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Why particle accelerators matter
Discovery Science
Particle accelerators are essential tools of discovery for particle and 
nuclear physics and for sciences that use x-rays and neutrons.

Medicine
Tens of millions of patients receive accelerator-based diagnoses and 
therapy each year in hospitals and clinics around the world.

Industry
Worldwide, hundreds of industrial processes use particle accelerators 
– from the manufacturing of computer chips to the cross-linking of 
plastic for shrink wrap and beyond.

Security
Particle accelerators play an important role in ensuring security, 
including cargo inspection and materials characterization.



üCompact

üUltrafast

ü Tunable

Unique Qualities

Laser-plasma acceleration and X-ray generation



Lund Multi-Terawatt Laser
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suitable for ultrashort laser pulse generation owing to its relatively large spectral band-
width (≥ 50 nm) [175]. It operates most e�ciently at a central wavelength around 800
nm. Using a Pockels cell together with a polarizer, ten pulses per second are selected from
the pulse train generated by the oscillator. Before amplifying, the 10 Hz laser pulses pass
through a pre-amplifier ended with a saturable absorber to improve laser temporal con-
trast. Immediately after that, the laser is sent to a stretcher where its duration increases
up to approximately 300 ps. The stretched pulse is consecutively amplified through three
stages. The first is a regenerative amplifier [176], in which the laser makes 15 round trips
within the closed cavity, and then it enters the first five-pass amplifier [177], reaching
energy of 300 mJ. 200 mJ of that is taken by another experiment (indicated by j in Figure
5.2). The other 100 mJ is further amplified by a second four-pass stage using cryogenically
cooled Ti:sapphire crystal. All the amplifiers are pumped by 10 Hz frequency-doubled Q-
switched Nd:YAG lasers. After full amplification, the laser energy can reach 2 J before
compression. The amplified laser pulse is compressed down to ≥ 40 fs (FWHM duration).
Typically, 1 J laser energy can be delivered on target.

Figure 5.3: Photographs of (a) the laser room and (b) the target area at the LLC. The
gas filling system, extension tube for parabolic mirror, and diagnostics around the target
chamber can be seen as well.

Figure 5.3(a) is a photograph of the LLC laser room. All the optical components
are arranged on three tables as illustrated in Figure 5.2. The amplified laser beam is
then sent to the compressor located in the target room [Figure 5.3(b)], where most of the
experiments were performed.

Focal spot correction

Among the properties characterizing laser performance, focal spot shape and pointing
stability are essential in the case of capillary tubes, as demonstrated in Chapter 4. Many
e�orts have been put at the LLC to address these two issues via adaptive optics and
pointing stabilization technique. Owing to their importance for our experiment, we will
briefly introduce these two schemes here. More details can be found in [62, 76].

In a large high power laser system, wavefront aberrations are introduced into the laser
beam by such as misalignments of components in the optical chain, misalignment of the
focusing mirror, thermal e�ects, and so on. When such an aberrated beam is focused, the
focal spot is far from the ideal case of an Airy distribution. Therefore, adaptive optics is

Ti:Sapphire
CPA laser
1 J
30 fs
10 Hz
1019 W/cm2



QUARK 30 / 45
Ultrafast Ti:Sa Laser Series
Applications 
  Electrons and ions acceleration

  Plasma physics

  VUV-Xray generation

  High order harmonic generation

  Time resolved spectroscopy

Contrast Measurement with XPW

Pulse Duration 

Strehl Ratio and Far Field without 
Deformable Mirror

Features and Benefits 
  Patented technologies offering state-of-the-art performances 

along with industrial grade

  Quali!ed hardware with robust software solution providing 
highest availability

  User friendly interface designed for daily operation

  Modular platform based on reliable building 
blocks engineered for evolution

Specifications
Version QUARK 30 QUARK 45

Repetition rate (Hz) 5 or 10

Peak power (TW) ≥ 30 ≥ 45

Central wavelength (nm) ~ 800

Energy per pulse (J) 
After compression ≥ 0.75 ≥ 1.2

Pulse duration FWHM (fs) Down to 25

Pulse to pulse energy 
stability (% rms) ≤ 1

Contrast ratio  
obtained with XPW

1 : 105 at - 5 ps

1 : 108 at - 30 ps

1: 1010 at - 100 ps

Strehl ratio
≥ 0.85 (with deformable mirror)

≥ 0.65 (without deformable mirror)

Physical Characteristics

QUARK 45 layout example without compressor(*) 
Table size: 1.5 x 4.2 m2 (4.9 x 13.8 ft2)

(*) Other con!gurations are available on request. Speci!cations are dependent on the chosen 
con!guration and options.

Thales LAS France SAS – 2, avenue Gay-Lussac – 78990 Élancourt – FRANCE
Tél: + 33 (0)1 30 96 70 00 > thalesgroup.com < 
thales-laser@fr.thalesgroup.com – www.thalesgroup.com/en/lasers

Commercial TW laser Beamline technol.
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High Energy Electrons for Radiotherapy

X-rays for Tomography of Transient Sprays



Low energy electron radiotherapy
Introduction Laser-plasma acceleration Radiation therapy Radiation biology Radiography Conclusions

Low energy electron radiotherapy

Clinical oncology machine

5-20 MeV electron beam

X-rays by bremsstrahlung

Direct electron irradiation

Electrons have limited range

Underlying structures spared

4



Dose deposition for different particles

Low energy electrons < 20 MeV widely used for superficial tumours 

High energy electrons > 100 MeV not yet available in hospitals

Can high-energy electrons be useful for radiotherapy?
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Potential advantage of high energy electrons
Schüler et al, Med. Phys. 44, 2544-2555 (2017)

Compared to X rays (IMRT, VMAT), high-energy electrons (100-200 MeV) can give

• Similar coverage of the target volume

• Better sparing of critical structures and organs at risk

Furthermore, the calculated conformity index in the lung,
pediatric brain, and HNC cases were highest for the PPBS
plans as compared to the VMAT and VHEE plans. This is

related to the introduction of range shifters due to the shallow
sites of the targets. This introduces a widening of the penum-
bra, affecting the conformity of the beam. One way of
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FIG. 6. Treatment plan comparison, HNC. Treatment planning comparison between VMAT, PPBS, 100 MeV VHEE, and 200 MeV VHEE plans. (a–d) Coronal
images through PTV for the different modalities, (e) mean doses to the spinal cord, parotid glands, oral cavity, and brain stem, (f) dose volume histogram for the
PTVs and brain stem, and (g) mean integral body dose, conformity index, and homogeneity for the different modalities. [Color figure can be viewed at wileyonli-
nelibrary.com]

Medical Physics, 44 (6), June 2017
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Experimental setup
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Measured dose profiles
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Comparison to simulation
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Experiment
Simulation
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Laser-accelerated VHEE’s for radiotherapy?
Introduction Laser-plasma acceleration Radiation therapy Radiation biology Radiography Conclusions

Laser-accelerated VHEE’s for radiotherapy?

Treatment plan

Total treatment dosage: 20-80 Gy

Fractional daily dosage: 2 Gy/day

Laser-plasma beam

1 Gy/shot over 2x2 mm
2

200 shots (20 s): 2 Gy over 20x20 mm
2

Reasonable numbers

21O. Lundh et al., Med. Phys. (in press 2012)



Beam shaping using EMQ magnets

Focusing the beam at depth 

ü Mitigates lateral spread

ü Gives more uniform dose



Energy spectrum
Before EMQ magnetsConsecutive measurements



Energy spectrum
Before EMQ magnets

After EMQ magnets

Consecutive measurements



Beam control

Spectral filtering Pointing stabilization
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Dose deposition by focused beams



Multiple irradiation angles

Focused electron beam
EBT3 film stack

Rotation

Phantom stack



Multiple irradiation angles

Focused electron beam
EBT3 film stack

Rotation

Phantom stack

Measurement – concave volume 36 angles, 10 pulses/angle

Layers at different heights from beam center

−2.4 mm −0.3 mm 0 mm 0.3 mm 2.4 mm

80 𝑚𝑚



Multiple irradiation angles

Focused electron beam
EBT3 film stack

Rotation

Phantom stack Simulation

Simulation using Fluka

Measurement – concave volume 36 angles, 10 pulses/angle

Layers at different heights from beam center

−2.4 mm −0.3 mm 0 mm 0.3 mm 2.4 mm

80 𝑚𝑚



Towards stereotactic radiotherapy
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Figure 4. This figure shows the dosimetry data for the circular phantom. Figure a) shows the different layers of the circular
phantom, 80 mm in diameter and layers 1�7 are located at height of 0, 2.1, 2.3, 2.4, 2.6, 2.7 and 4.8 mm in phantom,
respectively. The target (bean-shaped) and OAR (cylinder-shaped) is outlined in black in each layer. This would correspond to
a single fraction, consisting of 3 pulses being delivered from each of the 36 angles. The isodose for the central layer (same
height as the electron beam) at 2.6 mm is shown in b) along with a dose volume histogram in c) for a total of 25 fractions to the
target and OAR.

and 0.76. When focusing at the exit, R50 was positioned at 34.9 mm, R80 at 4.5 and R90 at 2.2 mm. The maximum dose was
located at the phantom entrance except when focusing 3 cm from the phantom entrance, here R100 was reached at 7.2 mm. The
highest dose per pulse was reached when focusing at the phantom exit with 0.4 Gy at R100 for a single pulse and the dose in the
target area (40 mm from entrance) was 0.13 Gy per pulse. Focusing at the exit resulted in a 50 % higher maximum dose at R50,
with a wider lateral profile with a FWHM of 2.97 mm, compared to focusing at the entrance with a FWHM of 1.04 mm, see
Figure 3 e).

A cylindrical phantom consisting of Perspex with 7 layers of EBT3 disks (8 cm in diameter) located at different heights (0,
2.1, 2.3, 2.4, 2.6, 2.7 and 4.8 mm) was irradiated to measure the delivered dose. To imitate a stereotactical case, a bean-shaped
target volume of 0.07 cm3 and an organ at risk (OAR) volume of 0.33 cm3 were assumed, see Figure 4 a). The size of the
phantom was chosen as a mean of relevant anatomical sites, comparable in depth and size for a head and neck case, smaller
than a brain case and larger than a lung case33. For a typical brain metastasis stereotactical treatment34, the target volume is
1�20 cm3, 100 times larger compared the target volume in this paper, showing that our beam has sufficient precision for this
treatment. Radiating a larger target volume can be achieved with the added (minor) complexity of scanning the electron beam
over the target volume. The OAR was chosen to be of a size comparable to that of the optic chiasm and optical nerves for a
brain case (typically located at a surface depth of less than 4 cm), the spinal cord for a head and neck case and the bronchial
tree for lung cases.

Comparing the target volume in the circular phantom, see Figure 4 a), to a typical fractionated stereotactic radiotherapy
treatment for meningiomas, vestibular schwannomas, pituitary adenomas or craniopharyngioma, the target volume and OAR

5/10

Organ at risk 
Low dose

Target
High dose

Purpose of stereotactic radiotherapy is very precise 
delivery of the dose to the target volume

Target

At risk

K. Svendsen et al, Sci Reports 11, 5844 (2021)

O. Lundh et al, Med Phys 39, 3501 (2012)



Perspectives for FLASH therapy
FLASH therapy is the delivery of very high dose rates (>40 Gy/s)

FLASH effect provides better sparing of healthy tissue

not yet completely understood

Femtosecond electron bunches from LWFA

Ø Allow radiobiological studies at ultra-high dose rates

Ø High repetition rate is also needed for the delivering high total 
dose (several Gy) in very short time (~100 ms)

M. Kim et al, IEEE TRPMS 6, 252-262 (2021)

O. Rigaud et al, Cell Death & Disease 1, e73 (2010)
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High Energy Electrons for Radiotherapy

X-rays for Tomography of Transient Sprays



Lund University Laser Acceleration Laboratory

Short title Leader Institute Country Units Completed

Multistage plasma accelerator V. Tomkus FTMC Vilnius Lithuania 135 2019.02.22

Testing plasma souce for EuPRAXIA M. Streeter Imperial College UK 244 2019.12.16

Spray imaging by laser driven x-rays L. Zigan Erlangen FAU Germany 138 2020.03.13

Optimizing acceleration by AI/ML F. Filippi ENEA Frascati Italy 251 2021.12.10

Transnational Access to Plasma Accelerated beams of Electrons and X-rays  



Spray applications

Medical Applications: Inhalation and skin treatment

Industrial Applications: Spray drying / painting / cutting / etc



Spray applications

Medical Applications: Inhalation and skin treatment

Industrial Applications: Spray drying / painting / cutting / etc



Spray applications

Internal Combustion Engines Applications: Diesel and GDI sprays

Gas Turbines Applications: Aero Engines



Spray applications

Internal Combustion Engines Applications: Diesel and GDI sprays

Gas Turbines Applications: Aero Engines



Atomizing sprays



Atomizing sprays

𝐼!

𝐼! = 𝐼" # exp −𝑂𝐷

Optical Depth

𝐿

𝐼"



Atomizing sprays
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Intermediate sprayOptically dilute spray Optically dense spray
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Intermediate sprayOptically dilute spray Optically dense spray
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Experimental setup



X-ray absorption

0°



X-ray absorption

20°



X-ray absorption

40°



X-ray absorption

60°



X-ray absorption

80°



Path length from absorption

100 µm of water transmit 80% of the light

Adding 20% KI (potassium iodide), the transmission drops to 45%



Transient spray tomography

Li
qu

id
 v

ol
um

e 
fra

ct
io

n

55

50

45

40

35

30

25

20

15

10

0.5

0.1



Combining X-rays and flourescence

Ground state

Femto-
second
pulse

X-rays

2-photon laser-
induced flourescence

Technique developed by 
Edouard Berrocal (Lund University)



Simultaneous recordings
X-rays



Simultaneous recordings
X-rays Flourescence



Summary

Approach Mass flow: X-ray imaging
Atomization: 2-photon LIF

Challenges Fast dynamics (ns to µs)
Highly scattering media
Multiple jets in the same spray

Understanding breakup and atomization of sprays is 
essential for improving e.g. engine efficiencies.

D. Guenot et al, Phys Rev Applied 17, 064056 (2022)

H. Ulrich et al, Phys of Fluids 34, 083305 (2022)

D. Guenot et al, Optica 7, 131-134 (2020)



Lars Zigan
Michael Wensing
Bastian Lehnert
Hannah Ulrich

Edouard Berrocal
Diego Guenot
Kristoffer Svendsen
Anders Persson
Alexander Permogorov

Kristoffer Petersson

Thank you for the attention !



Wide irradiation field (simulation)

more uniform than in the case of a pencil beam. In particular,
the highest dose is delivered 12 cm from the surface, not at
the surface as in the case of a pencil beam. This is because,
for such wide fields, side-scatter equilibrium exists.

Technically, uniform or intensity-modulated radiation
fields can be obtained by, e.g., using defocusing or beam-
shaping electron optics, or by lateral electromagnetic scan-
ning of the electron pencil beam.47 Using multiple and
shaped scattering foils might not be suitable for the high
energies considered here, partly because of high levels of
bremsstrahlung but also because a relatively long distance
would be required between the foils to produce a field of sev-
eral square centimeter.

Our accelerator delivers 30 pC, or 2! 108 electrons per
shot. If the beam can be reshaped to a uniform field with
area 5! 5 cm2, the delivered dose is 3 mGy per shot. Our
laser system operates at 10 Hz so a prescribed dose of 2 Gy
could be delivered in around 1 min ("600 laser shots). Using
a large number of laser shots could mitigate the effect of
fluctuations. The delivered charge can be measured on every
shot and the treatment stopped when the integrated charge
attains the prescribed value.

Lateral electromagnetic scanning could have certain clini-
cal advantages that are not possible using photon beams. In
principle, both the energy and number of electrons applied at

each lateral position could be controlled and dynamically
adjusted. This can be advantageous for image guided energy-
and intensity-modulated radiation therapy.21 For example, in
a dual characteristic electron beam, very high-energy elec-
trons would be used at the beam edge, resulting in very sharp
lateral edges while low-energy electrons in the beam middle
would create a distal edge beyond the tumor with considerable
sparing of downstream organs. A similar scheme, using mixed
photon and electron beams was proposed by Korevaar et al.48

When treating deep-seated tumors with scanned electron
beams, the beams at the skin entrance would not need to
overlap. This is a very interesting situation of grid therapy.50

It is known from photon grid therapy that the radiation toler-
ance of skin (and some other organs) for spatially fractio-
nated radiation is much higher than for uniform radiation.
Spot-scanned high-energy electron pencil beams would
allow grid therapy at the entrance through the skin combined
with uniform irradiation of the tumor or grid therapy at both
sites depending on the spatial separation and scattering of
the electron beams.

The broadening of the electron beam due to scattering
could help sparing sensitive organs that are situated in the
beam path, behind the tumor. But scattering also represents a
disadvantage for radiotherapy of deep-seated tumors. Lateral
scattering can be somewhat improved by bringing the source
as close as possible to the patient. Another solution is to
magnetically focus the beam at a point inside the patient.27

High-energy electron beams can be focused by two or three
magnetic quadrupole lenses. Conventional electromagnetic
quadrupoles, however, are relatively large and do not match
the compactness of the laser-plasma accelerator. Therefore,
compact quadrupoles, which are based on permanent mag-
nets and may be as small as a coin, have been developed.49

For some treatments, a beam that stays collimated all the
way through the patient, might be desired. Such true pencil
beams can be created by using even higher electron energies.
Laser-plasma accelerators scale favorably in this respect and
electrons with even higher energies could be envisaged for
radiotherapy. At higher energies, the electron beam scatters
only marginally when passing through the patient and would
allow for very precise and laterally localized radiation fields.
The clinical use of these energetic electrons for radiotherapy,
in particular radioprotection, remains to be studied.

V. CONCLUSIONS AND PERSPECTIVES

Our measurements have shown that high-energy electron
beams produced by an optically injected laser-plasma acceler-
ator can deliver adequate dose at penetration depths of interest
for electron beam radiotherapy of deep-seated tumors. The
electron beam is quasi-monoenergetic and has low divergence.

FIG. 7. (a) Simulated broad-field dose distribution as function of depth.
(b) Transverse dose distribution at different depths. (c) Central-axis dose
profile. The top-hat electron beam has a diameter of 50 mm when it enters
the phantom. The depth–dose is relatively constant but peaks around 90
mGy for 1 nC delivered electron beam charge.

TABLE I. Measured dose distribution at depths Z. DX (DY) show the horizontal (vertical) diameter at half peak dose Dpk.

Z (mm) 10 6 0:3 30 6 0:3 50 6 0:3 70 6 0:3 100 6 0:3 150 6 0:3 200 6 0:3

Dpk (mGy) 1200 6 60 790 6 40 460 6 20 220 6 10 68 6 3 19 6 1 7 6 0:4

DX (mm) 2:5 6 0:1 2:7 6 0:1 3:6 6 0:1 5:0 6 0:1 8:3 6 0:1 14:9 6 0:1 23:6 6 0:1

DY (mm) 1:8 6 0:1 2:1 6 0:1 3:3 6 0:1 4:8 6 0:1 7:8 6 0:1 15:2 6 0:1 22:8 6 0:1

3506 Lundh et al.: Laser-plasma accelerated high-energy electron beams for radiotherapy 3506

Medical Physics, Vol. 39, No. 6, June 2012

Lundh et al, Medical Phys. 39, 3501-3508 (2012)


