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Extreme Light Physics

Extreme light physics is rather young but fast developing area of science
and the innovation activity in this field is at the very initial stage now.

The first 2 multi-PW laser systems have been constructed in the past 2
years around the world. These are 4PW system in Korea and about 5 PW
system in China. Several 10 PW systems are under construction now in
EU.
However, there are several national and international programs and
research platforms focused on applications and innovative technologies.
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New Science and Technology with XCELS

Besides the basic research XCELS is also focused on developing innovative technologies, 
related to particle and radiation sources, nuclear physics, medicine and others. 



PEARL & XCELS at IAP RAS 

Projects

PEARL - I XCELSPEARL - II
2001                2007                 2013                    2019
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Рисунок 2.18. Электронные пучки различных типов со второго сцинтиллятора: 

широкий пучок (a), кластеризованный (b), узкий (c). 

 

Electron acceleration experiments
A.A. Soloviev et al., NIMA 653, 35 (2011).
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Рисунок 3.6. Сканы стеков радиохромных пленок с рекордными энергиями 

ускоренных протонов 43.3 МэВ (a) и 41.2 МэВ (b) 

 

На рисунке 3.7 (a) представлен энергетический протонный спектр рекордного 

выстрела. Непрерывная линия соответствует гауссовой аппроксимации для модели 

адиабатического расширения плазмы при температуре протонов 3.5 МэВ [137]. На 

рисунке 3.7 (b) приведен угловой спектр пучка. Рисунок 3.7 (c) демонстрирует 

количественные характеристики данного протонного пучка: полная энергия и 

количество частиц, обладающих энергией больше отложенной по оси x энергии 

протонов Ep. 
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Proton acceleration experiments
A.A. Soloviev et al., Sci. Rep.  7, 12144 
(2017).

Sub-PW laser system PEARL, which is
a prototype of XCELS, was
constructed in 2007. The system is
used to study laser-plasma electron
acceleration. The second generation of
PEARL laser system commissioned in
2013 was used to study proton
acceleration.



Electron Accelerators

V. Malka, 2007

Science (high-energy physics, nuclear physics, radiation sources, etc. )

Medicine (particle 
therapy, diagnostics, etc.)

Industry (material 
processing and 

diagnostics, etc.)

Security (non-invasive 
inspection, screening 

technologies, etc.)

If we speak about extreme light applications with innovation potential and social impact we 
should mention particle accelerators. 



Laser-Plasma Electron Accelerators

V. Malka, 2007

V. Malka, 2007

High-energy electron accelerators are very large and costly machines. This limits their
wide use in various areas of human activity. At the same time, the laser fields and the
plasma fields, generated by laser pulses, are several orders of magnitude stronger than the
accelerating fields in conventional accelerators. The plasma accelerating structure can be
several orders of magnitude shorter than the conventional metallic accelerating structure..

V. Malka, Dream Beam 2007

V. Malka, Dream Beam 2007
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BELLA laser: (still) highest rep rate PW-laser for high 
intensity LPA experiments 

•  Petawatt laser operating at 
up to 42 J in ~30 fs at 1 Hz 

13.5m%

Intensity ~1.5x1019 Wcm-2 
Acc. fields ~10-50GV/m 

~ 55 micron spot ~30 fs 

Laser-Plasma Electron Accelerators
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Рисунок 2.18. Электронные пучки различных типов со второго сцинтиллятора: 

широкий пучок (a), кластеризованный (b), узкий (c). 

 

A.A. Soloviev et al., NIMA 653, 35 (2011).

W. Leemans et al., PRL 113, 245002 (2014).

4.2 GeV at 300 TW

Last result: Electron energy > 8 GeV, 

EAAC Conference (Elba, Italy 2017))

Now the quasi-monoenergetic bunches of electrons accelerated in laser plasma can be
routinely produced in laboratory. Laser-plasma acceleration of electrons has been studied in
our institute. In LBNL experiments, the energy of electrons has reached 8 GeV..



Proton and Ion Accelerators

Medical application (proton therapy) Industrial application (ion implantation)

Innovative laser-based acceleration for diagnostic and 
conservations of objects of interest for Cultural Heritage.
M. Barberio, Sci. Rep. 2017



Laser-Accelerated Protons
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K.F. Burdonov et al., Quantum Electron., 46 283 (2016.)

Hegelich B. M. et al.. 160 MeV laser-accelerated protons 
from CH2 nano-targets for proton cancer therapy. arXiv
1310.8650 (2013).

Experimental stand for study of the impact of 25 MeV laser-accelerated protons on biological objects.
It is demonstrated the doses up to 10 Gy to the object can be transferred in a single shot. The
technique of irradiating the cell culture HeLa Kyoto and measuring the fraction of survived cells is
developed.
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При помощи CCD-камеры (рисунок 3.2 (b)) производилось измерение 

распределения ближней зоны лазерного излучения. При перемещении мишени 

вдоль оси x, изображение на камере перекрывалось краем мишени, причем 

топология перекрытия ближней зоны зависела от положения плоскости 

перемещения мишени относительно перетяжки. Если плоскость перемещения 

мишени находилась в сходящемся лазерном пучке (до перетяжки), то ближняя зона 

лазерного излучения начинала перекрываться со стороны противоположной 

положению мишени. Если плоскость перемещения находилась в расходящемся 

пучке (за перетяжкой), то ближняя зона перекрывалась со стороны мишени. При 

совпадении плоскости перемещения с плоскостью фокусировки асимметрия 

ближней зоны пропадала даже для случая частично перекрытия излучения. 

Эксперименты показали, что при включенной системе коррекции волнового фронта 

(при этом перетяжка становилась меньше как поперек, так и вдоль лазерной оси) 

отсутствие видимой асимметрии в ближней зоне излучения, частично перекрытого 

краем мишени, гарантировало положение мишени в области с максимальной 

интенсивностью с точностью до 5 мкм, что заметно превосходит релеевскую длину 

излучения. После установки края мишени в плоскость пятна фокусировки, мишень 

дополнительно сдвигалась в положение, отстоящее от перетяжки на 50 мкм вдоль 

своей поверхности, в котором и осуществлялся выстрел. 

 

  
 

Рисунок 3.2. Многокоординатная система позиционирования мишени (a);  

схема методики наведения мишени на фокус излучения (b). 
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The laser-matter interaction can be also used for efficient generation of high-energy 
protons and ions in very small volume. 



Radiation Sources

XFEL
The Diamond synchrotron facility

Medicine Nanotechnology

The radiation sources have probably even stronger social impact. For example, the bright x-ray
and gamma ray sources can be used for phase contrast imaging in medicine and nanotechnology
with much better resolution than with traditional computer tomography. However, they also
have large size and high cost since their basic part is high-energy electron accelerator.



M. Kando,  ANAR2017, CERN, 24-28 Apr., 2017

Ubiquitous Power Laser
for

achieving a safe, secure 
and longevity society

� Project 2: Development 
of ultra-compact optical 
pulse lasers for industry

� Project 1: LWFA (Laser 
wakefield acceleration) of 
electrons and XFEL 
demonstration

ImPACT - UPL (Ubiquitous Power Laser)

Laser wakefield acceleration 
of electrons Ultra-compact XFEL

Handheld laser Tabletop laser
Yuji SANO
Annual MT Meeting@KIT Karlsruhe University 
10 Mar. 2016

Radiation Sources (x-ray, γ-ray)

Magnetic scheme: laser-plasma XFEL

Laser

4 cm

plasma acceleration
up to 1 GeV

Plasma acceleration 
up to 1-2 GeV

F. Grüner et al., Appl. Phys. B 
86, 431 (2007).

Plasma scheme: betatron radiation  source

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

betatron
radiation

fF

aF xray

PM
probe

probe	detector

PM	reflectivity electron	spectra betatron
x-rays

Compton
γ-rays

Texas	PW
laser	pulse

Compton

To	increase	γ-ray	yield,	we	will	move	the	PM	to	
the	LPA	exit	and	exploit	its	focusing	properties

J. M. Shaw et al., CLEO 2016 and AAC 2016
imaging
plate

brick

*Plasma	Mirror

4γ2hνL
~ 75 MeVè 108 γ photons

e+e- pairs

K-edge
filter	arrayfocus

Mike	Downer

Hai-En Tsai et al., Phys. Plasmas 22, 023106 (2015).

Laser wake-field acceleration can fabricate a compact X-ray pencil beam
system through the inverse Compton scattering. 
This is applicable for a mobile Laser Backward X-ray inspection; strongly 
required for homeland securities, industrial inspections and disaster fields.

Inverse Compton scattering x-ray beam driven by laser wake-field acceleration

Y. MORI APEX 2012

~ cm

Mobile inspection

As a relativistic laser-plasma interaction is accompanied by the intense flows of high-energy
particles and radiation and can be used to reduce the size of radiation sources.

Laser scheme: Compton source



High Harmonic Generation (XUV-EUV)

In-Yong Park et al., Nature Photonics 5, 677 (2011).

R. Klas et al., Optica 3, 1167 (2016).

Laser-plasma EUV source for lithography

Table-top HHG source with a megahertz fibre
laser: (25-40 eV ) radiation; at 30 eV an 
average power of 143 µW (3·1013 photons/s). 

The laser-based radiation sources in EUV
range are probably the most prepared for
innovation and commercialization.
Laser-atom interaction is also a highly
nonlinear process which can be
accompanied by HHG. This can be used for
EUV sources. The source based on such
innovative technology are attracted much
attention and have bright prospects.



Radiation Sources (THz Radiation)

W. P. Leemans et al., Phys. Plasmas 11, 2899 (2004).
Observation of Gigawatt-Class THz Pulses from a Compact Laser-Driven Particle Accelerator

A. Gopal,1,2,* S. Herzer,1,2 A. Schmidt,1 P. Singh,1,† A. Reinhard,1 W. Ziegler,1 D. Brömmel,3 A. Karmakar,3,‡

P. Gibbon,3 U. Dillner,4 T. May,4 H-G. Meyer,4 and G.G. Paulus1,2

1Institute of Optics and Quantumelectronics, Friedrich-Schiller-Universität Jena, Max-Wien-Platz 1, 07743 Jena, Germany
2Helmholtz Institute Jena, Fröbelstieg 3, 07743 Jena, Germany

3Forschungzentrum Jülich GmbH, Institute for Advanced Simulation, Jülich Supercomputing Centre, D-52425 Jülich, Germany
4Institut für Photonische Technologien, Postfach 100239, 07702 Jena, Germany

(Received 10 December 2012; published 15 August 2013)

We report the observation of subpicosecond terahertz (T-ray) pulses with energies ! 460 !J from a

laser-driven ion accelerator, thus rendering the peak power of the source higher even than that of state-of-

the-art synchrotrons. Experiments were performed with intense laser pulses (up to 5" 1019 W=cm2) to

irradiate thin metal foil targets. Ion spectra measured simultaneously showed a square law dependence

of the T-ray yield on particle number. Two-dimensional particle-in-cell simulations show the presence of

transient currents at the target rear surface which could be responsible for the strong T-ray emission.

DOI: 10.1103/PhysRevLett.111.074802 PACS numbers: 41.75.Jv, 52.25.Os, 52.59.Ye

Terahertz (T-ray) sources are considered to be next-
generation light sources with applications ranging from
cancer diagnosis to material science [1–5]. Due to their
nonionizing nature, good spatial resolution, and the ability
to penetrate several millimeters of biological tissue, T rays
are a suitable alternative to x rays for the detection of
cancerous cells [6]. Apart from biological imaging, power-
ful T rays find many applications in diagnostic tools for
material science, such as ultrafast spectroscopy [7]. By
focusing high power T rays to millimeter spot size, electric
fields of the order of GV=m can be generated. Such large
electric fields can be used to study structural transitions in
polar molecules. The associated transient magnetic fields
(of the order of a tesla) can be employed to create magnetic
or spin excitations and to follow their dynamics on a pico-
second time scale [8,9]. Currently available sources of high
power T rays range from large scale facilities like linear
accelerators [10] to compact sources based on electro-optic
crystals [11]. Linear accelerators send a beam of relativistic
electron bunches through a bending magnet to generate
THz beams with megawatt (MW) peak power [12].
Sources based on electro-optic crystals use high repetition
rate laser systems for generating T rays by optical rectifi-
cation (OR) in nonlinear crystals. Both sources have advan-
tages and disadvantages. For instance, T-ray sources based
on accelerators are high peak power (MW), high repetition
rate systems. However, they are large and expensive and
thus can offer only fairly limited accessibility. Compact
sources based on OR are more economic and can achieve
T-ray pulses with energies comparable to accelerator based
sources [13]. However, the T-ray yield is limited by the
damage threshold of the nonlinear crystals. Such limitations
do not exist for laser-generated plasmas. Accordingly, the
potential of laser plasmas has been the subject of research
since quite some time. In fact, there are various mechanisms
by which the T rays are generated [14–20]. For plasma

filaments produced by two-color lasers, T-ray energy as
high as 5 !J with a conversion efficiency of 1" 10#4 was
achieved [16]. However, at higher laser intensities, the
THz radiation is subject to saturation due to intensity
clamping [21], low electron density, and reabsorption of
the radiation [16,22]. Plasmas generated during high-power
laser-solid interaction do not have such limitations and are
also a known source of T rays [17,18], however much less
investigated.
In this Letter, we report the experimental observation of

extremely powerful T rays from a laser-driven ion accel-
erator at incident laser intensities >1019 W=cm2. We mea-
sured subpicosecond pulses with energies ! 460 !J and
a conversion efficiency >7" 10#4, which is significantly
higher than previously reported measurements [23]. T rays
were emitted from the rear surface of a solid target in the
noncollinear direction and we characterized the spectrum
from 0.1–30 THz.
The experiment was performed at the multi-Terawatt

JETI (JEna Ti-Sapphire) laser at the University of Jena
[24]. The experimental configuration is similar to the one
used in our previous measurements [23]. For this experi-
ment the temporal contrast of the laser pulse was optimized
to generate peak proton energies of 4.7 MeV with 5 !m
thick titanium foils. Additionally, high transmission broad-
band THz windows (TPX $ 10 THz or KRS-5 ! 8 THz)
were used to couple the beam out of the experimental
chamber. Simultaneous recording of the THz signal and
the ion spectra allowed us to estimate the correlation
between the THz power and the particle number.
By careful calibration of all the optical components in

the beam path, a lower bound for the total energy of the
emitted T rays was determined. For incident laser energies
of 600 mJ, we measured T-ray pulses of at least 460 !J in
the 0.1–30 THz band from a 5 !m thick titanium foil,
which corresponds to a conversion efficiency of>7"10#4.

PRL 111, 074802 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

16 AUGUST 2013

0031-9007=13=111(7)=074802(5) 074802-1 ! 2013 American Physical Society

We emphasize that this value should be understood as the
minimum conversion efficiency; losses occurring in the cou-
pling of the T-ray beam to the detector outside the vacuum
chamber are not taken into account. The geometry of the
collection optics and the beam relay system ensured that
only radiation emitted in the noncollinear direction was
detected. The simultaneous recording of the ion spectra
(Fig. 1 inset) showed typical thermal energy distributions
[25] with peak proton energies up to 4.7 MeV. When the
thickness of the target was varied from 2 to 10 microns, the
total T-ray energy along with the peak proton energy and
number decreased. Additional polarization measurements
(using wire grid polarizers) showed that the THz emission
is either radially polarized or unpolarized. Accordingly, the
signal strength was reduced to half when a linear polarizer
was inserted, irrespective of its orientation.

The temporal shape of the T-ray pulse was measured
using a single-shot noncollinear pump-probe technique
based on the electro-optic effect [26] in a gallium phos-
phide (GaP) crystal. In this scheme, the optical probe pulse
and the THz pulse enter the electro-optical crystal at an
angle; hence, there is a temporal skew in the probe wave
front with respect to the THz wave front. The THz electric
field induces birefringence proportional to the field stren-
gth in the crystal, which modulates the polarization of the
optical probe. This modulation was analyzed using a prism
polarizer and a CCD camera.

The data show that most of the energy is concentrated
in a peak of ! 570 fs (FWHM) duration which indicates
that peak powers close to a gigawatt can be attained. The
polarizer angle was varied and the birefringence was mea-
sured which allowed us to estimate the induced ellipticity
on the linearly polarized optical probe pulse by the THz
field in the GaP crystal. Figure 2(a) shows the recorded

THz electric field after correcting for the background inho-
mogeneity of the optical probe beam. From the induced
birefringence of the optical probe beam, we can infer a peak
THz field of the order of 0:2 GV=m in the GaP crystal.
Taking into account the THz beam diameter at the crystal
and the measured pulse duration, a THz pulse of 200 !J
is detected below 10 THz which fits well with the actual
energy measured in this spectral range using the pyroelec-
tric detector. Figure 2(b) presents the corresponding spec-
tral distribution. The blue solid curve represents the power
spectral density obtained from the pump-probe measure-
ment. Since the precision of the electro-optic measurements
decreased in the high frequency region, additional spectral
measurements were carried out using a set of well-defined
band pass filters placed in front of the detector. The analysis
presented in Fig. 2(b) (red dashed curve) shows a broad
distribution of frequencies ranging from 0.3 to 30 THz.
The two independent measurements show that most of the
energy is distributed in the low frequency region even
though the emission extends up to 30 THz. The high noise
level in the electro-optical measurements (blue solid curve)
is due to the low transmission of frequencies above 3 THz
through the vacuum window (above 1.5 THz, the trans-
mission was below 40%) and air. In other words, the
spectral components above 3 THz that arrived at the crystal
were much weaker than the signal generated inside the
vacuum chamber. Therefore, we see a noisy signal beyond
3 THz using pump-probe diagnostics. Despite these limita-
tions, the slopes of the spectral density curves are compa-
rable using two independent measurement techniques.
Various physical models have been proposed for the

generation of terahertz radiation from solid density plas-
mas. For the emission from the front side of the target, the
antenna mechanism [18] and the current arising from the
longitudinal ponderomotive force of the laser pulse [17]
have been held responsible. Since the T rays emitted from
the rear surface are highly noncollinear and the laser pulse
incident on the front surface does not travel to the rear
surface, the above mechanisms cannot account for the
strong noncollinear emission from the rear surface. In
our previous work [23], we proposed that the sheath

FIG. 1 (color online). Experimental scheme. The laser beam
was focused onto a thin metal foil placed at the first focus of the
ellipsoidal collection optics. T rays emitted in noncollinear
directions are focused at the second focus of the ellipse. Inset
shows a typical proton spectrum.
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FIG. 2 (color online). Results of pump probe measurements.
(a) Electric field of the THz pulse obtained from the pump-probe
measurement. (b) Power spectral density obtained from the
electro-optic measurement (blue solid curve) and using a set of
calibrated bandpass filters (red dashed curve).
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Laser plasma as a highly nonlinear media can also efficiently emit in low-frequency range,
and particularly, in THz range, where there is a lack of compact and powerful sources.



Neutron Sources

B. Hou et al., Phys. Plasmas 4, 040702 (2011). I. Pomerantz et al., Phys. Rev. Lett 113, 184801 
(2014).

The world-highest neutron number in single shot, ~4 x 1011 (ILE, Osaka). 
M. Kando, ANAR Workshop (CERN, 2017).



Neutron Source Applications

A number of an infrastructures had been built in 1960s-70s. These structures will soon
exceed their life-time of about sixty years. There is a strong need for non-destructive
inspection of infrastructures which are mainly formed of concrete. High energy neutrons
penetrate thick concrete and can be used to detect, for example, water in concrete
nondestructively..

Laser-based neutron sources can produce higher neutron flux than the radio isotope
sources and, thus, can provide more accurate analysis for very large concrete objects.

Y. Sekic et al., Proceedings of IPAC2016.



Laser-Based Nuclear Pharmacology

Laser-based proton sources can also facilitate isotope production. Isotope plays now an
indispensable role in medicine, for example, for single-photon emission computer
tomography (Tc-99m), for positron-emission tomography (for example, the carbon isotope
C-11). It should be noted that the leading world suppliers of technetium-99m, the most
widely used isotope in nuclear medicine (up to 80% of all diagnostic procedures) are two
reactors in Canada and the Netherlands, which are planned for closing in the coming
years.. To initiate nuclear reactions, it is necessary to obtain the maximum number of
protons/deuterons with the energy exceeding the threshold (for example, above 8 MeV for
the Mo-100(p,2n) and Tc-99m reaction).

V.Yu. Bychenkov et al., Phys.-Uspekhi 58, 71 (2015).



Exotic Applications

СЕМИНАР ОТДЕЛЕНИЯ НЕЛИНЕЙНОЙ ДИНАМИКИ И ОПТИКИ

Пятница 6 октября 2017 г. 11-00 (Friday, 06.10.2017, 11:00) 
к.5663 (Зал семинаров ИПФ)

Toshikazu Ebisuzaki
(RIKEN, Japan)

Space Debris deorbit by High Intensity Laser



LAPLACIAN: Laser Acceleration Platform as a 
Coordinated Innovative Anchor

M. Kando,  ANAR2017, CERN, 24-28 Apr., 2017

Ubiquitous Power Laser
for

achieving a safe, secure 
and longevity society

� Project 2: Development 
of ultra-compact optical 
pulse lasers for industry

� Project 1: LWFA (Laser 
wakefield acceleration) of 
electrons and XFEL 
demonstration

ImPACT - UPL (Ubiquitous Power Laser)

Laser wakefield acceleration 
of electrons Ultra-compact XFEL

Handheld laser Tabletop laser
Yuji SANO
Annual MT Meeting@KIT Karlsruhe University 
10 Mar. 2016

Ubiquitous Power Laser for achieving a safe, secure 
and longevity society 

M. Kando,  ANAR2017, CERN, 24-28 Apr., 2017

Funding sources

14

• KAKENHI

Most common, competitive research funding in Japan. TOTAL:  ~2,300 M$ 
Includes all science fields
Several categories : 0.2M$/y - 1 M$/y, 3-5y

• More goal-oriented 

• More goal-oriented, selected themes 
Green Innovation, Life Innovation, ICT, Nanotech-Material 

Team, 0.5-1.2 M$/y, <5y

one, 0.5-1 M$/y, <3y

Team, TOTAL 480M$, 15 projects approved
5 y, 2014-2018 

Ultimately, EuPRAXIA will: use the world-wide leading high power lasers
from European industry, drive laser innovation in the connected companies,
provide for the first time usable electron beam quality from a plasma
accelerator, and serve pilot users from science, engineering, medicine and
industry.

Japan

Europe

2 2UNIVERSITY OF 
CALIFORNIA 

Office of
Science

Two new developments in the U.S.
Strategy roadmap from DOE-HEP and from Big Idea Summit

Bring revolutionary compact accelerator technology
developed in the labs over decades to the point where we
can put it to work solving Big Problems that impact peoples
lives.US

Russia
RSCF Project “Laser-plasma isotope sources”, 
Lebedev Institute, V.Yu. Bychenkov

Innovations with Extreme Light

There are several national and international programs and research platforms focused on
applications and innovative technologies.



• Despite the fact that Extreme Light Science is very young it has
a large innovative potential and important societal
applications.

• Laser-based methods are able to strongly reduce the cost and
size of the bright particle and radiation sources and
dramatically enhance their spread in science, medicine and
industry.

• New laser technologies providing higher laser efficiency,
repetition rate and better stability are needed. There are fast
developing technologies like fiber lasers (ICAN technology),
disk lasers and others, which can open hopeful path toward
needed parameters range.

• It is generally believed that laser-based sources could
revolutionize future science and technology in a similar way to
the great changes in science and industry from near-visible
light lasers in the 20th century.

Summary


