchronized to the radiation pulse by the

synchronization system with a time jitter lower than 200 ms.
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During the x-ray imaging, the additional dose deposited into the patient’s body due to the imaging x-

ray, depending on the part of the body and on the imaging modaﬁty, is typically in the range of 0.1-10
mSv per image, but can be lowered using special imaging techniques, as for example x-ray phase
contrast imaging or x-ray fluoroscopy. This actually limits the maximum number of radiography steps
that can be taken. Being capable of performing a treatment session with just few radiation pulses using
the radiation source having the parameters set by the present invention provides an additional
advantage over the radio frequency accelerators. The system of the present invention thus can perform

x-ray imaging of the target region at each radiation pulse.

Ina preferred embodiment, the x-ray imaging system comprises an electron emitter, or cathode, which
may be a wire undergoing a very high current, and an anode having a potential difference with respect

to the cathode of at least 20 kV.

In another embodiment, the x-ray imaging system comprises a laser system for generating laser pulses

focused on a solid, liquid, gaseous or plasma target.

In a preferred embodiment, the x-ray imaging system comprises an X-ray delivery system capable of
shaping the x-ray beam both in fluence and spectrum; said x-ray delivery system may be a stack of

metal foils.

In one preferred embodiment, the x-ray imaging system comprises a target position diagnostics, which
may be a set of digital x-ray sensors connected with the control system. The target position diagnostics
is preferably adapted to perform at least one of: x-ray absorption imaging, x-ray fluoroscopy imaging,

x-ray phase contrast imaging.

In another embodiment, ballistic and snake photons medical imaging technique [1] system is used,

capable of acquiring images with a time resolution lower than 200 ms.

In another embodiment, an imaging system based on detecting the Cerenkov radiation emitted by the
radiation beam when it enters and exits the patient’s body is used. This technique is very effective

since the radiation is emitted in very short time (< 1 ms).

" In another embodiment, imaging system based on fluorescent markers is used. Such markers can be

inserted into or near the target region and can be, for example, gold particles. The role of these
markers is to either appear as a strong absorption object in the radiography, or to emit characteristic

radiation once irradiated by the radiation pulse. These markers help in reducing the exposure time for

the target region imaging.

Optionally, the imaging technologies, in particular MRI and x-ray imaging technologies, can be
combined to get a more precise imaging. It is also preferable to combine any technique with

fluorescent markers.
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The imaging can be two-dimensional or three-dimensional. 93102

The control system is capable of at least one of: processing the acquired x-ray image, calculating the
changes to be applied to the treatment plan, and applying those changes to the x-ray machine, to the x-

ray delivery system, and to the control system for the electron beam optimization.

The control system may include a control system for the electron beam optimization. The input and
output of the control system for the electron beam optimization are connected with at least one

component of the pulsed radiation source, for exémple with the laser plasma electron accelerator.

In a preferred embodiment of the device, the control system and/or the control system for the electron

beam optimization is a computer.

The present invention also provides a method for testing and/or calibrating a system of the present
invention, wherein a body of water (e.g., a water phantom) is irradiated by means of the pulsed
radiation source by at least one pulse having the duration of less than 1 ms and depositing a dose
corresponding tofat least 50 mGy at a depth of at least 1 cm in water, and simultaneously the irradiated
region is subjected to imaging by means of the imaging system within a time jitter shorter than 200 ms
from the delivery of the irradiation pulse, wherein the imaging is carried out with a time resolution

better than 200 ms, and the obtained image is used for calculating the deposited dose and optionally

adjusting the system.

The present invention further provides a method for radiotherapeutic treament of a subject in need of
such treatment using the system of the present invention, wherein the subject is irradiated by means of
the pulsed radiation source by at least one pulse having the duration of less than 1 ms and depositing a
dose corresponding to at least 50 mQGy at a depth of at least 1 cm in water, and simultaneously the
subject is subjected to imaging by means of the imaging system within a time jitter shorter than 200
ms from the delivery of the irradiation pulse, wherein the imaging is carried out with a time resolution

better than 200 ms, and the obtained image is used for calculating the deposited dose and optionally

adjusting the treatment.

This method is advantageous over existing solutions since it allows for a precise reconstruction of the
dose deposited into the target region and the patient’s body. Moreover, it can be very effective in some
specific cases like breast or lung tumor, where the target region is located in a fast moving region of
the patient’s body. In such cases this method helps in understanding how well the tumor was hit by the

radiation pulse, and which fraction of the radiation has been delivered to the healthy tissue of the

patient.

In a preferred embodiment, the imaging system comprises at least one pulsed x-ray imaging system

and/or at least one MRI imaging unit.
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In a preferred embodiment, the imaging system can monitor the target region via time-resolved 2-D or

3-D images.

. In a preferred embodiment, gated radiotherapy technique is used for irradiation.

In a preferred embodiment, the imaging used is Cerenkov imaging to detect the in and out position of

" the radiation beam.

In a preferred embodiment, this method further comprises that after each radiation pulse, after few
radiation pulses, or after the whole treatment session, the target region images are analyzed and the
information about the position and, eventually, the shape of the target region are used in combination

with the data relative to the radiation pulses to improve the treatment plan.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically illustrates one embodiment of the components of the device.
FIG. 2 schematically illustrates two different configuration embodiments for the laser transport.
FIG. 3 schematically illustrates one embodiment of the workflow of the control system of the device.

FIG. 4 schematically illustrates one embodiment of the pulsed radiation source, in the case of multiple

radiation pulse arms, in particular with three radiation pulse arms.

FIG. 5 schematically illustrates one embodiment of the system with multiple radiation pulse arms
mounted on robotic arms and multiple x-ray imaging modules mounted on static support, in particular

with two radiation pulse arms and two x-ray imaging modules.

FIG. 6 schematically illustrates one embodiment of the system with MRI imaging system, x-ray

imaging system and two radiation pulse arms; in particular with one radiation pulse arm implemented

in the MRI imaging system.

FIG. 7 shows a 2-D plot of the dose deposited inside a 10x20 cm water phantom by one of the possible

beams emitted by the pulsed radiation source.

DETAILED DESCRIPTION OF THE INVENTION

Details of the present invention are further illustrated using the following exemplary embodiments.
However, these examples should not be construed as limiting the scope of the claimed invention.
Unless indicated otherwise, the embodiments shown in the figures are independent and may be used

separately or in combination.
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FIG. 1 schematically represents one possible embodiment of the system, in this specific case using x-

ray imaging and a laser plasma electron accelerator. The synchronization system 101 synchronizes,
with a time jitter lower than 200 ms, the emission of an x-ray pulse from the x-ray machine 107 and
the emission of a laser pulse from the laser system 102. The laser pulse is transported through the laser
transport 103, and then focused by the laser focusing system 104 into the plasma electron accelerator

105. Each single electron beam generated in the plasma electron accelerator 105 goes into the

radiation beam delivery system 106, which operates on each electron pulse and sends to the target 110

a radiation pulse. The radiation beam delivery system 106 can check the electron beam quality and can
stop or modify the beam in order to meet the requirements set by the treatment plan. The radiation
beam delivery system 106 may also use the kinetic energy of the electron beam to create a different
particle beam, for example a beam of high energy photons, positrons, neutrons or pi mesons. For this
reason, the radiation pulse sent to the target by the radiation beam delivery system 106 is not restricted
to be an electron beam, but could also be, for example, a high energy photon beam, a positron beam, a
neutron beam, a pi meson beam, or a beam containing a mixture of these particles. While the radiation
pulse hits the target 110, the x-ray pulse coming from the x-ray machine 107, and shaped by the x-ray
delivery system 108, hits the target 110 within a time window shorter than 200 ms. The target position
diagnostics 109 detect the x-ray signal coming from the x-ray delivery system 108, after it passes
through the target 110.

In a preferred embodiment, the synchronization system 101 is an electrical device capable of sending

electrical pulses synchronized with a tunable delay with a time resolution better than 200 ms.

In a preferred embodiment, the laser system 102 is a Ti:Sa laser, delivering laser pulses with energy of

at least 100 mJ and pulse duration shorter than 1 ps.

In another embodiment, the laser system 102 is a Ti:Sa laser, pumped by diode pumped solid state
lasers with frequency conversion, delivering laser pulses with energy of at least 100 mJ and pulse

duration shorter than 1 ps.

In a preferred embodiment, as schematically illustrated in FIG. 2 (a), the laser transport 103 comprises
the compressor 202, which compresses the laser pulse in time to less than 100 fs, and the transport

203, which is an optical transport line that sends the laser pulse to the laser focusing system 104.

In another embodiment, as schematically illustrated in FIG. 2 (b), the laser transport 103 comprises a
phased optical fiber array 201, which transports the uncompressed laser pulse, which has a time
duration of at least 10 ps, to the compressor 202. The compressor 202 compresses the laser pulse in
time to less than 100 fs and then it sends the laser pulse to the transport 203, which is an optical

transport line that sends the laser pulse to the laser focusing system 104.
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In a preferred embodiment, the laser focusing system 104 is an optical system that focuses the laser

pulse inside the plasma electron accelerator 105, comprising at least one positioning mirror and at least

one off-axis parabola capable of focusing the laser pulse to an intensity higher than 10'2 W/cm?.

In a preferred embodiment, the laser focusing system 104 is an optical system that focuses the laser
pulse inside the plasma electron accelerator 105, comprising at least one positioning mirror and at least

one spherical mirror capable of focusing the laser pulse to an intensity higher than 102 W/cm?.

In a preferred embodiment, the plasma electron accelerator 105 is a device comprising at least one gas
target mounted on a remotely controlled motorized stage with at least one degree of freedom to align

the gas target according to the laser focus.

In a preferred embodiment, the radiation beam delivery system 106 is a device comprising at least one
of the following components: a magnetic field to select the energy of the electron beam and to
eventually shape the electron beam, a beam charge diagnostic, a magnetic system to change the size of
the electron beam, and eventually focus or defocus it, and a solid target to change the beam divergence
and/or to generate other particle beams, for example high energy photons (x-ray and gamma-ray),

positrons, neutrons or pi mesons.

In a preferred embodiment, the x-ray machine 107 is a device comprising an electron emitter, or
cathode, which may be a wire undergoing a current higher than 1 pA, and an anode having a potential

difference with respect to the cathode of at least 20 kV.

In another embodiment, the x-ray machine 107 is a device comprising laser pulses that can come from

the laser system 102 or from an independent laser system, focused on a solid, liquid, gaseous or

plasma target.

In a preferred embodiment, the x-ray delivery system 108, is a device capable of shaping the x-ray

beam fluence and/or spectrum, which may be a stack of metal foils.

In a preferred embodiment, the target position diagnostics 109 may be a set of digital x-ray sensors

connected with the control system 301. The control system 301 is capable of doing, at each irradiation
step, at least one of the following: processing the acquired x-ray image, calculating the changes to be
applied to the treatment plan, and applying those changes to the x-ray machine 107, to the x-ray

delivery system 108, and to the control system for the electron beam optimization 306.

In a preferred embodiment, the target position diagnostics 109 can be set to perform x-ray absorption

imaging, x-ray fluoroscopy imaging or x-ray phase contrast imaging.

The system may contain a control system for the electron beam optimization 306. In the following, the

input and output of the control system for the electron beam optimization 306 are connected with some
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~ sub-parts of the laser plasma electron accelerator, but they can be connected to different sub-parts of

the laser plasma electron accelerator, as well known to those skilled in the art.

Each laser pulse, originated in the laser system 102, and passing through the laser transport 103, the
laser focusing system 104 and the plasma electron accelerator 105, can be monitored by several
diagnostics. Among these diagnostics there is at least one of the following: the spectral shape
diagnostic, which measures the spectral shape of the laser pulse; the energy diagnostic, which
measures the energy of the laser pulse; the beam shape diagnostic, which measures the energy
distribution of the laser pulse along its transverse section; the spectral phase diagnostic, which
measures the spectral phase of the laser pulse; the temporal profile diagnostic, which measures the
temporal profile of the laser pulse; the laser focal spot diagnostic, which measures the spatial
distribution of the laser pulse in its focus; and the wavefront diagnostic, which measures the phase
front of the laser pulse. The gas target that emits the electron pulses can be monitored by several
diagnostics. Among these diagnostics there is at least one of the following: the plasma diagnostic,
which measures the plasma density inside the target; the laser plasma coupling diagnostic, which
measures the coupling in the laser plasma interaction; and the laser propagation diagnostic, which
measures the laser propagation after the plasma. The electron pulses accelerated by the plasma
electron accelerator 105 can be monitored by several diagnostics. Among these diagnostics, there is at
least one of the following: the electron beam shape diagnostic, which measures the transverse shape of
the electron pulse; the electron beam charge diagnostic, which measures the charge of the electron
pulse; the electron beam spectral shape diagnostic, which measures the spectral shape of the electron
pulse; the beam divergence diagnostic, which measures the divergence of the electron pulse; and the
beam temporal profile diagnostic, which measures the temporal profile of the electron pulse. The data
acquired by the diagnostics are sent to the control system for the electron beam optimization 306,
which analyzes them and, eventually, saves the results. In the case the electron beam is not satisfying
the parameters required for the treatment, the control system for the electron beam optimization 306
modifies the state of some components until the electron beam reaches the parameters desired. The
control system for the electron beam optimization 306 operates on at least one of the following
components: the spectral shaping device, to modify the spectral shape of the laser pulses; the energy
attenuator, to change the energy of the laser pulses; the spectral phase shaper, to modify the spectral
phase of the laser pulses; the compressor gratings motors, to change the duration and/or the temporal
profile of the laser pulses; the positioning motors, to modify the path of the laser pulses in the laser
focusing system 104; the focusing optics motors, to modify the position and the shape of the laser
focal spot; the gas density shaper, to modify the density profile of the gas target; the gas target motors,
to change the position of the gas target Within the plasma electron accelerator 10S; the adaptive optics,
to modify the wavefront of the laser pulse, and so the shape of the focal spot; the radiation spectrum

fine shaper, which modifies the spectrum of the radiation pulse; the radiation pulse particle number

— SSRGS
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controller, which adjusts the number of particles in the radiation pulse; the radiation pulse spatial

distribution shaper, which modifies the spatial distribution of the radiation pulse; the radiation pulse
divergence controller, which adjusts the divergence of the radiation pulse; and the radiation pulse
temporal profile controller, which adjusts the duration and/or the temporal profile of the radiation

pulse.
In a preferred embodiment, the control system for the electron beam optimization 306 is a computer.

In a preferred embodiment, the spectral shape diagnostic can be an optical and infrared light

spectrometer.
In a preferred embodiment, the spectral shaping device is a mazzler.
In another embodiment, the spectral shaping device comprises at least one colored 6ptica1 filter.

In another embodiment, the spectral shaping device comprises at least one prism and at least one

neutral optical filter.
In a preferred embodiment, the energy diagnostic is a calorimeter.
In another embodiment, the energy diagnostic comprises at least one optical diode.

In a preferred embodiment, the energy attenuator comprises at least one half-lambda plate and at least

one polarizer.
In a preferred embodiment, the beam shape diagnostics comprises a set of mask filters.
In another embodiment, the beam shape diagnostics comprises a camera and imaging optics.

In a preferred embodiment, the spectral phase diagnostic comprises at least one of the following

devices: SPIDER, FROG, D-SCAN and GRENOUILLE.
In a preferred embodiment, the spectral phase shaper is a dazzler.
In a preferred embodiment, the adaptive optics comprise a deformable mirror.

In a preferred embodiment, the temporal profile diagnostic comprises at least one of the following

devices: SPIDER, FROG, D-SCAN and GRENOUILLE.

In a preferred embodiment, the compressor gratings motors comprise at least one linear stage mounted

below one of the gratings to change the optical path of different wavelengths.

In another embodiment, the compressor grating motors comprise at least one rotative stage mounted

below one of the gratings to change the optical path of different wavelengths.
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In a preferred embodiment, the positioning motors comprise at least one actuator mounted on at least

one mirror mount capable of moving with at least one degree of freedom the at least one positioning

mirror.

In a preferred embodiment, the focusing optics motors comprise at most five rotation stages and at
most seven linear stages mounted below the focusing optics, capable of moving the focusing optics

with at least one degree of freedom.

In a preferred embodiment, the electron beam shape diagnostic comprises at least one fluorescent

screen coupled with a CCD.

In a preferred embodiment, the electron beam charge diagnostic comprises at least one Integrating

Current Transformer.

In another embodiment, the electron beam charge diagnostic comprises at least one fluorescent screen

coupled with a CCD.

In a preferred embodiment, the electron beam spectral shape diagnostic is a device which comprises at

least one magnetic dipole and at least one fluorescent screen coupled with a CCD.
In a preferred embodiment, the laser focal spot diagnostic comprises a CCD and a reflective object.

In a preferred embodiment, the plasma diagnostic comprises at least one CCD with imaging optics

looking at the gas target.

In a preferred embodiment, the gas density shaper is a device capable of changing the spatial density
of the gas target, comprising at least one of the following components: a gas pressure regulator, a gas
mixture regulator, and at least one wire and/or at least one sharp edge, remotely controlled and
eventually automatic, that modifies the trajectory of the supersonic gas jet, thus changing the plasma

density profile.

In a preferred embodiment, the gas target motors are a set of at least one linear stage capable of

moving the gas target with at least one degree of freedom.
In a preferred embodiment, the wavefront diagnostic comprises a wavefront sensor.

In a preferred embodiment, the laser propagation diagnostic comprises a CCD looking at the laser

exiting the target.

In a preferred embodiment, the laser plasma coupling diagnostic comprises a CCD with imaging

optics looking at the light emitted by the target.
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In a preferred embodiment, the beam divergence diagnostic comprises at least one fluorescent screen

coupled with a CCD.

In a preferred embodiment, the beam temporal profile diagnostic comprises a streak camera with a

resolution better than 10 ps.

In another embodiment, the beam temporal profile diagnostic comprises an infrared spectrometer and

a metallic target.

In a preferred embodiment, the radiation spectrum fine shaper comprises at least one magnetic field

and at least one slit.

In a preferred embodiment, the radiation pulse particle number controller comprises at least one

magnetic field and at least one slit.

In another embodiment, the radiation pulse particle number controller comprises at least one solid

target and at least one slit.

In a preferred embodiment, the radiation pulse spatial distribution shaper comprises at least one solid

target.

In a preferred embodiment, the radiation pulse divergence controller comprises at least one magnetic

field and at least one slit.

In another embodiment, the radiation pulse divergence controller comprises at least one solid target.In

a preferred embodiment, the radiation pulse temporal profile controller comprises at least one

magnetic field.

In another embodiment, the radiation pulse temporal profile controller comprises at least one solid

target.

In a preferred embodiment, the device is controlled by a wireless device, for example a tablet or a

laptop.

FIG. 3 schematically illustrates one embodiment of the control system of the device, in the case of a
laser plasma electron accelerator as a pulsed radiation source and a generic imaging system. The
control system 301 receives from the imaging system 302 the data containing information on the
position and, eventually, the shape of the target region. The control system 301 elaborates the data
received and creates a geometry reconstruction 303 to locate the target region in a 2D or 3D
coordinate system. If the data coming from the imaging system 302 are not accurate enough for the
geometry reconstruction, the control system 301 can operate on the imaging system 302 in order to get

more accurate imaging data. Then, using the data concerning the radiation pulse coming from at least

e
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one among the radiation beam delivery system 106, the plasma electron accelerator 105, and the

control system for the electron beam optimization 306; the control system 301 creates a map of the
dose deposited into the patient’s body and into the target region 304 using the same 2D or 3D
coordinate system. After, the control system 301 compares the map of the dose deposited into the
patient’s body and into the target region 304 with the predicted dose deposited map, and eventually
creates a modified treatment plan 305. After, the control system 301 operates on the control system for
the electron beam optimization 306 and/or on the radiation beam delivery system 106, to meet the

requirements for the subsequent radiation pulse to be delivered according to the current treatment plan.

FIG. 4 schematically illustrates one possible embodiment of the pulsed radiation source, in the case of
multiple radiation pulse arms, in particular with three radiation pulse arms. In this case, each of the

three arms is a laser plasma electron accelerator.

The laser master oscillator 401 sends fs, nJ pulses at a MHz repetition rate to the booster 402, where
the energy is increased at least to the pJ level and the repetition rate lowered to the kHz level. Then the
laser pulses are sent to the stretcher 403, where they are elongated in time to at least 10 ps. After they
are sent to the first amplifier 404, which delivers laser pulses at a frequency of at least 5 Hz and with
an energy of at least few mJ to the laser pulse delivery system 405. The laser pulse delivery system
405 can either stop the laser pulses or deliver each of them to the first radiation pulse arm 421, or to
the second radiation pulse arm 422, or to the third radiation pulse arm 423. All the radiation pulse
arms in this scheme are equivalent. The final amplifier 406, 407, 408 receives the laser pulses coming
from the laser pulse delivery system 405, amplifies them to at least 100 mJ and then sends them to the
laser transport 409, 410, 411. The laser transport 409, 410, 411 compresses the laser pulses in time
into the 20-200 fs range and sends them to the laser focusing system 412, 413, 414, which focuses the
laser pulses into the plasma electron accelerator 415, 416, 417. The plasma electron accelerator 415,
416, 417 uses the laser pulses to accelerate the electron pulses, and sends these last to the radiation

beam delivery system 418, 419, 420, where each radiation pulse can be controlled, modified.and

eventually blocked.

In the following, at least one possible realization of each component disclosed in FIG. 4 is disclosed.
In a preferred embodiment, the laser master oscillator 401 is a Ti:Sa oscillator.

In a preferred embodiment, the booster 402 comprises a laser pulse amplifier, for example a

regenerative amplifier or a multi-pass amplifier.

In a preferred embodiment, the stretcher 403 is an optical device comprising at least one pair of

diffractive gratings.
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In a preferred embodiment, the 1% amplifier 404 comprises a Ti:Sa crystal pumped by a diode pumped

solid state laser with frequency conversion.

In another embodiment, the 1% amplifier 404 comprises a Ti:Sa crystal pumped by a flash lamp

pumped solid state laser with frequency conversion.

In a preferred embodiment, the laser pulse delivery system 405 is an optical system composed by a set

of fast flip mirrors.
In another embodiment, the laser pulse delivery system 405 is a fast rotating mirror.
In another embodiment, the laser pulse delivery system 405 comprises at least one galvo mirror.

In a preferred embodiment, the final amplifiers 406, 407 and 408 comprise Ti:Sa crystals pumped by

diode pumped solid state lasers with frequency conversion.

In a another embodiment, the final amplifiers 406, 407 and 408 comprise Ti:Sa crystals pumped by

flash lamp pumped solid state laser with frequency conversion.

FIG. 5 schematically illustrates one exemplary embodiment of the system with multiple radiation
pulse arms mounted on robotic arms and multiple imaging modules mounted on static supports, in
particular with two laser plasma electron accelerators and two x-ray imaging modules. The laser pulse
delivery system located on the common laser table 501 sends selectively the laser pulses to the final
amplifier tables 502 or 503. The amplified laser pulses are then sent to the radiation stations 504 or
505. The radiation stations send their radiation pulses to the patient lying on the treatment bed 509; at
the same time the x-ray sources 506 and 507, triggered by the synchronization system, irradiate the
target region. The x-ray detector 508 and another x-ray sensor located inside the treatment bed 509

collect the attenuated x-ray and send these data to the control system 301.

In a preferred embodiment of the device, the common laser table 501 comprises at least one laser
master oscillator, at least one booster, at least one stretcher, at least one first amplifier, and at least one

laser pulse delivery system.

In a preferred embodiment of the device, the radiation stations 504 and 505 are devices fixed to the

ground, to a wall or to the ceiling of the treatment room.

In a preferred embodiment, each of the radiation stations 504 and 505 comprises a laser transport, a

laser focusing system, a plasma electron accelerator, and a radiation beam delivery system.

In a preferred embodiment, at least one of the radiation stations 504 and 505 comprises a laser

transport comprising a phased optical fiber array.
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In a preferred embodiment, at least one of the radiation stations 504 and 505 comprises a robotic arm

or a gantry capable of moving the plasma electron accelerator.

In another embodiment, at least one of the radiation stations 504 and 505 comprises a robotic arm or a

gantry capable of moving the radiation beam delivery system.

In another embodiment, at least one of the radiation stations 504 and 505 comprises a robotic arm or a

gantry capable of moving both the plasma electron accelerator and the radiation beam delivery system.

In another embodiment, at least one of the radiation stations 504 and 505 comprises a robotic arm or a
gantry capable of moving the compressor, the transport, the laser focusing system, the plasma electron

accelerator and the radiation beam delivery system.

In a preferred embodiment of the device, the x-ray sources 506 and 507 are devices comprising at least

one x-ray machine and at least one x-ray delivery system.

In a preferred embodiment of the device, at least one of the x-ray sources 506 and 507 comprises a
robotic arm or a gantry capable of moving at least one x-ray machine and at least one x-ray delivery

system.

In a preferred embodiment of the device, the x-ray detector 508 comprises at least one fluorescent

screen coupled with a CCD.

In another embodiment of the device, the x-ray detector 508 comprises at least onedigital x-ray

detector.

In a preferred embodiment of the device, the treatment bed 509 is a stable bed movable along at least

one direction.

In a preferred embodiment of the device, the treatment bed 509 has an x-ray detector 508 integrated.

FIG. 6 schematically illustrates an exemplary embodiment of the device with a combination of
different imaging systems and multiple radiation pulse arms; in particular with one MRI imaging
system, one X-ray imaging system, and two radiation pulse arms. The radiation pulse arm 602 is
implemented into the MRI imaging system 601. The radiation pulse arm 603 is stand-alone and
pointing toward the patient, that is laying on the treatment bed 604. The x-ray source 605 is pointed
toward the patient and the x-ray detector 606 collects the x-ray passing through the patient.

In a preferred embodiment, the MRI imaging system 601 is capable of imaging the target region with a

time resolution better than 200 ms.
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In a preferred embodiment, the radiation pulse arm implemented into the MRI 602 is a laser plasma

electron accelerator emitting neutral radiation.

In a preferred embodiment, the radiation pulse arm 603 can be mounted on a static support, on a

mechanically movable support, on a robotic arm, or on a gantry.

In a preferred embodiment of the device, the MRI imaging system 601, the radiation pulse arm 602,
the radiation pulse arm 603 and the x-ray imaging system 605 are synchronized by a common

synchronization system with a time resolution better than 200 ms.

In a preferred embodiment of the device, the treatment bed 604 may have an x-ray sensor

incorporated.
In another embodiment of the device, the treatment bed 604 can move along at least one direction.

In a preferred embodiment of the device, the x-ray detector 606 can be set to perform x-ray absorption

imaging, x-ray fluoroscopy imaging or x-ray phase contrast imaging.

FIG. 7 shows a 2-D plot describing the dose deposited inside a 10x20 cm water phantom by one of the
possible beams emitted by the pulsed radiation source described in this patent application. In
particular, it shows a beam containing 80 pC of electrons with 100 MeV kinetic energy. As it can be

observed, a single radiation pulse of this kind can deposit a dose higher than 50 mGy at a depth of at

least 1 cm in water.
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CLAIMS

1. A method for testing and/or calibrating a system for radiotherapy, wherein a body of water is
irradiated by means of the pulsed radiation source by at least one pulse having the duration of less than
1 ms and depositing a dose corresponding to at least 50 mGy at a depth of at least 1 cm in water, and
simultaneously the irradiated region is subjected to imaging by means of the imaging system within a
time jitter shorter than 200 ms from the delivery of the irradiation pulse, wherein the imaging is
carried out with a time resolution better than 200 ms, and the obtained image is used for calculating

the deposited dose and optionally adjusting the system.

2. A system for radiotherapy which comprises at least one pulsed radiation source for delivering
radiation pulses shorter than 1 ms, at least one imaging system, ‘at least one control system for
determining the deposited dose, and at least one synchronization system for synchronizing said pulsed
radiation source and said imaging system within a time jitter shorter than 200 ms, wherein said pulsed
radiation source is capable of delivering a dose of at least S0 mGy at a depth of at least 1 cm in water
within 1 ms, wherein said imaging system has the time resolution better than 200 ms, and wherein said

control system is connected to the pulsed radiation source and to the imaging system.

3. The system according to claim 2, wherein the pulsed radiation source has to be selected from the
group comprising: sources of electron beams, sources of high energy photon beams, sources of
positron beams, sources of neutron beams, sources of pi meson beams, sources of beams comprising

combinations of these particles.

4. The system according to any one of claims 2 to 3, wherein the pulsed radiation source may
comprise a ultra-fast laser system, a laser transport system, a laser focusing system, a laser plasma

electron accelerator, a radiation beam delivery system.

5. The system according to any one of claims 2 to 4, wherein the ultra-fast laser system is a Ti:Sa laser
system, a diode pumped solid state laser system or a phased optical fiber array laser system; said ultra-
fast laser system being pumped by a diode laser, by a diode pumped solid state laser with frequency

conversion, by a flash lamp pumped solid state laser with frequency conversion, or by a combination

of these systems.

6. The system according to any one of claims 2 to 5, wherein the control system is capable, after each
irradiation step of at least one of the following: processing the acquired image, calculating the changes
to be applied to the treatment plan, operating on the imaging system, and operating on the pulsed

radiation source.

7. The system according to any one of claims 2 to 6, wherein the pulsed radiation source comprises at

least one laser beam diagnostic, selected from: a spectral shape diagnostic for measuring the spectral
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shape of the laser pulse; an energy diagnostic for measuring the energy of the laser pulse; a beam

shape diagnostic for measuring the energy distribution of the laser pulse along its transverse section; a
spectral phase diagnostic for measuring the spectral phase of the laser pulse; a temporal profile
diagnostic for measuring the temporal profile of the laser pulse; a laser focal spot diagnostic for
measuring the spatial distribution of the laser pulse in its focus; and a wavefront diagnostic for

measuring the phase front of the laser pulse.

8. The system according to any one of claims 2 to 7, wherein the pulsed radiation source comprises a
gas target for emitting the electron pulses, which can optionally be monitored by one or more
diagnostics selected from: a plasma diagnostic for measuring the plasma density inside the target; a
laser plasma coupling diagnostic for measuring the coupling in the laser plasma interaction; and a laser

propagation diagnostic for measuring the laser propagation after the plasma.

9. The system according to any one of claims 2 to 8, wherein the pulsed radiation source comprises
one or more diagnostics selected from: an electron beam shape diagnostic for measuring the transverse
shape of the electron pulse; a beam charge diagnostic for measuring the charge of the electron pulse;
an electron beam spectral shape diagnostic for measuring the spectral shape of the electron pulse; a
beam divergence diagnostic for measuring the divergence of the electron pulse; and a beam temporal

profile diagnostic for measuring the temporal profile of the electron pulse.

10. The system according to any one of claims 2 to 9, wherein the pulsed radiation source comprises a
control system for the electron beam optimization for collecting the data from all diagnostics,
analyzing said data, optionally for modifying the state of one or more components of the pulsed

radiation source, and optionally for saving the results.

11. The system according to any one of claims 2 to 10, wherein the pulsed radiation source comprises
at least one of the following components: a spectral shaping device for modifying the spectral shape of
the laser pulse; an energy attenuator for changing the energy of the laser pulse; a spectral phase shaper
for modifying the spectral phase of the laser pulse; compressor gratings motors for changing the
duration and/or the temporal profile of the laser pulse; positioning motors for modifying the path of
the laser pulse in the laser focusing system; focusing -gptics motors for modifying the position and the
shape of the laser focal spot; a gas density shaper f(;r modifying the density profile of the gas target;
gas target motors for changing the position of the gas target within the plasma electron accelerator;
adaptive optics for modifying thé wavefront of the laser pulse and so the shape of the focal spot; a
radiation spectrum fine shaper for modifying the spectrum of the radiation pulse; a radiation pulse
particle number controller for adjusting the number of particles in the radiation pulse; a radiation pulse
spatial distribution shaper for modifying the spatial distribution of the radiation pulse; a radiation pulse
divergence controller for adjusting the divergence of the radiation pulse; and a radiation pulse

temporal profile controller for adjusting the temporal profile of the radiation pulse.
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12. The system according to any one of claims 2 to 11, wherein the pulsed radiation source comprises

a laser master oscillator, a booster, a stretcher, a first amplifier, a laser pulse delivery system, and one
or more pulsed radiation arms; wherein each said pulsed radiation arm comprises a final amplifier, a
laser transport system, a laser focusing system, a laser plasma electron accelerator, a radiation beam

delivery system.

13. The system according to any one of claims 2 to 12, wherein the imaging system is based on pulsed
x-ray imaging technology, or magnetic resonance imaging (MRI) technology, or ballistic and snake
photon technology, or fluorescent markers, or Cerenkov radiation detection, or a combination of any

two or more of these technologies.

14. The system according to any of claims 2 to 13, wherein the imaging system comprises at least one
of the following: a laser system pointing on the target region and a gated detector; a real time magnetic
imaging device; a laser system and at least one laser delivery system capable of focusing the laser
pulses at an intensity higher than 10 W/cm? on a solid, liquid gaseous or plasma target; a device
comprising an electron emitter, or cathode, which may be a wire undergoing a current higher than
1pA, an anode having a potential difference with respect to the cathode of at least 20 kV, an x-ray
delivery system and an x-ray detector; an x-ray source capable of performing x-ray phase contrast

imaging.

15. The system according to any of claims 2 to 14, wherein the synchronization system comprises at

least one ultra-fast laser system shared with the imaging system and with the pulsed radiation source.

16. The system according to any one of claims 2 to 15, comprising a control system for the electron
beam optimization, wherein the input and output of said control system for the electron beam
optimization are connected with at least one component of the pulsed radiation source, preferably with

the laser plasma electron accelerator.

17. The system according to any of claims 2 to 16, wherein at least one pulsed radiation source and/or
at least one imaging system, is mounted on a static or a movable support, preferably a gantry or a

robotic arm.

18. The system according to any one of claims 2 to 17, wherein the laser trénsport system comprises a

phased optical fiber array that brings the uncompressed laser pulses from the last laser amplifier to the

Compressor.

19. A method for radiotherapeutic treatment of a subject in need of such treatment using the system of
any one of claims 2 to 18, wherein the subject is irradiated by means of the pulsed radiation source by
at least one pulse having the duration of less than 1 ms and depositing a dose corresponding to at least

50 mGy at a depth of at least 1 cm in water, and simultaneously the subject is subjected to imaging by
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means of the imaging system within a time jitter shorter than 200 ms from the delivery of the

irradiation pulse, wherein the imaging is carried out with a time resolution better than 200 ms, and the

obtained image is used for calculating the deposited dose and optionally adjusting the treatment.

20. The method according to claim 19, which further comprises that after each radiation pulse, after
few radiation pulses, or after the whole treatment session, the target region images are analyzed and
the information on the position and, eventually, the shape of the target region are used, in combination
with the data relative to the radiation pulses, to calculate the dose deposited into the target region and

into the healthy tissue, and to improve the treatment plan.
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REVENDICATIONS

1. Procédé pour tester et/ou calibrer un systéme pour la radiothérapie, ot un plan d'eau est
illuminé au moyen de la source de radiation pulsée par au moins une impulsion ayant la durée
de moins de 1 ms et le dépét d'une dose correspondant a au moins 50 mGy a une profondeur
d'au moins 1 cm dans l'eau et simultanément la région illuminée est soumise a l'image au
moyen du systéeme d'image dans une vibration de temps plus court que 200 ms de la livraison
de I'impulsion d'irradiation, ol I'image est effectuée avec une résolution de temps mieux que
200 ms et I'image obtenue est utilisée pour calculer la dose déposée et ajuster facultativement

le systeme.

2. Un systéme pour la radiothérapie qui comprend au moins une source de radiation pulsée
de livrer des impulsions de radiation plus court que 1 ms, au moins un systeme d'image, au
moins un systéme de commande pour déterminer la dose déposée et au moins un systéeme
de synchronisation pour synchroniser ladite source de radiation pulsée et ledit systéeme
d'image dans une vibration de temps plus court que 200 ms, dans laquelle la source de
radiation pulsée est capable de livrer une dose d'au moins 50 mGy a une profondeur d'au
moins 1 cm dans l'eau dans 1 ms, dans lequel le systéme d'image a la résolution de temps

mieux que 200 ms et a ou ledit systéme de commande est connecté a la source de radiation

pulsée et au systeme d'image.

3. Systeme selon la revendication 2, ou la source de radiation pulsée doit étre choisi parmi le
groupe comprenant : les sources de faisceaux électroniques, les sources de hauts rayons de
photon d'énergie, les sources de rayons de positron, les sources de rayons a neutrons, les

sources de rayons de méson pi, les sources de rayons comprenant les combinaisons de ces

particules.

4. Systeme selon I'une quelconque des revendications 2 a 3, ol la source de radiation pulsée
peut comprendre un systéme laser ultra-rapide, un systéme laser de transport, un systéme de
focalisation de laser, un accélérateur électronique plasma laser, un systéme de livraison de

rayon de radiation.

5. Systeme selon I'une quelconque des revendications 2 a 4, ou le systéme laser ultra-rapide
est un systeme laser Ti:Sa, une diode le systéme de laser de solide pompé ou une fibre optique
de phase rangent le systéme laser; le systéme laser ultra-rapide étant pompé par un laser de
diode, par une diode pompée avec un laser a I'état solide avec la conversion de fréquence,
par une lampe de flash pompée avec un laser a I'état solide avec la conversion de fréquence,

ou par une combinaison de ces systemes.
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6. Systéme selon I'une quelconque des revendications 2 a 5, ou le systeme de commande est

capable, aprés chaque étape d'irradiation, de faire au moins une parmi les choses suivantes:
traiter 'image acquise, calculer les changements a étre appliqué au plan de traitement, opérer

sur le systeme d'image et le fonctionnement sur la source de radiation pulsée.

7. Systéme selon I'une quelconque des revendications 2 & 6, ol la source de radiation pulsée
comprend au moins un rayon laser diagnostique, choisi parmi: une forme spectrale
diagnostique pour mesurer la forme spectrale de I'impulsion laser; une énergie diagnostique
pour mesurer I'énergie de I'impulsion laser; une forme de rayon diagnostique pour mesurer la
distribution d'énergie de l'impulsion laser le long de sa section transversale: une phase
spectrale diagnostique pour mesurer la phase spectrale de I'impulsion laser; un profil temporel
diagnostique pour mesurer le profil temporel de I'impulsion laser; une tache focale laser
diagnostique pour mesurer la distribution spatiale de I'impulsion laser dans son foyer; et un

front des ondes diagnostique pour mesurer le front de phase de I'impulsion laser.

8. Systeme selon 'une quelconque des revendications 2 & 7, ou la source de radiation pulsée
comprend une cible & gaz pour émettre les impulsions électroniques, qui peuvent
facultativement étre contrélées par un ou plusieurs diagnostic choisi parmi : un plasma
diagnostique pour mesurer la densité plasma a l'intérieur de la cible; un accouplement plasma
laser diagnostique pour mesurer I'accouplement dans l'interaction plasma laser; et une

propagation laser diagnostique pour mesurer la propagation laser aprés le plasma.

9. Systéme selon I'une quelconque des revendications 2 a 8, ou la source de radiation pulsée
comprend un ou plusieurs diagnostic choisi parmi : une forme de faisceau électronique
diagnostique pour mesurer la forme transversale de I'impulsion électronique; une charge de
rayon diagnostique pour mesurer la charge de limpulsion électronique; un faisceau
électronique la forme spectrale diagnostique pour mesurer la forme spectrale de I'impulsion
électronique; une divergence de rayon diagnostique pour mesurer la divergence de l'impulsion
électronique; et un rayon le profil temporel diagnostique pour mesurer le profil temporel de

I'impulsion électronique.

10. Systéme selon I'une quelconque des revendications 2 a 9, ou la source de radiation pulsée
comprend un systeme de commande pour |'optimisation de faisceau électronique pour
rassembler les données de tout le diagnostic, analysant des données dites, facultativement
pour modifier I'état d'un ou plusieurs composants de la source de radiation pulsée et

facultativement pour sauver les résultats.

11. Systéme selon 'une quelconque des revendications 2 a 10, ou la source de radiation

pulsée comprend au moins un des composants suivants : un dispositif de formation spectral
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pour modifier la forme spectrale de I'impulsion laser; un atténuateur d'énergie pour changer

I'énergie de l'impulsion laser; une phase spectrale formatrice pour modifier la phase spectrale
de l'impulsion laser; des moteurs de rapages de compresseur pour changer la durée et/ou le
profil temporel de I'impulsion laser; le positionnement de moteurs pour modifier le chemin de
limpulsion laser dans le systéme de focalisation de laser; la focalisation de moteurs d'optique
pour modifier la position et la forme de la tache focale laser; une densité a gaz formatrice pour
modifier le profil de densité de la cible & gaz; des moteurs cibles a gaz pour changer la position
de la cible a gaz dans I'accélérateur d’électron plasma ; I'optique adaptative pour modifier le
front des ondes de I'impulsion laser et ainsi la forme de la tache focale; une amende de spectre
de radiation formatrice pour modifier le spectre de I'impulsion de radiation; une particule
d'impulsion de radiation numérote le contréleur pour ajuster le nombre de particules dans
limpulsion de radiation; une impulsion de radiation la distribution spatiale formatrice pour
modifier la distribution spatiale de I'impulsion de radiation; un contréleur de divergence
d'impulsion de radiation pour ajuster la divergence de I'impulsion de radiation; et une impulsion
de radiation le contréleur de profil temporel pour ajuster le profil temporel de I'impulsion de

radiation.

12. Systéme selon I'une quelconque des revendications 2 a 11, ou la source de radiation
pulsée comprend un oscillateur de maitre laser, un booster, une civiére, un premier
amplificateur, un systéme de livraison d'impulsion laser et un ou des bras de radiation plus
pulsés; ou ledit bras de radiation pulsé comprend un amplificateur final, un systéme laser de
transport, un systéme de focalisation de laser, un accélérateur électronique plasma laser, un

systéme de livraison de rayon de radiation.

13. Systeme selon I'une quelconque des revendications 2 a 12, ou le systeme d'image est
basé sur la technologie d'imagerie radiographique pulsée, ou la technologie de l'imagerie par
résonance magnétique (IRM), ou la balistique et la technologie de photon de serpent, ou des

marqueurs fluorescents, ou la détection de radiation Cerenkov, ou une combinaison de deux

ou plusieurs de ces technologies.

14. Systéme selon I'une quelconque des revendications 2 a 13, ou le systeme d'image
comprend au moins une chose suivante: un systeme laser indiquant sur la région cible et un
détecteur cléturé; un dispositif d'image temps réel magnétique; un systéme laser et au moins
un systéme de livraison laser capable de concentrer les impulsions laser a une intensité plus
haut que 1010 W/cm2 sur une cible gazeuse ou plasma solide, liquide; un dispositif
comprenant un émetteur électronique, ou une cathode, qui peut étre un fil subissant un courant

plus haut que 1 A, une anode ayant une différence potentielle en ce qui concerne la cathode
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d'au moins 20 kV, un systéme de livraison radiographique et un détecteur radiographique; une

source radiographique capable d'image contrasté de phase radiographique performante.

15. Systéme selon l'une quelconque des revendications 2 3 14, ou le systéme de
synchronisation comprend au moins un systéme laser ultra-rapide partagé avec le systéme

d'image et avec la source de radiation pulsée.

16. Systéme selon I'une quelconque des revendications 2 a 15 comprenant un systéme de
commande pour l'optimisation de faisceau électronique, ou I'apport et la production de
systéme de commande dit pour |'optimisation de faisceau électronique est connecté avec au
moins un composant de la source de radiation pulsée, de préférence avec I'accélérateur

électronique plasma laser.

17. Systéme selon I'une quelconque des revendications 2 a 16, oU au moins une source de
radiation pulsée et/ou au moins un systéme d'image, est monté sur un statique ou un support

mobile, de préférence un portique ou un bras robotisé.

18. Systeme selon 'une quelconque des revendications 2 a 17, ou le systéme laser de
transport comprend un tableau de fibre optique de phase qui apporte les impulsions laser non

compressées du dernier amplificateur laser au compresseur.

19. Méthode pour le traitement radio-thérapeutique d'un sujet dans le besoin d'un tel traitement
utilisant le systéme de I'une quelconque des revendications 2 a 18, ou le sujet est illuminé au
moyen de la source de radiation pulsée par au moins une impulsion ayant la durée de moins
de 1 ms et le versement d'une dose correspondant a au moins 50 mGy a une profondeur d'au
moins 1 cm dans I'eau et simultanément le sujet est soumis a I'image au moyen du systéme
d'image dans une vibration de temps plus court que 200 ms de la livraison de I'impulsion
d'irradiation, ou l'image est effectuée avec une résolution de temps mieux que 200 ms et
l'image obtenue est utilisée pour calculer la dose déposée et ajuster facultativement le

traitement.

20. Méthode selon la revendication 19, qui comprend en outre aprés chaque impulsion de
radiation, aprés peu d'impulsions de radiation, ou apres la session de traitement entiére, les
images de région cibles sont analysées et les informations sur la position, et finalement, la
forme de la région cible est utilisée, en association avec les données quant aux impulsions de
radiation, pour calculer la dose déposée dans la région cible et dans le mouchoir en papier

sain et améliorer le plan de traitement.
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