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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.



Development of particle acceleration

K Svendsen, PhD Thesis 2022



üCompact

üUltrafast

ü Tunable

Unique Qualities

Laser-plasma acceleration and X-ray generation

O Lundh et al, Nature Physics 7, 219–222 (2011)
J B Svensson et al, Nature Physics 17, 639–645 (2021)



Laser wakefield accelerator

Intense laser pulse drives a plasma wave

Electrons ‘surf’ the plasma wave

Accelerated electron pulse has duration of few fs
Wave in wake of boat

Henrik did the simulation



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



Typical experiment

Laser: 1 J, 35 fs, 1019 W/cm2

Plasma: 2 mm jet, H2 or He, 2–20･1018 e-/cm3
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Setup for shock-front injection

Razor 
blade

1.5 mm 
He gas jet

0.8 T dipole magnet

Scintilla
tor screen

Cornelia did this experiment



Beam quality 

Epeak = 100 MeV

Qpeak = 10 pC

∆𝛳 = 6 mrad

∆E/E = 5% 



Tunability and stability

𝐸!"" = 150 GV/m



Applications of laser-plasma acceleration

High Energy Electrons for Radiotherapy

X-rays for Imaging and Tomography

Prospects for plasma acceleration at MAX IV



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

(a) (b)

(c) (d)

(f)(e)

(g)

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]
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Can plasma accelerators provide such beams?



Beam shaping using EMQ magnets

Focusing the beam at depth 

ü Mitigates lateral spread

ü Gives more uniform dose

Jonas designed the beamline



Dose deposition by focused beams

Kristoffer did the measurements

Changing the energy of the focused beam



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



Multiple irradiation angles

Focused electron beam
EBT3 film stack

Rotation

Phantom stack

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



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

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



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

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



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)



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) Kristoffer Petersson, Oxford Univ



Outline

High Energy Electrons for Radiotherapy

X-rays for Tomography of Transient Sprays



Betatron X-ray source

Several other possibilities to control electron injection have
been investigated: the use of a plasma density downramp
(Bulanov et al., 1998; Suk et al., 2001; Hemker, Hafz, and
Uesaka, 2002; Brantov et al., 2008; Geddes et al., 2008; Faure
et al., 2010), ionization-induced injection (Clayton et al., 2010;
McGuffey et al., 2010; Pak et al., 2010; Pollock et al., 2011), or
magnetically controlled injection (Vieira et al., 2011).

Laser-plasma accelerators have also recently reached the
GeV level, using either external laser guiding (Leemans et al.,
2006; Nakamura et al., 2007) or higher laser power (Hafz
et al., 2008; Froula et al., 2009; Kneip et al., 2009; Clayton
et al., 2010). In the first case, the experiment relied on chan-
neling a few tens of TW-class laser pulses in a gas-filled
capillary discharge waveguide in order to increase the propa-
gation distance, and so the accelerator length, to the centimeter
scale (Leemans et al., 2006; Nakamura et al., 2007;
Rowlands-Rees et al., 2008). In the experiment of Leemans
et al. (2006), electrons have been accelerated up to a GeV.

In order to further improve the quality of electrons from
laser-plasma accelerators, several routes are proposed from
the use of a PW-class laser to multistaged acceleration
schemes (Gordienko and Pukhov, 2005; Lifschitz et al.,
2005; Malka et al., 2006; Lu et al., 2007; Martins et al.,
2010). These foreseen developments are of major importance
for the production of a free-electron laser based on a laser-
plasma accelerator.

IV. PLASMA ACCELERATOR AND PLASMA UNDULATOR:
BETATRON RADIATION

In the bubble acceleration regime, the plasma cavity can
act as a wiggler in addition to being an accelerator, reproduc-
ing on a millimeter scale the principle of a synchrotron to
produce x rays (Kiselev, Pukhov, and Kostyukov, 2004;
Rousse et al., 2004). In this section, we will show a laser-
produced ion cavity drives the electron orbits in such a way
that a short pulse of collimated x-ray radiation is emitted.
Figure 5 represents the principle of the mechanism. As dis-
cussed, the bubble regime is reached when an intense femto-
second laser pulse, propagating in an underdense plasma,
evacuates plasma electrons from the high-intensity regions
and leaves an ion cavity in its wake. In addition to the

longitudinal force, responsible for the acceleration discussed
above, the spherical shape of the ion cavity results in a
transverse electric field producing a restoring force directed
toward the laser pulse propagation axis. Therefore, electrons
trapped and accelerated in the cavity are also transversally
wiggled. The conditions for an efficient production of accel-
erated charged particle radiation, discussed in Sec. II, are
therefore met. A collimated beam of x-ray radiation is emit-
ted by the electron bunch. This radiation, which can be
directly compared to a synchrotron emission in the wiggler
regime, is called betatron radiation.

The betatron radiation from laser-produced plasmas was
simultaneously proposed and demonstrated in 2004 (Kiselev,
Pukhov, and Kostyukov, 2004; Rousse et al., 2004). This
represented a major step forward in the field of plasma
x-ray sources since it was the first method allowing one to
produce bright collimated x-ray (keV) beams from laser-
plasma interactions. Since then, this radiation has been mea-
sured and widely characterized in interaction regimes from
multiterawatt (Ta Phuoc, Burgy, Rousseau, Malka et al.,
2005; Shah et al., 2006; Ta Phuoc et al., 2006, 2007;
Albert et al., 2008; Ta Phuoc, Corde et al., 2008) to petawatt
lasers (Kneip et al., 2008). According to the theory, femto-
second pulses of x rays up to a few tens of keV could be
produced within tens of milliradian beams. In the following
sections, the properties of the betatron mechanism are re-
viewed. Following the approach of Sec. II, the electron orbit
is first calculated using an ideal model and then the features
of the emitted radiation are derived. Simulations based on this
model and a particle in cell (PIC) simulation are presented.
Finally, after a summary of the experimental results, we
conclude with the short term developments foreseen.

A. Electron orbit in an ion cavity

An idealized model of a wakefield in the bubble regime
based on the phenomenological description developed by
Lu, Huang, Zhou, Mori, and Katsouleas (2006), Lu,
Huang, Zhou, Tzoufras et al. (2006), and Lu et al. (2007)
is assumed. The phase velocity of the wake is expressed

as v! ¼ vg " vetch ’ cð1" 3!2
p=2!

2
LÞ, where vg ¼

c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1"!2

p=!
2
L

q
is the laser group velocity in the plasma,

vetch ’ c!2
p=!

2
L is the etching velocity due to local pump

depletion (Decker and Mori, 1994, 1995; Decker et al., 1996;

Lu et al., 2007), !p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nee

2=m"0
p

is the plasma frequency,

ne the electron density of the plasma, and !L the central
frequency of the laser field. The ion cavity is assumed to be a
sphere of radius rb ¼ ð2=kpÞ

ffiffiffiffiffi
a0

p ðkp ¼ !p=cÞ and a cylindri-
cal coordinate system (r, #, z), where r is the distance from
the laser pulse propagation axis is used. The comoving
variable is defined as $ ¼ z" v!t so that ($ ¼ 0, r ¼ 0),
($ ¼ rb, r ¼ 0), and ($ ¼ "rb, r ¼ 0), respectively, corre-
spond to the center, the front, and the back of the cavity. The
electromagnetic fields of the wake are an axial electric field
Ez, a radial electric field Er, and an azimuthal magnetic field
B#. They are given by Ez=E0 ¼ kp$=2, Er=E0 ¼ kpr=4, and
B#=E0 ¼ "kpr=4c, where E0 ¼ m!pc=e is the cold non-

relativistic wave-breaking field (Kostyukov, Pukhov, and

FIG. 5 (color online). Schematic of the betatron mechanism.
When an electron is injected in the ion cavity, it is submitted not
only to the accelerating force, but also to a restoring transverse
force, resulting in its wiggling around the propagation axis. Because
of this motion, the electron radiates x rays whose typical divergence
is # ¼ K=%.

S. Corde et al.: Femtosecond x rays from laser-plasma accelerators 11

Rev. Mod. Phys., Vol. 85, No. 1, January–March 2013

S Corde et al, Rev Mod Phys 85, 1 (2013)



X-ray spectrum

Critical energy: 2-3 keV

Flux: 1-2･1011 photons/sr

Divergence: 30 × 40 mrad

~4･108 photons

Isabel did the analysis

Optimization of soft X-ray phase-contrast tomography using a laser wakefield accelerator

Fig. 3. (a) Critical energy and X-ray photon yield obtained from the Ross filter measurements.
Maximal photon yield is obtained at a backing pressure of 230 mbar, corresponding to an
electron number density of 1 ⇥ 1019 cm�3. At this pressure, a critical energy of 2.4 keV is
obtained. Error bars represent the standard deviation within the average of 10 X-ray pulses.
The backing pressure used during the tomographic scan resulted in a peak photon yield of
approximately 1.9⇥ 1011 ph/sr, a divergence of 48⇥ 67 mrad2 in the vertical and horizontal
direction respectively and a critical energy of 2.4 keV. (b) knife edge measurement of the
source size, using a 25 µm tungsten wire. The obtained data (dots in b)) was compared to
simulated values (shown as a shadow), resulting in a vertical source size of 2.6± 0.2 µm and
a horizontal source size of 3.6 ± 0.2 µm.

interpolated mesh, Ig, one obtains an approximated image background gradient, which results
in a more representative image. This was implemented for the phase-contrast images of the
Chrysopa specimen, Fig. 4(c).

All single-shot phase retrieval algorithms make some assumption on absorption and A. Burvall
et al. gives a good overview on these [38]. The soft X-ray spectrum is subject to some absorption
in the sample which limits the choice to Paganins single-material algorithm [39], since it does
not require absorption close to zero. Instead, one assumes the absorption to be proportional to
the refractive index decrement, �. For a monochromatic source of wavelength �, the projected
thickness of the sample is [39]

t(Ær?) = � 1
µ

ln

 
F �1

✓
µ
F(I(Ær?, r2))

r2� |Æk? |2 + µ

◆!
(3)

where Ær? is the position vector perpendicular to propagation, F denotes the 2D Fourier transform,
Æk? is the spatial frequency vector, Æk? = (u, v), so that |Æk? |2 = u2 + v2. The spatial frequencies,
u, v, were calculated as M ·F(�1/2+(ni�1)/(n�1)), where M is the magnification, F the number
of pixels per unit length, ni the pixel number and n total number of pixels in the corresponding
dimension [40]. I( Ær?, r2)� is the normalized and background subtracted PCI.

As the X-ray source is polychromatic, the e�ective refractive index decrement was calculated
as the spectrally weighted average �e f f =

Ø
w���d�/

Ø
w�d� and the e�ective attenuation

coe�cient µe f f was calculated in the same way. The projected thickness was calculate by Eq. 3
using �e f f and µe f f .

Two di�erent samples were used; a 100 µm thick plastic line (CH-line) tied in a reef-knot and
a small green lacewing of the Chrysopa genus. For each of these samples, 900 images were

178



X-ray source size3.3.3 X-ray spatial profile and source size
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Figure 3.15. (a) Set of tungsten
crosses used for the source size
measurement. (b) Betatron
x-ray image of the crosses after
a magnification of
approximately 42. (c-d) (Black)
integrated signal along
respectively the horizontal and
vertical directions, and (colour)
comparison with calculated
di↵raction patterns for di↵erent
source sizes D.

the source divergence. The black lines in Figure 3.14(b) and (c)
show the intensity integrated in the non-filtered area behind
the Ross filters image shown in (a). The data is fitted to a
Gaussian function, shown with the dashed orange curve, from
which the FWHM diameter is obtained. Knowing the geometry
of the set up, it is possible to estimate the FWHM divergence
of the x-ray beam. In the example shown in Figure 3.14, the
x-ray divergence was estimated to 63⇥ 49 mrad⇥mrad.

Furthermore, in order to characterize the spatial coherence
and brightness of the x-ray radiation, it is necessary to deter-
minate the size of the source [67–69]. The betatron source size
can be estimated by imaging an object or obstacle backlit with
the betatron x-rays. Figure 3.15(a) shows the image of an ar-
ray of crosses made by 50 µm diameter tungsten wires, with
a transmission of less than 0.05 for photon energies below 25
keV, used for the source size characterization. As the object is
practically opaque to the x-ray beam, it produces a shadow in
the detector. Figure 3.15(b) shows the x-ray image produced
by one of the tungsten crosses shown in (a), placed x1 = 44
mm away from the source, and registered in the Andor iKon-L
detector placed x2 = 1.8 m after the wire. As a first approx-
imation, for the shadow to be sharp the x-ray source size is
necessarily smaller than the object.

A more accurate estimation of the size is possible by look-
ing at the di↵raction features at the edges of the shadow, which
can be fitted to a di↵raction description of the x-ray propaga-
tion. Assuming monochromatic x-rays with a low divergence,
and considering that the longitudinal distances are much larger
than the transverse ones, the x-ray normalized intensity after
an obstacle along the axis y, for a point source, can be written
as [70]

I(yd) =

����

r
xt

i�x1x2

Z
exp

⇢
�i⇡

�x2


2yyd �

xt

x1
y2 �

x1

x
y2d

��
q(y)dy

����
2

where � = hc/Eph is the wavelength of the monochro-
matic source, xt = x1 + x2 is the source-detector distance,
q(y) is a function describing the obstacle, and y and yd are
the coordinates of the obstacle and detector planes respec-
tively. To consider the synchrotron-like spectral distribution
of the betatron radiation, the intensity must be averaged as
Iw(yd) =

R
d�(A�)I(yd), where A� is the normalized weight

coe�cient that can be obtained from Equation (2.27). Fi-
nally, a finite transverse size is considered as a distribution
of point sources, usually assuming a Gaussian shape B(ys) =
exp (�4 ln (2)y2s/D

2), where ys is the coordinate in the source

42
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Figure 3.15. (a) Set of tungsten
crosses used for the source size
measurement. (b) Betatron
x-ray image of the crosses after
a magnification of
approximately 42. (c-d) (Black)
integrated signal along
respectively the horizontal and
vertical directions, and (colour)
comparison with calculated
di↵raction patterns for di↵erent
source sizes D.

the source divergence. The black lines in Figure 3.14(b) and (c)
show the intensity integrated in the non-filtered area behind
the Ross filters image shown in (a). The data is fitted to a
Gaussian function, shown with the dashed orange curve, from
which the FWHM diameter is obtained. Knowing the geometry
of the set up, it is possible to estimate the FWHM divergence
of the x-ray beam. In the example shown in Figure 3.14, the
x-ray divergence was estimated to 63⇥ 49 mrad⇥mrad.

Furthermore, in order to characterize the spatial coherence
and brightness of the x-ray radiation, it is necessary to deter-
minate the size of the source [67–69]. The betatron source size
can be estimated by imaging an object or obstacle backlit with
the betatron x-rays. Figure 3.15(a) shows the image of an ar-
ray of crosses made by 50 µm diameter tungsten wires, with
a transmission of less than 0.05 for photon energies below 25
keV, used for the source size characterization. As the object is
practically opaque to the x-ray beam, it produces a shadow in
the detector. Figure 3.15(b) shows the x-ray image produced
by one of the tungsten crosses shown in (a), placed x1 = 44
mm away from the source, and registered in the Andor iKon-L
detector placed x2 = 1.8 m after the wire. As a first approx-
imation, for the shadow to be sharp the x-ray source size is
necessarily smaller than the object.

A more accurate estimation of the size is possible by look-
ing at the di↵raction features at the edges of the shadow, which
can be fitted to a di↵raction description of the x-ray propaga-
tion. Assuming monochromatic x-rays with a low divergence,
and considering that the longitudinal distances are much larger
than the transverse ones, the x-ray normalized intensity after
an obstacle along the axis y, for a point source, can be written
as [70]
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where � = hc/Eph is the wavelength of the monochro-
matic source, xt = x1 + x2 is the source-detector distance,
q(y) is a function describing the obstacle, and y and yd are
the coordinates of the obstacle and detector planes respec-
tively. To consider the synchrotron-like spectral distribution
of the betatron radiation, the intensity must be averaged as
Iw(yd) =

R
d�(A�)I(yd), where A� is the normalized weight

coe�cient that can be obtained from Equation (2.27). Fi-
nally, a finite transverse size is considered as a distribution
of point sources, usually assuming a Gaussian shape B(ys) =
exp (�4 ln (2)y2s/D

2), where ys is the coordinate in the source
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Fig. 3. (a) Critical energy and X-ray photon yield obtained from the Ross filter measurements.
Maximal photon yield is obtained at a backing pressure of 230 mbar, corresponding to an
electron number density of 1 ⇥ 1019 cm�3. At this pressure, a critical energy of 2.4 keV is
obtained. The X-ray beam divergence (blue lines) is stable but starts to grow as the pressure
reaches over 400mbar. Error bars represent the standard deviation within the average of 10
X-ray pulses. The large error bars at 200 and 260 mbar is due to the poor Gaussian fitting as
the peak lies outside the detector. The backing pressure used during the tomographic scan
was 220 � 260mbar, resulting in a peak photon yield of approximately 1.9 ⇥ 1011 ph/sr, a
divergence of 48⇥ 67 mrad in the vertical and horizontal direction respectively and a critical
energy of 2.4keV. A knife edge measurement of the source size, using a 25 µm tungsten wire
is shown in (b). The obtained data (dots in b)) was compared to simulated values (shown as
a shadow), resulting in a vertical source size of 2.6 ± 0.2 µm and a horizontal source size of
3.6 ± 0.2 µm

To determine optimal r1 and r2 that results in the best SNR for PCI, the findings by Ya. I.
Nesterets et al. [5] were implemented. The procedure maximizes SNR with respect to the
optimal magnification for a symmetrical Gaussian feature of a homogeneous object, wavelength,
source size and detector resolution. For a source size of 2.6 µm, pixel size of 13.5 µm and a
magnification that yields the best detector resolution results in r1 = 0.6 m and r2 = 1.7 m. This
was further investigated by performing Fresnel-Kircho� di�raction simulations and analyzing
the contrast using di�erent distances. The simulations gave better SNR with a magnification
larger than what was obtained via the optimization procedure developed by Nesteres et al. As
such, in combination with the limited space inside the experimental chamber, a smaller r1 was
used, and the final distances were r1 = 0.3 m and r2 = 1.8 m.

The detected image, I0, is normally processed before any further calculations by subtracting
a dark field image Id and normalizing to a flat field image as I = (I0 � Id)/(Ig � Id). This
flat and dark field correction constitutes an issue as the flat field changes from shot-to-shot, is
non-uniform, and it is not possible to simultaneously acquire a flat field and a corresponding
sample image. By taking the average pixel value at several positions in the image and generating
an cubical interpolated mesh, Ig, one obtains an approximated image background gradient, which
results in a more representative image.

All single-shot phase retrieval algorithms make some assumption on absorption and A. Burvall
et al gives a good overview on these [35]. The soft X-ray spectrum is subject to some absorption
in the sample which limits the choice to Paganins single-material algorithm [36], since it does
not require absorption close to zero. Instead, one assumes the absorption to be proportional to

25 µm tungsten wires

Wire shadow on CCD

Source size
Vertical: 2.6 µm
Horizontal: 3.6 µm

Line-out 
vertical wire

Line-out 
horizontal wire
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Fig. 1: Schematic of the experimental setup showing the most relevant components. The laser pulse enters the chamber from
the left and is focused by a f20 parabola (not shown here) at the entrance of the gas cell. In the gas cell the electrons are
accelerated and generate betatron x-rays. The electrons and the x-rays co-propagate until the dipole magnet, where the electrons
are dispersed onto a scintillating screen. The x-rays continue to the sample, mounted in the sample holder. The sample holder
is attached to two motorized translation stages and one rotational stage, positioned 0.3 m from the source ,which is inside the
gas cell. The x-rays are finally detected by the CCD that is positioned 1.8 from the sample after passing through two 250 µm
thick beryllium windows and an air gap of 59 mm. The tungsten wire-grid is mounted 10 mm from the gas cell, most of the
acceleration takes place at the front of the cell, resulting in a source-wire distance of 16 mm. This was only used for source size
measurements and positioned outside the beam path otherwise.

low power to drill a small hole in the tape ensures the best
gas density gradient. At the back of the gas cell, a pre-drilled
copper plate is mounted, deterring the hole from growing too
large. The gas is a mixture of nitrogen and helium with a ratio
of 1% nitrogen at a pressure of 0.3 bar, resulting in an electron
density of 1.4·1019 cm�3 which generates a satisfactory photon
flux (see figure 2).

Two different samples were used, a 100 µm thick fishing
line tied in a reef-knot and a small fly. For each of these
samples, 900 images were taken, divided into 5 images at each
angle over 180 degrees in 1 degree increments. Each set of 5
images were averaged to increase the SNR ratio. The last set
of images at 180 degrees are not necessary for the tomographic
reconstruction but were used to find the centre of rotation by
overlapping with the set of images at zero degrees.

To determine the source-sample distance, r1 and sample-
detector distance, r2, that results in the best SNR the findings
by Ya. I. Nesterets et al. [2] were implemented. The procedure
maximizes SNR with respect to the optimal magnification,
wavelength, source size and detector resolution. For a source
size of 2.5 µ, pixel size of 13.5 µ and a magnification that
yields the best detector resolution results in r1 = 0.6 µm and
r2 = 1.7 µm. This was further investigated by Fresnel-Kirchoff
diffraction simulations. Due to the limited space inside the
experimental chamber the final values used were r1 = 0.3 µm
and r2 = 1.8 µm, reaching approximately 86 % of the maximal
SNR achievable for an x-ray spectrum having a critical energy
of 2.5 keV.

A. Setup
As previously stated, a large benefit to PB-PCI is the simple

setup, depicted in figure 1. The generated betatron x-rays, the
laser pulse and the electron beam exits from the gas cell and
co-propagate to a dipole magnet, dispersing the electrons onto
a scintillator. No beam block is used as the laser pulse has
expanded enough to not cause any damage to the sample. The
sample holder is positioned 30 cm from the x-ray source,
mounted on a rotational and translational stage. The x-ray
CCD camera (ANDOR iKon-L SO) has a back illuminated,
deep depletion chip and is positioned 1.8 m from the source
in accordance to previous calculations and simulations. Two
250 µm thick beryllium plates sit between the camera chip
and the vacuum chamber, one plate to seal the chip in vacuum
and one to seal the chamber, with a separation of 59 mm air
in between them.

B. Source Characterization
A source size measurement was performed by placing a

tungsten wire-grid 10 mm from the gas cell, as most of
the acceleration process takes place at the front of the cell
this results in a source-wire distance of 16 mm and a wire-
detector distance of 1.8 m. Having wires in both the vertical
and horizontal plane allowed for a size measurement in both
planes, and having several wires excludes the necessity to vent
the chamber if one breaks. The mount holding the wires was
placed on a translation stage, allowing for online alignment.
The acquired data was smoothed using locally weighted scat-
terplot smoothing for an easier fit to the simulated data.

Setup for X-ray phase-contrast tomographySetup for phase-contrast imaging

Kristoffer did the experiment



Phase-contrast tomography
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Fig. 6: A volume rendering of the fly, performed in 3D Slicer.
The upper part of the fly is shown in a), while b) shows the
tarsus (leg) with two claws at the end. A section of the head
is shown in c) where it can be seen to hollow at places.

B. Phase retrieval and tomography
Applying the procedure for background correction described

in section II.D and calculating the projected thickness using
equation 4 on a sample of known thickness, the 100 µm
thick fishing line, showed good agreement. Figure 4 shows
the projected thickness of this fishing line. This thickness
varied some along the line but this is believed to be due to
the manufacturing process, possible even the process of tying
the knot, which may have deformed the wire some.

Figure 5 shows a PCI of the fly sample, along with
tomographic images (a-c), location of the cross-section is
indicated by a red dashed line. These were reconstructed by
averaging and aligning 5 shots over 180 angles, calculating
the projected thickness using Paganin’s algorithm, equation 4,
and performing the inverse Radon transform. Finally, a volume
rendering was created using the free open-source software 3D
slicer, shown in figure 6.

IV.DISCUSSION

The source size measurement showed an asymmetrical
source which was expected. The size is larger in the direction
of the polarization of the laser pulse, this has previously been
observed and is caused by the accelerating electrons interacting
with the tail of the laser pulse. The effect is reported to
decrease as the laser pulse is made shorter [16], thus, a shorter
pulse would be preferable to decrease the source size, assuming
the photon flux does not decrease.

The tomographic reconstruction could be improved as paral-
lel beam geometry was assumed. This was not the case as the
beam is divergent (estimated to a few mrad). This would result
in a rhombus distortion in the sinogram, introducing some error
in the reconstruction if not taken into account. The beam’s
divergence is still relatively small, hence the error will not be
significant, but the reconstruction would still be improved if
assuming a fan beam geometry.

It would be preferable to remove one of the beryllium win-
dows to increase the x-ray flux at the CCD, further improving

Fig. 7: Same volume rendering as figure 6, with a region of
interest only covering the head, presented in a larger scale.
Small bumbs are visible at the lower part of the neck, which
may be follicles, indicated by the red arrow. The profile of the
follicles are shown as an inset, indicating a hight of close to
10 µm and a width of approximately 30 µm.

the contrast. This is of greater importance in this case as the x-
ray energy is rather low, 500 µ of beryllium has a transmittance
of approximately 20 % for x-rays at 2.5 keV. The optimal
situation would be to have no window at all but this will leave
the chip exposed, which may prove too be a risk.

The final 3D volume rendering, figure 6, resolves details on
the 10 µm scale such as the follicles. Having smaller samples
would be possible but one might have to focus the x-rays to
increase the x-ray flux at the sample to limit the number of
shots required for a satisfactory image.

This technique is intriguing since it allows x-ray imaging
of small objects that generally have low absorption, along
with the possibility to fully 3D render the object. Adding
to this the short pulse duration of a LWFA which is on
the order of femtoseconds which would allow for temporally
resolved experiments. Systems exhibiting dynamics on this
timescale (such as chemical reactions or molecular vibrations)
are usually very small however, further stressing the need to
focus the x-ray beam.

It is clearly possible to use soft x-rays to do PB-PCI and
could even be advantageous as this increases the lateral spatial
coherence, which improves resolution, and it improves the
contrast. Comparing the final results in figure 6 to other works,
such as [7], hints at a better resolution in this paper. This is
a cautious proclamation as this might be due to the different
methods in 3D volume rendering and this setup also has close
to twice the magnification.

SNR could be further improved by introducing additional
filters and/or increasing the number of shots averaged. An
increase in the laser and gas injection repetition rate would
facilitate this. The calculated thickness depends strongly on
the ability to detect diffraction fringes, making the detector
resolution a crucial aspect of the setup [2]. To further improve,
a detector with larger pixel density would be mandatory.

3D rendering3D rendering

10 µm structures can be resolved in tomogram

K. Svendsen et al, Optics Express 26, 33930 (2018)



Lund University Laser Acceleration Laboratory

Short title Leader Institute Country Hours Completed

Multistage plasma accelerator V. Tomkus FTMC Vilnius Lithuania 135 Feb 2019

Testing plasma souce for EuPRAXIA M. Streeter Imperial College UK 244 Dec 2019

Spray imaging by laser driven x-rays L. Zigan Erlangen FAU Germany 138 Mar 2020

Optimizing acceleration by AI/ML F. Filippi ENEA Frascati Italy 271 Dec 2021

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



Lund University Laser Acceleration Laboratory

Testing plasma accelerator source for EuPRAXIA
4 weeks access, 10 visiting users, 10 participating institutes, 5 countries

Imperial College (UK), University of York (UK), Oxford University (UK), CLF (UK)
CNRS (FR), U Paris-Saclay (FR), CEA-Saclay (FR), INFN (IT), IST (PT), Lund University (SE)

L. Dickson et al., Phys. Rev. AB 25, 101301 (2023)
F. Filippi et al., JINST 18, C05013 (2023)



Lund University Laser Acceleration Laboratory

Recent TNA project (Jan-Feb 2019):

Multistage plasma accelerator
3 weeks access, 5 users from Center for Physical Sciences and Technology, Vilnius, Lithuania

V. Tomkus et al., Scientific Reports 10, 16807 (2020) 

Micromachined multi-stage gas nozzle

Laser
Accelerator

Radiator



Spray imaging combining laser-driven X-rays and laser-induced 
fluorescence
3 weeks access, 5 users from Univ Erlangen FAU (Germany)
D. Guénot et al, Phys Rev Applied 17, 064056 (2022)

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

LWFA X-ray image Laser-induced flourescence

Lund University Laser Acceleration Laboratory

Fuel injection sprayLWFA X-ray source



Experimental setup



Intermediate sprayOptically dilute spray Optically dense spray
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Transient spray tomography
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Conclusion

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)



Summary
Laser plasma particle accelerators
ü Compact – Ultrafast – Tunable

High energy electron dosimetry
ü High dose – Ultrahigh dose rate
ü Focused pencil beam

X-rays for imaging and tomography
ü Phase-contrast imaging of low-absorbing samples
ü Combining X-rays and fluorescence imaging of sprays
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Fig. 6: A volume rendering of the fly, performed in 3D Slicer.
The upper part of the fly is shown in a), while b) shows the
tarsus (leg) with two claws at the end. A section of the head
is shown in c) where it can be seen to hollow at places.

B. Phase retrieval and tomography
Applying the procedure for background correction described

in section II.D and calculating the projected thickness using
equation 4 on a sample of known thickness, the 100 µm
thick fishing line, showed good agreement. Figure 4 shows
the projected thickness of this fishing line. This thickness
varied some along the line but this is believed to be due to
the manufacturing process, possible even the process of tying
the knot, which may have deformed the wire some.

Figure 5 shows a PCI of the fly sample, along with
tomographic images (a-c), location of the cross-section is
indicated by a red dashed line. These were reconstructed by
averaging and aligning 5 shots over 180 angles, calculating
the projected thickness using Paganin’s algorithm, equation 4,
and performing the inverse Radon transform. Finally, a volume
rendering was created using the free open-source software 3D
slicer, shown in figure 6.

IV.DISCUSSION

The source size measurement showed an asymmetrical
source which was expected. The size is larger in the direction
of the polarization of the laser pulse, this has previously been
observed and is caused by the accelerating electrons interacting
with the tail of the laser pulse. The effect is reported to
decrease as the laser pulse is made shorter [16], thus, a shorter
pulse would be preferable to decrease the source size, assuming
the photon flux does not decrease.

The tomographic reconstruction could be improved as paral-
lel beam geometry was assumed. This was not the case as the
beam is divergent (estimated to a few mrad). This would result
in a rhombus distortion in the sinogram, introducing some error
in the reconstruction if not taken into account. The beam’s
divergence is still relatively small, hence the error will not be
significant, but the reconstruction would still be improved if
assuming a fan beam geometry.

It would be preferable to remove one of the beryllium win-
dows to increase the x-ray flux at the CCD, further improving

Fig. 7: Same volume rendering as figure 6, with a region of
interest only covering the head, presented in a larger scale.
Small bumbs are visible at the lower part of the neck, which
may be follicles, indicated by the red arrow. The profile of the
follicles are shown as an inset, indicating a hight of close to
10 µm and a width of approximately 30 µm.

the contrast. This is of greater importance in this case as the x-
ray energy is rather low, 500 µ of beryllium has a transmittance
of approximately 20 % for x-rays at 2.5 keV. The optimal
situation would be to have no window at all but this will leave
the chip exposed, which may prove too be a risk.

The final 3D volume rendering, figure 6, resolves details on
the 10 µm scale such as the follicles. Having smaller samples
would be possible but one might have to focus the x-rays to
increase the x-ray flux at the sample to limit the number of
shots required for a satisfactory image.

This technique is intriguing since it allows x-ray imaging
of small objects that generally have low absorption, along
with the possibility to fully 3D render the object. Adding
to this the short pulse duration of a LWFA which is on
the order of femtoseconds which would allow for temporally
resolved experiments. Systems exhibiting dynamics on this
timescale (such as chemical reactions or molecular vibrations)
are usually very small however, further stressing the need to
focus the x-ray beam.

It is clearly possible to use soft x-rays to do PB-PCI and
could even be advantageous as this increases the lateral spatial
coherence, which improves resolution, and it improves the
contrast. Comparing the final results in figure 6 to other works,
such as [7], hints at a better resolution in this paper. This is
a cautious proclamation as this might be due to the different
methods in 3D volume rendering and this setup also has close
to twice the magnification.

SNR could be further improved by introducing additional
filters and/or increasing the number of shots averaged. An
increase in the laser and gas injection repetition rate would
facilitate this. The calculated thickness depends strongly on
the ability to detect diffraction fringes, making the detector
resolution a crucial aspect of the setup [2]. To further improve,
a detector with larger pixel density would be mandatory.
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Applications of laser-plasma acceleration

High Energy Electrons for Radiotherapy

X-rays for Imaging and Tomography

Prospects for plasma acceleration at MAX IV



Particle acceleration in a plasmaParticle acceleration in a plasma

LWFA 
Wakefield driven by laser pulse 
+ Lasers are compact and available 
+ Internal injection schemes well developed 
- External injection (synchronisation) difficult 
- Dephasing limits energy in one stage

PWFA 
Wakefield driven by particle beam 
+ No dephasing, energy gain limited by depletion 
+ External injection (synchronisation) “easier” 
- Needs large particle accelerator



MAX IV Laboratory
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2015: Buildings completed

Short Pulse Facility (SPF)

3GeV Linac



MAX IV Linear accelerator

Extraction
3	GeV

BC1	@	250	MeV
BC2	@	3	GeV

Extraction
1.5	GeV

Linac 1250	MeV Linac 1500	MeV

Photo-cathode
RF	gun

Thermionic
RF	gun

Operation modes
• Top-up injection for storage rings (~every 5-10 min)
• Driver for Short Pulse Facility (SPF, 100 Hz)

Energy  3 GeV
Charge  > 100 pC
Peak current > 1 kA
Duration < 100 fs
Emittance < 1 mm mrad
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Preliminary focusing system
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Preliminary focusing system

BC2: 2nd achromat Final focus

β* ≈ 30 cm at focus



Preliminary focusing system
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Preliminary focusing system

Final focus

β* ≈ 30 cm at focus



Adjustable beams

Driver Witness
Delay 195 fs

Duration 31 55 fs

Peak current 3.3 1.5 kA

Peak density 6.0 2.6 1017 cm-3

Charge (pC) 150 100 pC

Emittance hor. 0.51 0.40 mm mrad

Emittance, vert. 0.34 0.37 mm mrad

Width, hor. 15 9.3 µm

Width, vert. 8.6 9.4 µm

Energy spread 0.9 0.9 %



Single bunch
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Plasma density chosen 
so both bunches are in 

the bubble

Driver bunch 
3.3 kA 
31 fs (FWHM) 
10 µm (FWHM) 
150 pC 
nb = 6･1017 cm-3 

Driver bunch 
1.5 kA 
55 fs (FWHM) 
10 µm (FWHM) 
100 pC 
nb = 2.6･1017 cm-3 

Plasma parameters 
Lramp = 0.5 mm 
ne = 1.1･1017 cm-3

Simulation using CALDER-CIRC
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50 mm
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177 mm
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240 mm
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352 mm
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Depletion of the driver after 35 cm 

Witness energy = 5.1 GeV (2.1 GeV gain) 

Effective accelerating gradient 6 GV/m 

Energy spread 1.5 %



Energy gain and spread

63

Energy spread grows during acceleration to ~3% 

Momentum compression during driver depletion 

∆E/E = 1,5% at 5.1 GeV

Energy gain and spread



Short Pulse Facility overview

Fig. 3. Drawing of the SPF. The existing FemtoMAX beamline is shown in red (top) and the diagnostics beamline in green (bottom). The diagnostics beamline
design is according to phase 1, i.e. final focusing magnets and target chamber are left out.
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Fig. 4. Current profiles of two beams with different settings for the BC1 sextupoles; a) has k2 = 33m�2 and b) has k2 = 7m�2, giving current up- and
down-ramps, respectively. The fwhm bunch duration is estimated to 230 fs for a) and 245 fs for b).

b), it is not a concern as such, as it is the up-ramped current
profile which is the most interesting when it comes to single-
bunch PWFA schemes, using the beam to drive the plasma
wave. Furthermore, the two beams were produced during an
experiment with a different purpose than PWFA, and are not
optimized for this application; they are merely meant to give
examples of the types of beams that can be produced with
this compressor type. Nevertheless, with this compressor type,
linear current ramps can be more easily achieved, and to some
extent with higher quality, than with some similar [11, 12] and
some fundamentally different [13] techniques.

B. Double-bunches

In the second experiment, double-bunches were created in
the same RF period by using a longer than normal set of
BBO stacking crystals in the photocathode gun laser system,
delaying the polarization components along the two crystal
axes by more than the individual pulse lengths. The fwhm
pulse lengths were around 1.2 ps, while the peak-to-peak
separation after the crystals was 4.8 ps. The total beam charge
was about 40 pC, evenly distributed between the two bunches.
A similar compression and linearization scan to the previous
experiment was performed and the current after BC1 was
diagnosed in the same fashion using BC2.

Three example results are shown in Figure 5, where the
difference is again different degrees of linearization using the
BC1 sextupoles. The maximum (simultaneous) compression
achieved with the double-bunches was less than with a single
bunch; the bunches started exhibiting ”church tower” peaks
- characteristic of chicane compressors, but sign of over-
compression for double-achromats - at a much smaller off-
crest phase than for single bunches.

IV. SUMMARY AND OUTLOOK

The diagnostic beamline project is well underway and is
progressing favorably. Currently, mechanical and magnetic
drawings and specifications are being finalized for phase 1,
and many parts, such as quadrupoles, have been designed with
the phase 2 requirements in mind. Space has been reserved
for the target chamber, but this chamber, and the gas cells
and other targets to be used therein, have not left the very
early conceptual phase yet. This will be a crucial part of the
upcoming work.

Another important part of the upcoming work is the up-
grade of the photocathode electron gun [14], which will be
done in parallel with the TDS beamline. This is expected
to improve the overall beam quality and repetition rate, and
also enable double-bunches of higher charge by virtue of the
higher peak electric field amplitude [15]. A Mach-Zehnder-

PlasMAX could be an extension of the soft-X-ray laser (SXL) design study

Space for 6-8 QPs for 
final focus

Intermediate (tight) focus
Plasma source could be placed here

Two 3.5 m long TDC 
cavities @ 3 GHz

with polarization control
(TDC – Transverse Deflecting Cavity)

Drift for TDC measurements

Dipole

FemtoMAX



PlasMAX objectives

Ø Double the energy of the MAX IV 3 GeV accelerator with 
preserved emittance and energy spread

Ø Demonstrate plasma injector capable of producing smaller 
emittance beam than the MAX IV accelerator

Ø Demonstrate a plasma de-chirper, capable of reducing the 
energy spread

To explore the use of plasma for particle acceleration and 
advanced X-ray sources

J. B. Svensson et al, “Start-to-end simulations of plasma-wakefield acceleration using the MAX IV Linear Accelerator”, NIMA 1033, 166591 (2022)

J. B. Svensson et al, “Third-order double-achromat bunch compressors for broadband beams”, Phys Rev AB 22, 104401 (2019)

J. B. Svensson et al, “Beamline design for plasma-wakefield acceleration experiments at MAX IV”, IEEE Advanced Accelerator Workshop 2018
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