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Executive Summary
1

Introduction and Objectives

The ﬁrst laser shot rang in the Hughes Aircraft Laboratory in 1960. It was a copernican event
that touched all parts of science and technology. In science, the laser has been extremely eﬀective
to improve our understanding of the molecular and atomic structure of matter and the associated
dynamical events. However it was quite ineﬃcient in probing the subjacent strata formed by the
nucleons and their components the quarks or to dissociate the vacuum in its elements. Nor the
laser photon energy or its electric ﬁeld were large enough or its pulse duration suﬃciently short
to conceive decisive experiments. A few years ago, a new type of large scale laser infrastructure
speciﬁcally designed to produce the highest peak power and focused intensity was heralded by
the European Community: the Extreme Light Infrastructure, ELI. ELI was designed to be the
ﬁrst exawatt class laser, equivalent to 1000 times the National Ignition Facility (NIF) power.
This gargantuan power will be obtained by producing kJ of power over 10 fs. Focussing this
power over a micrometer size spot, will bring forth the highest intensity. By producing, ﬁrstly,
the highest electric ﬁeld, secondly the shortest pulse of high energy radiations in the femtozeptosecond regime and thirdly, electrons and particles with ultrarelativistic energy in the GeV
regime, the laser signals its entry into Nuclear Physics, High Energy Physics, Vacuum Physics
and in the future Cosmology and Extradimension Physics.
More precisely, ELI will be the ﬁrst infrastructure dedicated to the fundamental study of
laser-matter interaction in the ultra-relativistic regime (I > 1024 W/cm2 ). In practice, The
infrastructure will serve to investigate a new generation of compact accelerators delivering energetic particle and radiation beams of femtosecond (10−15 s) to attosecond (10−18 s) duration.
Relativistic compression oﬀers the potential of intensities exceeding IL > 1025 W/cm2 , which
will challenge the vacuum critical ﬁeld as well as provide a new avenue to ultrafast attosecond
to zeptosecond (10−21 s) studies of laser-matter interaction. ELI will aﬀord wide beneﬁts to
society ranging from improvement of oncology treatment, medical and biomedical imaging, fast
electronics and our understanding of aging nuclear reactor materials to development of new
methods of nuclear waste processing.
The report contains the description of the science, the technology basis and the implementation of a new international scientiﬁc infrastructure the Extreme Light Infrastructure (ELI). The
ultra-intense ELI laser user facilities will be built within the ESFRI process in the Czech Republic (Southwest of Prague), Romania (Magurele, South of Bucharest) and Hungary (Szeged, East
Hungary). The purposes of the facilities is to design, develop and build ultra-high-power lasers
with focusable intensities and average powers reaching far beyond the existing laser systems
and organize them as international user facilities for new up to now unconceivable revolutionary
experiments in diﬀerent scientiﬁc disciplines as well as in technology and medicine. The laser
science and technology developments in the facilities will pave the way to intensities above the
ultra-relativistic regime. This will open new frontiers in fundamental science. Depending on the
expertise in the countries the ELI facilities will concentrate on diﬀerent science and technology
topics covering at the same time the main topics deﬁned by the science case: The BeamlineFacility (Czech Republic) focuses on short pulse X-ray generation and acceleration of particles
and their applications, the Attosecond facility (Hungary) on generation and application of supershort (Attosecond-range) pulses with very high repetition rates, whereas the facility in Romania
will use ultra-intense optical and gamma ray pulses mainly for investigations of fundamental
problems in the ﬁeld of nuclear physics and their practical applications.
The baseline laser technology is chirped pulse ampliﬁcation of femtosecond optical pulses in
broadband solid state laser materials and (or) nonlinear crystals. The maximum single laser
beam peak-power will exceed 10 PW (1 PW = 1015 W). Nonlinear and relativistic compression
as well as phasing of high power laser beams will push the peak power by more than one order of
www.extreme-light-infrastructure.eu
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magnitude to above 100 PW. Diode pumping will increase the repetition rate (10 Hz–1 kHz) up
to the peak-power level of PW (Petawatt) (Hungary, Czech Republic). The planned overall 10
interaction areas (Cz: 4, Hu 4; Ro 2) will have 20 photon and particle beamlines equipped with
numerous state of the art experimental stations for an eﬃcient user facility mode of operation
enabling multi parallel use and exploitation.
The implementation of ELI helps strengthening the leading European position in highintensity laser research and will give new additional opportunities to the European photonic
industry.
The localization of the ELI facilities in central and Eastern Europe utilizes the scientiﬁc and
technological potentials of the involved new EU-member countries, accelerates the European
integration process and will lead to immense improvements of their research infrastructures. ELI
will provide new educational and training perspectives for the younger generation of students
and scientists in the ﬁeld of lasers, laser-matter interaction and photonics.
The unique possibility of using infrastructural funds of those countries secures the ﬁnancial
needs for building ELI.
2

ELI in the international context of high intensity laser facilities

Today’s top speciﬁcations of high power laser systems are characterized by a peak power between
one and two petawatts at very low (sub Hz) repetition rates, this being unchanged over more than
one decade now. The majority of high power systems, however, still rests at the 100 TW level.
ELI and its national predecessor projects like ILE and Vulcan-10 PW will boost the peak power
of single lasers (modules) into the 10 PW or multi-10 PW regime at much higher repetition rates,
constituting an evolution of more than one order of magnitude in both of these parameters. In
addition, the high intensity pillar of ELI aims at another order of magnitude in peak power, into
the 100 PW regime, by coherent combination of several such modules. With these parameters
ELI will certainly lead the international high power laser scenario. The interesting questions to
be asked are: Why now? And why here (in Europe)?
The answers to these questions appear to be strongly correlated. They both lie in the observation that ELI will be the ﬁrst laser research infrastructure which is the result of a co-ordinated
eﬀort of a multi-national scientiﬁc laser community. Other communities (high energy physics,
synchrotrons, astronomy etc.) have long standing traditions in the operation of international
user facilities. Lasers, having evolved 50 years ago from small table-top devices, are only now
at the edge of such mode of operation, and ELI is the ﬁrst installation world-wide to make that
step.
In this context it is illustrative to view the global distribution of high-power laser systems
beyond 100 TW peak power, and its temporal evolution, particularly in Europe. Figure 1 shows
the world map of high intensity systems in 2006 and the current situation in Europe, Russia
and India by the end of 2010. The left part of the ﬁgure shows that high power lasers are
pre-dominantly located in three global regions at moderate northern latitudes: North America
(US and Canada), Europe (including Russia), and the Asian-Paciﬁc region (including India).
This general feature has not changed since 2006 except that now (in 2010) the overall number of
such systems has considerably increased (c.f. www.icuil.org). The increase, however, was most
dramatic in Europe (c.f. right part of ﬁgure 1).
Perhaps not surprisingly, the recent increase in European high-power laser systems parallels
the increase in national laser laboratories within the EC-funded European network LASERLABEUROPE (www.laserlab-europe.net), now comprising 27 of Europe’s most important laser research infrastructures from 19 EU countries. It shows (and this is part of the answer to the
above questions) that the European nations and the European Commission both pay particular attention to the scientiﬁc ﬁeld of lasers, optics and photonics. In fact, besides operating a
multitude of national laser research infrastructures several European nations have large funding
2
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Figure 1: World map of high intensity systems in 2006 (left) and the current situation in Europe,
Russia and India by the end of 2010 (right). Taken from the “International Committee on Ultra-High
Intensity Lasers” (ICUIL, www.icuil.org).

programs in optics and photonics. The EC has recently counted optics and photonics as one of
the 5 key enbaling technologies to tackle the Grand Societal Challenges of the 21st century.
Hence, Europe appears as a particularly fertile ground for laser technologies, laser development and laser applications at the national level. ELI, however, goes beyond the national
capabilities of most countries. Here it helps that the European Commission has, over more than
a decade now, established and funded networks of large national research infrastructures with
three essential elements: 1) Joint Research Activities (including device development), 2) Transnational Access to the beneﬁt of a broad user community, and 3) Networking among national
infrastructures. In laser science the relevant network is LASERLAB-EUROPE which, during
its current funding period, is concentrating its research activities among others on the development of high-power lasers (including those with high average powers), attosecond physics
and applications. There is a coordinated approach to meet these challenges by investigation
of new techniques as for example the development of high average power diode pumped solid
state laser, parametric conversion to high peak power and coherent multiple aperture beam
combination. While this research was mostly carried by the top national laboratories with their
individual funding it was the co-ordination through LASERLAB-EUROPE which added considerable value to these eﬀorts and lifted them beyond the national level. Hence, the ground was
laid for revolutionary new laser projects like ELI and HiPER when the European nations, as the
ﬁnal ingredient to the process leading to ELI, called for proposals for Pan-European Research
Infrastructures in the context of the ESFRI process.
In summary, ELI seems to have evolved from a lucky coincidence of a particularly fruitful
environment of European nations paying considerable attention to optics, photonics and lasers,
and sustaining very productive scientiﬁc communities in these areas on the one hand, and
from international coordination, funded or triggered by the EC, of existing national research
infrastructures and of the creation of new Pan-European Infrastructures on the other.
www.extreme-light-infrastructure.eu
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What is ELI’s future within this international context? Given the dynamic evolution of
European and global national laser facilities as shown in ﬁg. 1 it is not surprising that they
continue to develop top-of-the-line laser facilities themselves. Fig. 2 shows the European state
projects (already under development) towards the PW regime; similar projects exist in the other
global regions. The following conclusions may be drawn from this observation: 1) the top-ofthe-line in high power lasers is slowly, but steadily shifting from the 100 TW to the 1 PW level,
while singular projects (especially the ELI predecessor projects) attain similar powers as the ELI
10 PW modules. ELI’s multi-100 PW facility seems to remain largely unchallenged in the near
future. 2) Such a development, although tending to close the gap between ELI and its national
companions and competitors, is much more of an opportunity than a threat. Without the
availability of a large number of comparable high-power systems (even if an order of magnitude
less powerful) the international user community could not be sustained which is necessary to
exploit all the new physics that ELI provides. 3) The only threat, however, may lie in the lack
of human resources needed to complete all these projects in time. This is why ELI, together
with LASERLAB-EUROPE and other allies (HiPER, EOS, Photonics21) is actively working to
develop the international community of laser scientists, engineers and technicians.

Figure 2: European state projects (already under development) towards the PW regime.

3

Scientiﬁc and technological mission

ELI will extend the ﬁeld of laser-matter interaction, now limited to the relativistic regime (a0 ∼
1–10, which corresponds to intensities 1018 W/cm2 –1020 W/cm2 ), into the ultra-relativistic regime
a0 ∼ 102 –104 . By means of relativistic eﬀects, these extreme intensities will provide access to
extremely short pulse durations in the attosecond or zeptosecond regime. ELI will comprise
4 branches: Ultra-High-Field Science centred on direct physics of the unprecedented laser
ﬁeld strength, Attosecond Laser Science, which will capitalize on new regimes of time resolution, High-Energy Beam Facility, responsible for development and use of ultra-short pulses
of high-energy particles and radiation stemming from relativistic and ultrarelativistic interaction, and Nuclear Physics Facility with ultra-intense laser and brilliant gamma beams (up
to 19 MeV) enabling also brilliant neutron beam generation with a largely controlled variety of
energies.
4
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By relativistic pulse compression, the femtosecond high energy pulses could be further compressed to the attosecond range and the laser power boosted accordingly. ELI will open the
possibility of taking snap-shots in the attosecond or zeptosecond scale of the electron dynamics
in atoms, molecules, plasmas and solids. ELI will aﬀord new investigations in particle physics,
nuclear physics, gravitational physics, nonlinear ﬁeld theory, ultrahigh-pressure physics, astrophysics and cosmology. Besides its fundamental physics mission, a paramount objective of ELI
will be to provide ultra-short energetic particle (10–100 GeV) and radiation (up to few MeV)
beams produced from compact laser plasma accelerators. ELI will mate its scientiﬁc, engineering
and medical missions for the beneﬁt of industry and society. For instance, the secondary sources
expected in the project will provide X-ray technologies to clarify the complete time history of
reactions such as protein activity and protein folding, radiolysis, monitoring of chemical bonds
and catalysis processes. This will lead to a better understanding and control of key events during
chemical bond formation and destruction. A high impact on society and on new technologies
for industry is then expected since these processes will play a major role in creating new drugs
or in improving their eﬃciency. The new Gamma source to be built within the ELI Nuclear
Physics branch will help to produce new medical radioisotopes to determine the eﬃciency of
chemotherapy for tumors and the optimum dose by nuclear imaging. New ‘matched pairs’ of isotopes of the same element become available, one for diagnostics, the other for therapy, allowing
to contol and optimize the transport of the isotope by the bioconjugate to the tumor. Emitters
of low-energy Auger electrons for highly eﬃcient targeted tumor therapy may be generated for
clinical use. Investigations in this “medical technology direction” will open up absolutely new
important perspectives for the society.
In collaboration with medical doctors, laser driven ion beam therapy will be developed with
this novel source. In material science ELI helps to clarify the mechanisms leading to defect
creation and aging of materials in nuclear reactors. It should be emphasised that the optical,
X-ray and particle beams provided by ELI-lasers will be perfectly synchronized due to their way
of generation from the high power optical laser pulses.This enables pump-probe investigations
in a very broad range of energies for the photon (eV–MeV) and particle beams (eV–GeV) with
very high accuracy.
4
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Attosecond Light Pulse Source (Szeged, Hungary)
The primary mission of the ELI Attosecond Light Pulse Source (ALPS) (Fig. 3) is to provide
the international scientiﬁc community a broad range of ultrafast light sources, especially with
coherent XUV and X-ray radiation, including single attosecond pulses, to enable temporal investigations of electron dynamics in atoms, molecules, plasmas and solids on femtosecond and
attosecond time scales. The secondary purpose is to contribute to the scientiﬁc and technological development towards generating 200 PW pulses, being the ultimate goal of the ELI project.
ELI-ALPS will be operated also as a user facility and hence serves basic and applied research
in physical, chemical, material and biomedical sciences as well as industrial applications.
To fulﬁl the primary mission of ELI-ALPS, PW-class driving lasers providing few-cycle,
carrier-envelope phase (CEP) stabilised laser pulses are necessary to be operated at unprecedentedly high repetition rate. These pulses enable the utilization and scaling of all known methods
of attosecond pulse generation. i) The well-established method of high harmonic generation in
rare gases (GHHG) will be pushed to its ultimate limits by a loose focusing geometry, aiming at
producing attosecond pulses with tens of µJ pulse energy. ii) It is anticipated that much more
energetic and shorter attosecond pulses can be generated on solid surfaces (SHHG) reaching the
X-ray domain. This method is not yet fully explored, so research will also be directed for the
full exploitation of the technique. These two methods are oﬀering complementary parameters to
www.extreme-light-infrastructure.eu
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Figure 3: Current schematics of the laser systems of the ELI-ALPS Research Infrastructure with a
list of secondary sources and applications.
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deliver a versatile atto-source for users. New methods of attosecond pulse generation utilizing
ﬁeld enhancement at nanostructured surfaces or dc-like external ﬁelds will be tested to enhance
the harmonic generation process. Partly for this purpose, intense, synchronized THz pulses will
be generated and their use for atto pulse generation will be implemented.
The high-intensity, multi-PW beamline will serve as a testbed for scientiﬁc and technological
researches towards the 200 PW laser and also as a driver source for versatile radiation and
particle secondary sources. The unique feature of these sources will be their broad spectrum in
terms of available photon and particle energy.
In order to satisfy all the basic design criteria driven by applications, the scheme in Fig. 3 is
proposed. A separate channel is devoted to user facility experiments, primarily based on CEPstabilized, few-cycle laser pulses in near-IR and mid-IR domains at 10 kHz repetition rate to drive
the GHHG source. The laser beamlines has identical early front ends, so that synchronisation
will be ensured. The optical parametric (chirped pulse) ampliﬁer stages are pumped with diode-

Figure 4: Layout of the target areas. The indicated laser parameters are compatible with the laser
scheme in ﬁgure 3.
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pumped solid-state lasers, while the duty end of the high intensity beamline may retain ﬂashlamp
pumped Ti:S ampliﬁers. The workhorse of the attosecond beamline will provide 1 J, CEPstabilized few-cycle laser pulses at 1 kHz with two outputs.
A target area (TA) layout corresponding to the laser system described above is shown in
ﬁgure 4. According to the expected radiation dose and the required shielding, three groups of
target areas are planned. In each group of TAs one of the experimental areas is devoted to
source development supporting future updates of the secondary sources and the implementation
of new technologies.

Figure 5: Conceptual building plan and the close neighbourhood.

Figure 6: Site plan of ELI-ALPS.

High Energy Beam-Line Facilitiy (Prague, Czech Republic)
General Considerations and beamline architecture
The beamline facility will exploit the PFS technology in the front end up to a few 100 mJ
and will use ampliﬁcation techniques exploiting repetition-rate pumping (especially cryogenic
multislab pump systems) to provide ultrashort petawatt-class pulses with up to 50 J of energy,
at a repetition rate of up to 10 Hz. As emphasized by the ELI-PP consortium, ideally all the
beamlines should run at 10 Hz repetition rate, in order to enable ELI to become, amongst other,
a highly competitive source of extremely short pulse X-rays, accelerated electrons, or protons
for applications.
The contribution of ELI-Beamlines to the development of high-intensity facility will consist in
two laser blocks providing each 10 PW. The design options for laser high-intensity systems, as
well as techniques of coherent combination of their pulses, will be prototyped and tested at
ELI-Beamlines.
www.extreme-light-infrastructure.eu
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Laser Layout
The schematic layout of the ELI beamline facility is shown in Fig. 7. The laser consists of:
• Front end including the oscillator section and the three booster ampliﬁers;
• Beamlines with output energy 10 J, including pulse compressors;
• Beamlines with output energy 50 J, including pulse compressors;
• High intensity 2 × 10 PW section, including pulse compressors.
Laser system

Experimental areas

Figure 7: Schematic layout of laser chains of ELI-Beamlines. Its primary mission will be to deliver repetition-rate ultrashort pulses with up to 50 J of energy, and contribute to development of the
high-intensity systems. The two 10-PW laser blocks will serve to development and testing of selected
technologies (OPCPA and/or Ti:Sapphire). Pulse compressors are not represented.
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powersupplycooling,
auxiliarysystems

Oscillator&
Frontend

50J/10Hz
beamlines
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Figure 8: Proposed layout of the internal structure of ELI-Beamlines facility.
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The designed facility features six Experimental Halls (E1 to E6).
Laser systems L1 (oscillator and booster ampliﬁers), L2 (diode-pumped 10 J/10 Hz beamlines) and L3 (diode-pumped 50 J/10 Hz beamlines) are placed in the ground ﬂoor, whereas the
10-PW laser units spreads over the three ﬂoors (pump system on the ﬁrst ﬂoor (4a), broadband
ampliﬁers on the ground ﬂoor (4b) and optical compressors in the basement(4c)).
Support technology systems located in the ﬁrst ﬂoor include heat exchangers of the cryogenic
circuits, capacitor banks, and power supplies for the diode-pumped repetition laser blocks L2
and L3.

Figure 9: Map with the location of the Czech ELI beamline facility south of Prague.

Figure 10: Artist impressions of the high energy beam line facility near Prague.

Nuclear Physics Facility (Magurele, Romania)
The ELI-NP facility will generate laser and gamma beams with unique characteristics suited to
perform frontier laser, nuclear and fundamental research. The core of the facility is a double
multi-PW chain laser system. In order to perform cutting edge photo-nuclear physics experiments, a complementary high brilliance gamma beam, very performant low bandwidth, energies
www.extreme-light-infrastructure.eu
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in the 15 MeV range, will be generated via the laser interaction with a brilliant bunched electron beam. Thus ELI-NP will allow either combined experiments using the high power laser
beams and the γ beam or stand-alone experiments. The design of the facility is modular, reserving the space for further extension of the laser system and allowing the extension later of
the experimental area, according to the needs.
The basic objectives of the ELI-RO Nuclear Physics (NP) pillar are:
• precise diagnosis of the laser beam interaction with matter using nuclear methods and techniques.
• photonuclear reactions for nuclear structure studies and for applications
• exotic nuclear physics and astrophysics.
• frontier fundamental physics based on high intensity laser and very brilliant γ beams.
The ELI-NP high power laser system, consists essentially in two 10 PW class Apollon-type
lasers coherently added to the high intensity of 1023 –1024 W/cm2 or electrical ﬁelds of 1015 V/m.
Its main parameters are presented in Fig. 11. Higher repetition 100 TW and 1 PW laser pulses
will be also available for experiments.

Figure 11: The ELI-NP multi-PW laser system conceptual design: FE1, FE2 – Font-End based on
OPCPA. A1–A5 – Ti:sapphire ampliﬁers.

Concerning the gamma beam part, the scientiﬁc community decided that the gamma beam
should be generated by a X-band ‘warm’ LINAC coupled to a 10 J/120 Hz diode pumped solid
state laser system This choice ensures that ELI-NP will be the world-leading gamma beam
facility at the time of its start of operation. A laser pulse recirculation system synchronized to a
train of electron bunches allows to increase by a factor of 100 the eﬀective gamma pulse rate up to
12 kHz. The characteristics of these systems are adapted to produce gamma beams with variable
energy up to 19 MeV, 10−3 energetic width, 1013 photons/second total ﬂux and a peak brilliance
larger than 1021 photons/sec/mm2/mrad2 /0.1%BW. After a ﬁrst stage of acceleration up to
400 MeV, a similar laser-electrons interaction system is installed such that intermediary energies
gamma beams are available in two additional experimental halls increasing the experiments
preparation ﬂexibility and, consequently, the total beam time eﬀectively used.
10
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Figure 12: The schematic layout of ELI-NP facility. left: general architectural concept; right: satellite
view of site with the forest ring around existing IFIN-HH facilities.

Coupling a high power laser with a gamma beam will confer ELI-NP facility a truly unique
character in the world. Indeed, none of the many existing new projects, lasers with powers
similar to those proposed for ELI-NP, will not be able to beneﬁt from the gamma beams synergy
proposed here. Technically, the temporal and spatial superposition of ultra-short laser and
gamma pulses will be for the ﬁrst time implemented and demonstrated at ELI-NP.
The general architectural concept of the facility is presented in Fig. 12. Experiments will be
distributed in eight experimental halls, reconﬁgurable due to the use of movable concrete blocks,
having main primarily thematic assignment as follows:
• E1 – laser induced nuclear reactions;
• E2 – nuclear resonance ﬂuorescence and applications;
• E3 – positrons source and experiments;
• E4/E5 – accelerated beams induced by high repetition 100 TW/1 PW pulses;
• E6 – intense electron and gamma beams induced by high power laser beams;
• E7 – experiments with combined laser and gamma beams;
• E8 – nuclear reactions induced by high energy gamma beams.
ELI-NP will be built at Magurele, Ilfov County, at 15 km Southwest of the center of Bucharest,
www.extreme-light-infrastructure.eu
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on the premises of the “Horia Hulubei” National Institute of Research and Development in
Physics and Nuclear Engineering (IFIN-HH).

5

Phasing of the institutional and legal implementation of ELI

In order to promote the pan-European character of ELI and ensure consistency between the three
project teams during the implementation phase, the three hosting countries have established an
interim organisation, the ELI Delivery Consortium, entitled with two essential responsibilities.
On the one hand, the ELI Delivery Consortium will be in charge of deﬁning a single delivery
plan for the whole project making optimal and coordinated use of the expertise and ﬁnancial
and human resources available in Europe. On the other hand, the Consortium will negotiate
and submit to the European Commission the application for establishing the ELI-ERIC on the
basis of a detailed deﬁnition of the governance and ﬁnancial scheme of the future infrastructure.
For that purpose, the hosting countries have invited all funding agencies represented in the ELI
Preparatory Phase Consortium to join the Delivery Consortium.
The consortium is currently established as a structure with no legal personality on the basis of
a Memorandum of Understanding signed in April 2010 by the Czech, Hungarian and Romanian
plenipotentiaries for ELI.

6

Financial requirements and funding scheme

Implementation phase
Implementation budget
The implementation costs of each of the three ﬁrst ELI facilities have been evaluated by the local
implementation teams in the three hosting countries on the basis of the speciﬁcations described
in this White Book and expert studies performed in relation with the building designs. They
represent the best estimates as of December 2010. We provide here only total ﬁgures, the
breakdown being still subject to negotiation with the funding authorities. All ﬁgures below
cover preparation costs (additional to those already covered by the preparatory phase of ELI
and covered from other sources1 ), construction and commissioning of the three ﬁrst ELI facilities.
As shown in the two tables below, the budget of the three ELI facilities have a fairly similar
scale, ranging from € 243.7 million to € 341 million (including VAT).
Table 1 shows the distribution of the total costs according to these categories. Items 1 to
5 do not include value-added tax. At this stage, contingencies have not yet been evaluated
in Hungary. It should be noted that those ﬁgures are still subject to negotiations with the
Managing authorities and European Commission (see following section for more details).
The cost estimates presented here do not include the investment costs related to the implementation of the ultra-high intensity pillar of ELI, as the location and technological speciﬁcations
of this fourth facility are yet to be decided. Yet, part of the technological developments that will
be undertaken in the three host countries are meant to contribute to the future implementation
of the fourth pillar.
1 This includes in particular the whole or part of the costs related to the preparation of the applications for
structural funds in the three host countries and to the detailed design of the facilities and equipment based
on the work already carried out during the Preparatory Phase of ELI. The Preparatory Phase of ELI, started
in November 2007 and ended in December 2010, beneﬁted from a € 6-million grant ﬁnanced by the European
Commission (FP7).
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Table 1: Detailed implementation costs of ELI (in € million and in % of total).
Consolidatedimplementationbudget
1

Siteacquisition

2

Buildingcosts(includingplanninganddesignfees)

3

Plantandmachinery

4

Contigencies

5

Techncalassistance/StartͲupgrant,including:
Payroll

ELIͲALPS

ELIͲBeamlines

ELIͲNP

1,8

10,4

0,0

45,6

60,4

65,5

123,9

141,2

169,3

0,0

5,7

14,0

28,0

32,5

31,2

20,0

21,7

23,0

44,4

40,2

61,1

6

VAT

T1

TOTAL(excludingVAT)

199,3

250,2

280,0

T2

TOTAL(includingVAT)

243,7

290,4

341,1



Elements on the funding scheme of the implementation phase of ELI
The three facilities located in the Czech Republic, Hungary and Romania will be funded using
structural funds. Funds are allocated on the basis of a strategic plan deﬁned by each member
state in cooperation with the European Commission and translated into specialised ‘operational
programmes’.
The three ELI facilities will be funded under three diﬀerent “Operational Programmes”
co-funded by the European Regional Development Fund (ERDF)2 :
• The Operational Programme “Research and Development for Innovations” (OP RDI) in the
Czech Republic3
• The Operational Programme “Economic Development” (EDOP) in Hungary4
• The Sectoral Operational Programme “Increase of Economic Competitiveness” (SOP-IEC)
in Romania5
A speciﬁc evaluation process organised by the relevant national Managing Authority decides on
the allocation of funding in each of these Operational Programmes. Given the level of funding –
over € 50 million – the three facilities are considered major projects and have to be approved by
the European Commission under the conditions set in the applicable European Regulation. The
three Operational Programmes are neither synchronised nor interdependent. They are managed
by three national Managing Authorities: the Ministry of Education, Youth and Sports for the
OP RDI in the Czech Republic, the General Directorate of the National Development Agency for
the EDOP in Hungary, and the National Authority for Scientiﬁc Research (as an “Intermediate
Body”) for the SOP-IEC in Romania.
Grants are co-funded by ERDF (up to 85%) and by national budgets. They cover almost
all of the items of cost listed above and funds are eligible until December 2015. The rules
conditioning the use of the European Regional Development Fund in the three host countries
exclude the possibility of having a non-national entity as the applicant for funding or beneﬁciary
of the grant. This precluded in particular having an international Consortium or even the ELIERIC as the applicant or direct beneﬁciary of the funds. In the three hosting countries, national
entities – existing entities or ad-hoc legal vehicles – will be in charge of preparing the application
2 In all three countries, part of the investment is co-funded by national ﬁnancial resources (approximately 15%
in each of the three countries).
3 For more information, see:
http://www.strukturalni-fondy.cz/Programy-2007-2013/Tematicke-operacniprogramy/OP-Vyzkum-a-vyvoj-pro-inovace
4 For more information, see http://www.nfu.hu/new_hungary_development_plan
5 See http://amposcce.minind.ro/ for more information.
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and managing all activities related to the implementation of the ELI Project (all activities of
implementation and coordination linked to the construction, research and development, settingup, assembling, testing and commissioning of the three ELI facilities until December 2015):
• The Institute of Physics of the Academy of Sciences6 in the Czech Republic
• The ELI-Hungary Limited Liability Company in Hungary, an ad-hoc not-for-proﬁt public
company owned by the town of Szeged, the municipality of Szeged the National Oﬃce for
Research and Technology
• The Horia Hulubei National Institute of Physics and Nuclear Engineering7, in Romania, in
partnership with two other Institutes located in Magurele, namely the National Institute for
Laser, Plasma and Radiation Physics and the National Institute for Research and Development for Material Physics.
Operational phase
The three hosting countries are currently working on a detailed evaluation of the running costs
of each of the three facilities. This evaluation will be ﬁnalised under the aegis of the ELI Delivery
Consortium in order to ensure the consistency of all assumptions and clarify the ﬁnancial aspects
of the governance model of the operational phase (in particular the exact distribution of tasks
between the ELI-ERIC and the three local institutions that are currently in charge of the
implementation).
At this stage, the annual operational costs have been estimated as follows:
• € 22 million for the ELI-ALPS facility
• € 21 million for the EL-Beamlines facility
• € 29 million for the ELI-NP facility.
Those ﬁgures represent the average8 annual funding requirements of each facility and include
re-investments. In practice, re-investment costs will vary over time and each facility will have
its own re-investment proﬁle. Here, re-investment costs have been taken into account on the
basis of an annual average over the whole operational period.
The three hosting countries will most certainly contribute signiﬁcantly to the operational
costs as founding members of the future ELI-ERIC. They expect additional contributions from
partners already involved in the Preparatory Phase Consortium and from other countries showing interest in the project. Negotiations on the establishment of the ELI-ERIC and therefore
on contributions to the operational costs will be coordinated by the ELI Delivery Consortium
under conditions that are still under discussion.
7

Time schedule

The overview of the implementation schedules of the three ﬁrst ELI facilities is given in the white
book and in the national applications for structural funds. As indicated above, in the three cases,
the implementation phase is due to come to its end by 31 December 2015, in compliance with
the rules pertaining to the use of structural funds.

6 See

http://www.fzu.cz/ and http://www.eli-beams.eu/
http://www.nipne.ro/ and http://www.eli-np.ro/
8 Operational costs are expected to gradually increase in the ﬁrst few years of operation and reach a plateau
by 2019–2021.
7 See
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Part I

ELI: Introduction and Vision

1

Introduction

Since the laser’s ﬁrst demonstration in 1960, we have seen a relentless pursuit toward large scale
laser national infrastructures with the main motivation to fuse nuclei on earth for energy production. In this category the most advanced are the NIF at Livermore and the Laser Megajoule
in France. The NIF for instance delivers a MJ in few nanoseconds, corresponding to a peak
power of 0.5 PW.
A few years ago, was proposed the Extreme Light Infrastructure, ELI under the aegis of the
ESFRI (European Strategy Forum for Research Infrastructure). It was largely inspired by a
paper by T. Tajima and G. Mourou [1]. It was a new type of infrastructure designed to produce
the highest peak power possible in the sub-exawatt regime or about 1000 times the NIF or The
Laser Megajoule power. These gargantuan powers are obtained by packing the laser energy in
extremely short pulses measured in femtoseconds or few optical periods. When focused to a
spot size of about the size of the laser wavelength, i.e. few micrometers, extraordinarily large
intensities will be produced, in the 1025 W/cm2 range. Figure 1.1 sketches the laser focused
intensity evolution over the years These intensities represent a formidable leap of 3–4 orders
of magnitude over today’s performance. They are called ultra relativistic intensities because of
their capability to accelerate not only electrons but also ions to the speed of light.

Figure 1.1: Sketches of the laser intensity over the years. It shows ILE/Apollon that is ELI one beam
prototype. ELI will include 10 ELI/Apollon-type beams. It shows also that zetawatt and 1028 W/cm2
level could be reached by harnessing megajoule systems like the National Ignition Facility and the Laser
Megajoule.

They are the gateway of a new type of interaction that will make possible for the ﬁrst time
the possibility to penetrate beyond the stratum of atomic physics to explore subsequent matter
strata relevant to nuclear physics, particle high energy physics, astrophysics, ﬁeld traditionally
studied with high energy particle accelerators. ELI may bring a completely new approach to
the investigation of fundamental physics where massive and charged particle; electron, ion are
www.extreme-light-infrastructure.eu
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replaced by the massless and chargeless photon, announcing a shift from the traditional paradigm
based on momentum to one based on energy.
The laser ultra-relativistic intensity is ELI’s quintessence. It underpins the following features
that form its foundation. In particular it leads to:
1) the highest electromagnetic ﬁeld,
2) the possibility for light to move matter, electrons and ions at relativistic velocity.
3) The generation of coherent or incoherent high energy radiation, X or γ,
4) the possibility to produce much shorter pulse than the initial one in the zeptosecond-yoctosecond
range.
These four unique features alone or combined oﬀer a new set of powerful structural dynamic
tools. They deﬁne the adopted ELI’s four-pillar architecture.

1.1

ELI: A Science Federator in an Integrated Infrastructure

The initial plan called ELI to be under one roof in one location, while the ﬁnal design is
to build ELI as a distributed Pan-European Infrastructure with four pillars. After careful
consideration and discussion it was found that although more expensive such solution would
have a considerably stronger impact on the structure of European research infrastructures and
on the development of local scientiﬁc and industrial communities than if ELI were built on a
single site. Analysis of user statistics within LASERLAB-EUROPE seems to imply that the
existence of large research infrastructures within a country are indispensable for the creation of
a productive national scientiﬁc community. On the educational and technology transfer ground,
it is expected that it will be more eﬀective in attracting students and creating spinoﬀ companies.
This is the more important as optics and photonics is considered as one of the ﬁve key enabling
technologies (KET) by the European Commission. The four pillars will be under one uniﬁed
governance and specialized according to the selected themes.
• the Attosecond Science facility in Hungary: attosecond pulses are naturally delivered
during laser-matter interaction at ultrahigh intensities, Figure 1.2. It will provide a way
to take snap-shots in the attosecond and may be in zeptosecond time scale, of the electron
dynamics in atoms, molecules, plasmas and solids. Its site will be located at Szeged, Hungary.
• High Energy beam facility in Czech Republic: ELI will provide energetic particles
(> 10 GeV) and radiations (up to few MeV) beams with ultrashort time structure produced
from compact laser plasma accelerators. The site will be in Prague, Czech Rep.
• Nuclear Physics facility in Romania: In its ﬁrst ﬁfty years the laser revolutionized the
atomic physics but the electric ﬁeld was too weak to probe the nucleus. With ELI the ultra
high ﬁeld combined with short time-duration γ-ray, will provide a way to interrogate the
nucleus structure and dynamics. Its site will be Magurele, Romania.
• The Ultra High Field Science (site to be decided in 2012): In this pillar, ultra
high intensity will be applied to Nonlinear Field theory, Nonlinear QED, Vacuum Physics,
High Energy Particle Physics and Gravitational physics. The site and ultra high intensity
technology will be decided in 2012.
The three ﬁrst infrastructures are scheduled to deliver their ﬁrst light in by the end of 2015,
whereas the high ﬁeld infrastructure should be ready for experiments in 2017.

1.2

ELI: A Technology Booster

The ELI program is scientiﬁcally ambitious and demands the most challenging technical speciﬁcations. In particular it will require the highest peak power, in the 200 PW range necessary
to produce the highest single shot signal. However, we will need the highest average power or
repetition rate to maximize signal-to-noise ratio.
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Sub-exawatt can not be reached by a single beam. Therefore, the current design calls for the
development of beams of 10 PW peak power. This power could be produced by Ti: Sapphire
(Apollon) but also by OPCPA (Optical Parametric Chirped Pulse Ampliﬁcation). The power
will be produced by 300 J delivered in 10–30 fs. The pulses must be immaculate in time with
an excellent intensity contrast greater than 1015 for solid target experiments. The ﬁnal decision
between the two technologies will be done in 2012. The ultrahigh peak power pillar will require
the phasing of at least 10 beams of 10 Petawatts. This challenge has never been attempted. It
will require an excellent mechanical stability and optical pump stablity (1%). The 10 optical
arms have to be maintained within λ/20 accuracy to provide the sought after coherent addition.
If we can produce easily extremely high peak power, it is still diﬃcult to produce large
average power above the 100 W. This is due in large part by the overall mediocre laser eﬃciency
in the 1% range. A large eﬀort largely based on solid state diode pumped lasers is undertaken
in Czech Republic, Germany and United Kingdom to bring the eﬃciency to the 10% level.
The CPA (chirped pulse ampliﬁcation) approach requires large Ti:sapphire crystals of around
20 cm diameter. Because of the ELI program, an American company has been already able to
produce high quality crystals of this dimension and is trying to grow it to 25 cm diameter.
The most important hurdle in getting ultrahigh peak power is improving the diﬀraction
grating optical damage threshold. At the moment diﬀraction gratings have a damage threshold
at least 10 times less than other system components. A higher damage threshold would reduce
the surface grating area and will reduce overall system cost and size. The ELI program is
working on new grating designs that will lead to a large improvement in grating damage size
and cost.

1.3

ELI: First European Laser Infrastructure and Geopolitical Science
Attractor

Immediately after its announcement by ESFRI, ELI aroused scientist’s and technologist’s interest as a laser that would deliver the most powerful burst of energy with the capability to
federate a number of scientiﬁc and technological disciplines, combined with a tantalizing societal application oﬀering, in material science and medicine.
The numerous meetings among the 13 countries partners held during the Preparatory Phase
have led to the inception of ELI and contributed to shape and unify the European science and
technology landscape. The ELI Preparatory Phase of three years, culminated by the astonishing
choice of three countries, Czech Republic, Hungary, and Romania that did not have an history
to work together as the site of the ﬁrst three pillars. Now they have been given the considerable challenge of establishing, in the central-eastern part of Europe not only the ﬁrst ESFRI
infrastructure, but also the ﬁrst and largest civilian laser infrastructure.
However, the ELI’s construction activity won’t take place only in these three countries alone.
It will spill over all the partner’s countries expected to bring a considerable contribution by
lending expertise, workforce and equipment. ELI by its science but also by its pan European
character is becoming a recognized model and a beacon for the rest of the world. Today,
because of ELI, the ultra relativistic interaction and Exawatt systems are on the agenda of most
scientiﬁcally inclined countries, especially USA, Russia, China, Japan, India.. The fact that
Europe is leading this development may be the result of a long-standing tradition in networking
among national laser laboratories within the EC-funded network LASERLAB-EUROPE. It has
prepared the laser community to segue from university size systems to large scale infrastructure
so new scientiﬁc challenges can be addressed. ELI, the world’s ﬁrst truly international laser
research infrastructure, appears as the natural culmination of this development.
ELI will also be the ﬁrst large scale infrastructure that will propel the laser beyond the
atomic physics frontier which has been hitherto, the laser privileged domain to penetrate into
the deeper strata of nuclear physics and vacuum physics. This will be ELI’s primary goal.
www.extreme-light-infrastructure.eu
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Having with ELI such a control of space, time, amplitude and polarization, nuclear reaction,
nonlinear QED interaction could be produced and studied with minute accuracy as it is the
case today in photochemistry or solid state physics. ELI will make possible to scout a ﬁeld that
could only be explored until now using pertubative theory.

1.4

ELI’s Long Term Vision

Already now it appears as if ELI during its preparatory phase has created “new physics” in many
areas, most notably in those which did not use lasers before. Examples which are already foreseen
are nonlinear QED in strong laser ﬁeld, laser-particle acceleration, and new ways to produce
ultra-short wave length radiation in the hard x-ray or gamma-ray regime, frequently associated
with ultra-short pulse durations. Other examples will inevitably arise from experiments once
ELI goes into operation. ELI’s long term vision certainly is to become the world’s ﬁrst and the
world’s best user facility to utilize the power of today’s most advanced lasers for the advancement
of fundamental science and applications in many areas of societal relevance, including the Grand
Challenges of the 21st century.

Figure 1.2: The Pulse Intensity-Duration Conjecture is shown. An inverse linear dependence exists
between the pulse duration of coherent light emission and its intensity of the laser driver in the generation
volume over 18 orders of magnitude. These entries encompass diﬀerent underlying physical regimes,
whose nonlinearities are arising from molecular, bound atomic electron, relativistic plasma, and ultrarelativistic, and further eventually from vacuum nature. The blue patches are from the experiments,
while the red from the simulation or theory.

In addition, if ELI as an exawatt machine turns out to be an eﬀective tool to address
fundamental physics, it would help us to plan experiments at much higher peak power in the
zettawatt regime. This type of power could, for instance, be obtained by harnessing already
built megajoule systems. Figure 1.1 shows the evolution of the laser intensity over the years.
There seems to be the possibility to go beyond the exawatt using already built megajoule large
scale systems like the National Ignition Facility, NIF and soon The Megajoule. These machines
20
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could become available for basic science within 10 to 20 years, once the campaign to demonstrate
inertial fusion is concluded. If that were the case a new life could be given to these machines, for
the beneﬁt of science, by providing Schwinger size ﬁelds from the laser directly. In addition using
Figure 1.2, describing the relationship between input intensity and output pulse duration [2],
extremely short duration pulse below the zeptosecond regime could be produced.
This, however, may only be one of many ways to achieve the next level of laser powers, others
may arise due to new and unexpected progress in laser technology as we have seen it frequently
during the last decades. In any case, the next level of high power laser infrastructures beyond
ELI could deliver simultaneously extremely high ﬁeld with Schwinger magnitude, particles with
PeV energy, and coherent bursts of gamma radiation with zeptosecond pulse duration tying the
three distinct disciplines of science, i.e. ultrafast science, high ﬁeld science, and large-energy
laser science together with a single stroke.
Bibliography
[1] T. Tajima, G. A. Mourou, Phys. Rev. STAB 5, 031301 (2002).
[2] G. A. Mourou and T. Tajima, Science 331, 41 (2011).
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Part II

ELI Science

2
2.1
2.1.1

The quest for extreme light
Investigation of Vacuum Structure – Towards Schwinger Fields:
QED eﬀects and Particle Physics at ELI
QED eﬀects

Summary
An overview of QED and particle physics eﬀects relevant for the fundamental physics potential
of the Extreme Light Infrastructure (ELI) project is presented. This includes processes at tree
level such as nonlinear Compton scattering and Unruh radiation as well as loop eﬀects associated
with strong-ﬁeld vacuum polarisation. The latter come in two classes, dispersive and absorptive,
as described by the real and imaginary parts of the vacuum polarisation tensor, respectively.
Dispersive eﬀects comprise modiﬁcations of photon propagation in strong laser ﬁelds due to
vacuum birefrigence and diﬀraction. Absorption implies the ‘disappearance’ of photons due to
pair production. We discuss a variety of pair creation processes diﬀering in their characteristic
energies and intensities and/or the presence or absence of stimulating probes. In contrast to
standard weak ﬁeld vacuum polarisation eﬀects (Lamb shift, g − 2) the processes discussed here
are nonperturbative: they either involve an inﬁnite number of diagrams to be summed or do not
have a perturbative expansion at all. Examples are spontaneous vacuum pair creation via the
Schwinger mechanism and laser photon merging in laser-proton collision. Moreover, we give a
brief overview of the particle physics potential of the ELI facility. This includes the concept of
a laser-driven collider and physics beyond the Standard Model, i.e. potential discovery of new
particles such as axion-like and minicharged particles.
QED Physics: Introduction
The unprecedented laser intensities available at ELI allow, for the ﬁrst time, to test the predictions of Quantum Electrodynamics (QED) in strong external laser ﬁelds [1]. The ﬁeld
amplitudes typical for strong ﬁeld QED are of the order of the so-called critical ﬁeld [2–6],
Ecr = m2 /e = 1.3 × 1016 V/cm and Bcr = m2 /e = 4.41 × 1013 G (m here is the electron
mass, −e < 0 its charge and natural units with  = c = 1 are used throughout this chapter).
2
/8π = 2.3 × 1029 W/cm2 . In
These ﬁeld amplitudes correspond to the laser intensity Icr = Ecr
general, QED predicts electron-positron pair creation from the vacuum in the presence of electromagnetic ﬁelds with an amplitude of the order of the critical ﬁelds. Intuitively, one may view
this process as a break-up of the virtual ee ‘dipoles’ that are omnipresent as ﬂuctuations of the
vacuum. Collectively, they produce what is known as vacuum polarization. Even for weak ﬁelds,
this has observable consequences such as the Lamb shift and the electron and muon anomalous
magnetic moment. The realm of strong ﬁelds (of order Ecr ), however, has never been explored,
in particular in the optical regime, and thus remains an uncharted region of the Standard Model.
It should also be noted that one of the most important questions of contemporary physics is
’why do vacuum ﬂuctuations not gravitate?’ Thus, investigating these ﬂuctuations in a new and
rather ‘extreme’ environment may shed some new light on this possibly most diﬃcult question
of ‘vacuum physics’.
In terms of Feynman diagrams, vacuum polarization is represented by a fermion loop. One
can associate a mathematical expression with this graph which, above threshold, develops an
imaginary part signaling the creation of real electron-positron pairs. As in this case photons
‘disappear’, pair creation is called an absorptive process. The real part of the fermion loop
Feynman diagram, on the other hand, describes how virtual pairs polarizing the vacuum aﬀect
the propagation of probe photons and thus govern all dispersive eﬀects. Schematically, the
www.extreme-light-infrastructure.eu
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e+

I > Icr
−→

e−
Figure 2.1: Pair production via ‘break-up’ of vacuum polarisation. Wiggly lines denote probe photons,
the fat lines represent electrons and positrons ‘quivering’ in a strong laser background.

situation is depicted in Fig. 2.1 which shows how the vacuum polarisation loop involving virtual
pairs ‘breaks up’ into real pairs for supercritical intensities, I > Icr .
Technically, Fig. 2.1 is an illustration of the optical theorem (or a Kramers-Kronig relation)
which states that the imaginary part of the vacuum polarisation loop (left-hand side) is proportional to the total pair creation probability on the right-hand side. Note that this provides
a connection between a loop diagram and tree-level diagrams. Crossing the latter one obtains
diagrams describing strong-ﬁeld Compton scattering and photon annihilation.
In the following, we present an overview of the processes involved and the prospects of
observing them at ELI. We begin discussing nonlinear Compton scattering and the Unruh eﬀect.
The next section describes several variants of pair production followed by a presentation of
dispersive eﬀects. QED cascade processes observable at ELI are discussed in subsequent section.
Finally, the experimental requirements are brieﬂy listed before we conclude.
Nonlinear Compton scattering, Single-photon emission
The process in question is the collision of an electron and a high intensity laser beam such
that a photon γ is scattered out of the beam. In terms of dressed electrons this is depicted on
the left-hand side of Fig. 2.2 which, when expanded in the number of laser photons involved,
becomes a sum of diagrams of the type shown on the right-hand side representing the processes
e + nγL → e + γ .

(2.1)

Here, the electron absorbs an arbitrary number n of laser photons (ωL  1 eV) before emitting
a single photon of energy ω  .

e−
n γL

e−
=

..
.

... +

−

e

+ ...

γ
γ

e−
Figure 2.2: Feynman diagrams for nonlinear Compton scattering.

Note that the tree-level diagrams involved have a classical limit which is a good description
of the process when the electron mass m is the dominant energy scale. This classical limit is
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referred to as Thomson scattering. In terms of lab quantities, for the latter to be valid, one
requires γ  m/ωL  105 . . . 106 where γ ≡ /m is the γ-factor of the electrons1 . It is important
to emphasise that the processes (2.1) are not suppressed by any threshold eﬀect. Thus, one can
study intensity eﬀects at arbitrarily low centre-of-mass energies both for photons and electrons.
This is quite a unique feature of nonlinear Thomson/Compton scattering and singles out this
process from a particle physics point of view.

Figure 2.3: Shift of the (linear) Compton edge as a function of the Lorentz invariant x, for electron
energy Ep = 40 MeV and diﬀerent intensities a0 .

In Fig. 2.3 we show the photon emission rates as a function of a suitably chosen Lorentz
invariant, x, which basically measures the energy of the scattered photons in any chosen reference
frame. The peak at the very right corresponds to standard (n = 1) low intensity (a0  0)
Compton back scattering of laser photons colliding with a 40 MeV electron beam. Using a
polarised laser beam this may be used to produce polarised high energy photons of an energy

 4γ 2 ωL [7, 8]. Note that, in the lab frame,
given by the linear Compton edge value, ωmax
substantial energy is transferred from electrons to the scattered photons (blue-shift). In an
astrophysical context such a process is referred to as ‘inverse Compton scattering’. This is
to be contrasted with ‘normal’ Compton scattering (Compton’s original experiment) where
the electrons are at rest in the lab and one observes a red-shift of the photon frequency ωL .
Employing the inverse Thomson/Compton up-shift new facilities are currently under way for
producing brilliant hard X-rays, see e.g. [9, 10].
To study intensity eﬀects one uses the (quantum) theory for high-intensity Compton scattering, developed in the 1960’s. This is based on Volkov electrons as asymptotic scattering
states [11–14] and may be found in the textbook [15] (for a recent review emphasizing lab frame
signatures see [16]). The most striking experimental signal is a red-shift of the linear Compton
edge, from 4γ 2 ωL to 4γ∗2 ωL with γ∗2 ≡ γ 2 /(1 + a20 ). This may be understood in terms of the
1 The precise invariant statement is p · k  m2 where p and k are the 4-momenta of incoming electrons and
photons, respectively. Note that k is of order k = (ωL /c, k) upon reinstating  and c.
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electron mass shift [17, 18] mentioned earlier,
m∗ = m


1 + a20 .

(2.2)

As the electron ‘gains weight’ ( m → m∗ ) it will recoil less, reducing the energy transfer to the
ﬁnal state photon, hence the red-shift in the maximum photon energy2 . This eﬀect is illustrated
in the photon spectrum of Fig. 2.3 for a0 = 20, 200 and 5000, the latter value expected for
ELI. It is interesting to consider what one would observe in the lab frame. We have seen that
backscattering oﬀ high-energy electrons (γ  1) produces a blue-shift (‘inverse’ Compton).
On the other hand, high intensity (a0  1) produces a red-shift, hence works in the opposite
direction. It turns out that there is exact balance in the centre-of-mass frame of the Volkov
electrons and the n laser photons, that is when 4γ∗2  1. This can obviously be achieved by
ﬁne-tuning γ and a0 : for 40 MeV electrons the associated a0 is about 2γ  160. Hence, for a0 of
this order or larger one expects an overall red-shift, ω  < ωL , as the Volkov electron has become
so heavy that it appears almost ‘static’ from the photons’ point of view. For ELI intensities the
Compton backscattered photons will always be red-shifted unless the electron energy exceeds
1 GeV.
The dominant spikes in Fig. 2.3 correspond to single-photon absorption, n = 1 in (2.1).
However, these spectra also show further peaks corresponding to absorption of n = 2, 3, . . . laser
photons, i.e. higher harmonic generation. Their identiﬁcation will depend crucially on the size
of the background noise which may wash out the signals of higher harmonics. Similar eﬀects
are expected as a result of ﬁnite beam duration [19]. It will hence be important to simulate the
scattering process numerically using realistic beam pulse shapes.
Nonlinear Compton scattering (2.1) has been observed and analysed in the SLAC E-144
experiment [20, 21] using 47 GeV electrons from the SLAC beam and a Terawatt laser with
a0  0.4. This was a high energy (γ  105 ) and low intensity (a0 < 1) experiment (hence deep
in the ‘inverse’ Compton regime). Photon spectra were not recorded and hence no red-shift was
observed [22]. We reemphasize that this easily accessible process should be studied to a high
precision with high-power optical lasers as a ﬁrst step in exploring the uncharted region of low
energy and high intensity QED. Also, note that radiation reaction eﬀects can be measured in
Compton and Thomson scattering [23].
Nonlinear Compton scattering, Entangled photon pairs and the Unruh eﬀect
Electrons in a laser ﬁeld undergo an oscillatory motion and are thus strongly accelerated. As
every accelerated charge, they emit Larmor radiation, which can be understood as Thomson
(or Compton) backscattering of the laser photons. In terms of Feynman diagrams, this process
corresponds to the emission of single independent photons. However, there are also further
(higher-order) Feynman diagrams corresponding to the emission of two entangled photons. This
process cannot be explained within classical electrodynamics and is a pure quantum eﬀect.
Transforming to the accelerated frame comoving with the electrons, it can be understood as a
signature of the Unruh eﬀect – which states that a (uniformly) accelerated observer experiences
the usual Minkowski vacuum as a thermal state. (The analogy is not quite perfect since the
electron is not uniformly accelerated etc., but this main idea remains, see, e.g., [24–26]). This
quantum eﬀect might be detectable with ELI: Using a thin carbon foil (with a thickness of a
few nm) and pushing out the electrons with a strong laser beam, one may obtain a thin sheet of
electrons moving perpendicular to the plane with relativistic velocity γ = O(10). Illuminating
the electron sheet with a counterpropagating optical laser beam with a laser parameter of order
one, the electrons would see a frequency around O(10 eV) and thus the laser wavelength in the
2 Hence, if one is interested in a large energy up-shift one should rather use low intensity beams (a < 1) to
0
scatter oﬀ from the electrons.
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rest frame of the electrons would exceed the thickness of the sheet, i.e., the electrons would act
coherently. After a few hundred laser cycles, the probability that one electron emits a classical
(Larmor) photon is of order one, while the probability for a quantum (Unruh) pair is much
smaller O(10−14 ). However, the sheet contains Ne = O(109 ) or more electrons (depending on
the lateral dimensions etc.), which act coherently – and thus we obtain (in the ideal case) a
huge number O(Ne2 ) of classical (Larmor) photons, but also many O(104 ) pairs of entangled
(Unruh) photons [26]. Since the classical (Larmor) radiation and the entangled (quantum) pairs
are emitted in diﬀerent directions with diﬀerent energies and polarizations, it should in principle
be possible to distinguish them. Apart from detecting the quantum eﬀect, a reﬁned setup might
even serve as a source for entangled photon pairs in the energy range O(100 eV).
Absorptive vacuum polarization eﬀects
In this section we will discuss absorptive vacuum polarization eﬀects, namely electron-positron
pair creation from vacuum in the presence of strong laser ﬁelds as available at ELI. A pictorial
overview in terms of Feynman graphs is given in Fig. 2.4 (adopted from the review [27]).

(a)

(b)

(c)

(d)

Figure 2.4: Variants of pair production processes in the presence of a strong laser ﬁeld. Double lines
denote electrons/positrons dressed by the laser ﬁeld, wiggly lines represent probe or virtual photons.
(a) Pair production in the presence of a Coulomb ﬁeld (denoted by ×), (b) multiphoton Breit-Wheeler
pair production, (c) trident process, (d) ‘spontaneous’ pair production via the Schwinger mechanism
(‘vacuum breakdown’).

The strong-ﬁeld trident process has been addressed in the context of SLAC E-144 and, quite
recently in [29, 30].
Breakdown of QED vacuum in strong focused laser beams
The process of e+ e− pair creation by a single and by two colliding focused laser pulses in
vacuum is considered here (see Fig. 2.4(d)). Pair production by a laser pulse in vacuum strongly
depends on the geometry of the electromagnetic ﬁeld at the focus. Here, we use the ﬁeld model
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developed in [31]. In this model, the laser ﬁeld contains nonvanishing longitudinal components
of the electric and magnetic ﬁelds in the focal region. There are two types of waves with either
electric or magnetic transverse vectors (e- or h-polarized waves, respectively). The model is
based on an exact solution of the Maxwell’s equations and reproduces certain properties of the
laser pulse that are common for all focused waves in vacuum.
Unfortunately, there is no exact solution to Dirac’s equation for an electron interacting with
such a ﬁeld. However, it was shown by A. I. Nikishov [32] that the formation length for the
process of pair creation by a constant electric ﬁeld E in vacuum is lf ∼ λc (Ecr /E)3/2 if EEcr ,
where λc = 1/m = 3.86 ·10−11cm is the electron Compton length. Therefore lf is much less than
the laser wavelength λ when the peak ﬁeld strength of the laser pulse E0 satisﬁes the condition
E0  Ecr (λc /λ)2/3 . Physically, this means that to calculate the number of created pairs per
unit volume and unit time, we can use the formulas derived for the case of the constant ﬁeld
and then obtain the total number of created pairs as an integral over the volume and duration
of the laser pulse. The same arguments are also valid for the eﬀect of harmonic generation in a
laser pulse in vacuum.
The probability of pair production by a single laser pulse turns out to be signiﬁcantly diﬀerent
for diﬀerent polarization types [33]. In our model, pairs are most eﬃciently produced by an epolarized pulse. In this case, the number of pairs produced by a single pulse strongly depends on
the focusing parameter ∆ = λ/2πσ, where σ is the radius of the focal spot. The number of pairs
decreases sharply when ∆ → 0, whereas such a dependence is not observed for two colliding
pulses. In the model under consideration, a single e-polarized pulse with wavelength λ = 1 µm,
duration τ = 10 fs, and focusing parameter ∆ = 0.1 produces one pair at the intensity that is
almost two orders of magnitude lower than Icr . This is because the eﬀective volume of the laser
pulse where pairs are eﬃciently produced is much larger than the Compton volume. Owing to
the exponential dependence of the probability of pair production on the peak strength E0 of
the electric ﬁeld in the pulse, the number of pairs increases sharply with E0 . The increase is so
sharp that at I ∼ Icr the total energy of created pairs becomes comparable with the energy of
the pulse itself. Thus, the eﬀect of pair creation leads to a collapse of the laser pulse and hence
sets the natural limit for attainable focused laser pulse intensity. The limiting intensity is of the
order of 0.3 Icr for the pulse with the parameters as indicated above.
The eﬃciency of the process in the ﬁeld of two colliding pulses is much higher than that in
the ﬁeld of a single pulse. For the case of two colliding laser pulses the eﬀect of pair creation
becomes observable at the intensity of I ∼ 1026 W/cm2 of both pulses, which is very close to
the value which is planned to be obtained at ELI. Hence, in the case of colliding pulses the back
reaction of the eﬀect of pair production on the ﬁeld producing them should be taken into account
for intensities that are one to two orders of magnitude lower than the attainable maximum value.
Pair creation in combined laser and Coulomb ﬁelds
In relativistic collisions of charged particles with intense laser beams electron-positron pairs can
be generated. This was demonstrated in the multiphoton regime (a0 = eE0 /mω0  1, with
ω0 and E0 being the laser photon energy and the laser electric ﬁeld amplitude, respectively)
ten years ago at SLAC with a 46 GeV electron beam [28]. Electron-positron pair production in the tunneling regime (a0  1) could be realized at ELI within an all-optical setup
where the relativistic electron beam (of ∼ 1 GeV) is produced via laser wake-ﬁeld acceleration. At 1022 W/cm2 , the production rate can be estimated as ∼ 1012 sec−1 per projectile
electron. While in the SLAC experiment the pairs were predominantly produced indirectly by a
Compton-backscattered high-energy γ-photon (Breit-Wheeler process, Fig. 2.4(b)), in the ELI
experiment a signiﬁcant contribution would arise from the direct production channel of laser
photon absorption in the Coulomb ﬁeld (Bethe-Heitler process, Fig. 2.4(a)).
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Almost pure Bethe-Heitler pair creation occurs in collisions of laser ﬁelds with heavy projectiles like protons or ions where the Compton channel is strongly suppressed. Analytical formulas
for the corresponding total production rates in various asymptotic regimes can be found, for
example, in [34]. In laser-ion collisions bound-free pair production can also happen, where the
electron is created in a bound atomic state of the projectile nucleus [35]. For high nuclear charges
the bound-free channel can compete with the usual free pair creation.
Very recently, muon pair creation has also been considered in relativistic laser-ion collisions.
It may occur in a two-step process [36] where ﬁrst an electron-positron pair is created via tunneling in a powerful low-frequency laser ﬁeld which is then driven into an annihilating recollision
to produce the muons (see also [37]). Another possibility is the direct production of muon pairs
through few-photon absorption in ultrarelativistic ion collisions with x-ray laser pulses [38].
Dynamically assisted Schwinger mechanism
One of the main reasons why the Schwinger mechanism is very interesting from a fundamental
point of view lies in the fact that it is of purely nonperturbative nature. In order to explain
this statement in more detail, one has to specify the meaning of “nonperturbative”. Given
some perturbative expansion, one might call parameters within the radius of convergence of
this expansion the perturbative regime, while the rest is nonperturbative. However, the Dyson
argument shows that the radius of convergence of the perturbative expansion in powers of αQED
is actually zero, such that this notion cannot be applied here. In order to gain some insight,
let us consider the Volkov solutions describing an electron in a laser ﬁeld, which is treated as a
classical plane wave


ψp (x) = up [1 + q fp ] exp −ip · x + q gp (x) + q 2 hp (x) ,
(2.3)
Where fp , gp (x), and hp (x) depend on the laser ﬁeld, but not on the electron charge (i.e., coupling
constant) q. If the Keldysh (adiabaticity) parameter (which is the inverse of the laser parameter
a0 )
mω
(2.4)
γ=
qE
is large, one may Taylor expand Eq. (2.3) and just keep the terms to lowest order in q. On the
other hand, if γ is small, the lowest-order terms are not enough and one has to include all the
terms up to a very large order q n with n  1. In terms of Feynman diagrams, one has to sum
over diagrams with many (n  1) external ﬁeld lines describing the laser. Since the perturbative
expansion of QED is expected to diverge at large orders n = O(1/αQED ) = O(137), one might
call these processes nonperturbative.
However, there is still a crucial diﬀerence to the Schwinger mechanism: Here, pair creation
occurs via a tunneling process and thus the rate scales with


m2
Pe+ e− ∝ exp −π
(2.5)
qE
In contrast to Eq. (2.3), this form contains an essential singularity in q (and E) and hence
it can never be obtained by a perturbation (i.e., Taylor) expansion in q up to arbitrarily large
(ﬁnite) order n. Therefore, this process is purely nonperturbative. In QCD, such nonperturbative eﬀects are very important. For example, the gluon condensate isexplained
 in the instanton
picture via a ongoing tunnelling events whose rate scales with exp −4π/g 2 . Of course, the
coupling strength g in QCD (which is the analogue of the charge q in QED) is rather large and
thus there is ample experimental evidence for these purely nonperturbative eﬀects. In QED,
experimental access is far more diﬃcult due to the smallness of αQED , but with ultra-strong
lasers, it might become possible.
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With anelectric ﬁeld
of 1027 W/cm2 , the Schwinger ex corresponding to a peak intensity
2
−20
ponent exp −m /(qE) yields a suppression of O(10 ) which can be compensated by the
comparably large four-volume of the focal spot of the laser (λlaser /λc )4 ≈ 1022 , i.e., pair creation
be observable. For a peak intensity of 1026 W/cm2 , one the other hand, we have
 should
2
exp −m /(qE) = O(10−61 ), which renders an observation very diﬃcult. In this case, however,
one might employ the dynamically assisted Schwinger mechanism: Superimposing the strong optical laser by a suitably chosen weaker x-ray pulse, one may help the (virtual) electron-positron
pairs to partially bridge the energy gap of 2mc2 . Then the eﬀective way to tunnel is reduced
and the pair-creation probability is enhanced to [39]


m2
f (ω) ,
(2.6)
Pe+ e− ∝ exp −π
qE
where f (ω) ≤ 1 is a function of the frequency ω of the x-ray pulse (and the pulse shape etc.).
Even for frequencies ω well below the energy gap of 2mc2 ≈ 1 MeV, f (ω) decreases signiﬁcantly
– which might facilitate the observation of this eﬀect for 1026 W/cm2 . Note that Eq. (2.6)
clearly shows that we are still in the purely nonperturbative regime,i.e., the tunneling
picture

still applies. Finally, for a peak intensity of 1025 W/cm2 , we have exp −m2 /(qE) = O(10−193 )
and thus it will probably be extremely hard to observe pair creation without going to very large
frequencies ω  1 MeV, where the classiﬁcation as purely nonperturbative tunnelling will be
diﬃcult.
Another setup of assisted electron-positron pair creation in which a high-energy photon and
a strong laser ﬁeld collide with an ultrarelativistic proton has been proposed in [40].
Enhanced pair creation from multiphoton laser-vacuum breakdown
Electron-positron pair production from vacuum in the presence of strong electromagnetic ﬁelds
has been an area of rich theoretical and phenomenological investigation [2–6, 41–46], especially
in recent years [47–52]. As laser technology develops rapidly, an experimental veriﬁcation of
this phenomenon is becoming feasible [53–55] especially at ultra-intense laser facilities such as
ELI [56] and XFEL [57]. Electron-positron pair creation has been observed at SLAC (E-144
experiment) [28] (Fig. 2.4(b)). This work aims at presenting experimental conﬁgurations and
relative numerical estimates for multiphoton pair production from vacuum in the presence of
strong electromagnetic ﬁelds as those expected to be provided by the ELI laser facility in the
exawatt or even zettawatt regime. The approximations used are the imaginary time method
[44, 47, 48] and the two-level-on-resonance multiphoton approximation [58–61].
An ELI oriented E-144 experiment for pair creation would consist of a conﬁguration where
in a ﬁrst step a high-intensity, ultra short (τ ∼ 20–25 fs) laser beam of laser photon energy
ω = 1 eV is used to produce and accelerate an electron beam to the relativistic energy regime
of a few tens of GeV (theoretical estimates for the ELI system allow up to 100 GeV) (see also
Subsection 3.2). In a second step the electron beam collides head-on with the same focused laser
beam. In the electron’s frame the photons have energy ω ∗ = 2γL ω where γL = Ee−beam /m is
the Lorenz factor and Ee−beam is the energy of the electron beam. The electric ﬁeld strength
in that frame is E ∗ = 2γL E leading to a subsequent increase of the intensity. It is shown
that, within the range of applicability of the two-level-on-resonance approximation, electron
beam energies up to 50 GeV can result in an increase of intensity up to 1027 W/cm2 in the beam
frame and an increase of the electric ﬁeld strength up to 1016 V/cm. The two-level-on-resonance
approximation then predicts up to 1014 pairs to be created in a 4-volume V τ ∼ σ 3 τ (laser spot
size σ ∼ 20 µm) for quite low multiphoton orders. On the other hand it is shown that the
tunneling regime of the imaginary time method gives very promising pair production eﬃciencies
when the ELI laser facility is built in the exawatt or even zettawatt regime. It is demonstrated
that electron beam energies up to 100 GeV can result in an increase of the electric ﬁeld strength
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up to 1018 V/cm in the electron beam frame. The nth-order probability per 4-Compton volume
then reaches values up to ∼ 1054 m−3 s−1 , for n close to the threshold multiphoton order. For a
realistic interaction 4-volume of 10−49 m3 s, the imaginary time method predicts up to 105 pairs
per shot.
Finally, pair creation using a laser-based XFEL system is proposed and investigated by using
the two level on resonance approximation. This table top XFEL utilizes a relativistic electron
beam produced and accelerated by a high-intensity (1022 − 1023 W/cm2 ) ultrashort laser beam.
The electron beam propagates through a wiggler system and an X-ray beam is produced. The
X-ray photons have wavelength λ = λu /2γL2 , where λu is the undulator period. For an electron
beam energy up to 1 GeV, X-ray pulse duration τ = 100 fs, spot size σ = 100 nm and an
estimated 5% conversion eﬃciency, the number of pairs created in V ∼ σ 3 τ rise up to 1011 .
We point out that there is a controversy among the authors about the results of this paragraph. The experimental test of these results by employing ELI is, for this reason, even more
in demand.
QED cascades in intense laser ﬁelds
It is well known that an ultrarelativistic electron colliding with an intense laser pulse will emit
a hard photon which in turn can create a relativistic e− e+ pair. This can result in origination
of a chain of sequential acts of photon radiation and pair production, or an electromagnetic
cascade. This eﬀect, besides being interesting per se, will accompany any act of interaction of
high energy particles with an intensive laser ﬁeld both in vacuum, and in plasma, and thus is of
crucial importance for physics of extreme light-matter interaction.
The intensity I ≥ 1024 W/cm2 will be obtained at ELI with very short and tightly focused
laser pulses. Nevertheless, at such intensities the length of formation for elementary processes
is all the same much less than the characteristic length of variation of the laser ﬁeld. Therefore
such ﬁeld can be treated locally as a constant homogeneous ﬁeld, compare Sec. 2.2.1.
Interaction of a single particle with a constant ﬁeld is controlled by three parameters: two
ﬁeld invariants
2
2
EH
E −H
, G= 2 ,
(2.7)
F=
2
Ecr
Ecr
and the dynamical parameter

e
χ = 3 −(Fµν pν )2 =
m



(εE + p × H)2 − (E · p)2
mEcr

.

(2.8)

If χ is the largest parameter among these three, any constant ﬁeld looks as a crossed one
(F = G = 0) [11, 63]. The probabilities of the elementary processes in a crossed ﬁeld were
studied in [11, 63] and are well known, see also [64, 65]. Note that, if χe ≥ 1, recoil in the
process of photon emission becomes essential, while pair creation by a photon becomes possible
if χγ ≥ 1.
To estimate multiplicities of e− e+ pairs and photons for a cascade initiated by a high-energy
electron or photon colliding with a laser pulse 1D master equations for electron, positron and
photon occupation numbers have been used. The results, Nee ∼ 2χe , Nγ ∼ 102 χe per half-period
of the laser, are in good agreement with the E144 SLAC experiment [28] (χe ∼ 0.1), where the
eﬀect of pair creation by hard photons in a laser ﬁeld was observed for the ﬁrst time. With
ELI facility, long cascades can be realized even at the ﬁrst stage. For example, in a head-on
collision of an electron beam of 106 electrons with energy ∼ 50GeV and a laser beam of intensity
1023 W/cm2 about 109 e− e+ pairs and 50 billions of photons per shot will be produced. The
outgoing particles will be of relatively small energy of about 50MeV.
www.extreme-light-infrastructure.eu

33

2 The quest for extreme light

In agreement with [29], we expect that at laser intensities higher than 1024 W/cm2 the cascades will be initiated even by initially slow electrons, because at such intensities the electrons
will be accelerated by the laser ﬁeld itself and will acquire high enough energy for the time
small as compared with the pulse duration. To illustrate this possibility qualitatively, consider
a toy model of an electron placed initially at rest in the uniformly rotating electric ﬁeld. Let E0
and Ω be the strength of the ﬁeld and the frequency of its rotation. At t  2π/Ω the growth
of the electron energy can be estimated as ε ∼ eE0 t. An important point is that the angle
between the directions of the ﬁeld strength and the momentum of an electron also increases,
but as θ = Ωt/2. As a result, the parameter χe increases as χe √= eE0 εθ/m3 ∼ e2 E02 Ωt2 /2m3
and may 
become of the order of unity at t ∼ tacc = Ecr /E0 mΩ if tacc  2π/Ω, i.e. if
E0 > Ecr Ω/m ∼ 10−3 Ecr . On the other hand, the probability of photon emission at χe  1
can be estimated by it’s quasiclassical expression Wrad = 1.44αm2 χe /ε. It is easy to see that if
E0 > E∗ = αEcr ∼ 10−2 Ecr , then the total probability Prad of radiation during the period tacc
is less then unity. This indicates that emission of hard photons with χγ ∼ 1 is quite probable
if E > E∗ . Such photons can produce a pair, however the resulting electron and positron will
be much slower than the initial one. But they can be accelerated again by the ﬁeld as discussed
above, so that the cascade can proceed until either all the charged particles will be pushed out of
the focus by the ponderomotive potential or considerable depletion of the incoming laser pulse
will occur.
The results of preliminary numerical simulations are summarized in the Table 2.1. As it is
seen from the Table 2.1, the cascades are expected to arise at the intensity level of 1024 W/cm2
and that at the intensity of about 1026 W/cm2 they will lead to depletion of laser pulse. The
spontaneous pair creation from vacuum which can occur in the common focus of two collided
pulses with total intensity ∼ 1027 W/cm2 [27] seems to be the natural mechanism of injection
of slow electrons in the center of the focus. In such set-up it will be possible to observe the
substantial transformation of the energy of collided laser pulses into macroscopic jets of lepton
plasma and photons.
Table 2.1: Multiplicity of self-developed cascades initiated by a slow electron versus laser intensity.

I, W/cm2

Nee

2.7 · 1023
6.7 · 1024
2.7 · 1025
1.1 · 1026
6.7 · 1026

negligible and depends on initial conditions
15
7800
1.6 · 1010
3.6 · 1030

Dispersive vacuum polarization eﬀects
In this section we discuss diﬀerent dispersive vacuum polarization eﬀects that are theoretically
predicted to be observed at ELI.
QED eﬀects in laser-proton collisions
In this paragraph we investigate the vacuum polarization eﬀects arising from the head-on collision of a high-energy proton and a strong laser beam [62]. In fact, the virtual electron-positron
pairs surrounding the proton can absorb many photons from the laser ﬁeld and emit after annihilating only one high-energy photon (laser photon merging). Below, we present the results of
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our numerical simulations for an all-optical setup that can in principle be realized at ELI. The
proton beam could be produced in the so-called laser-piston regime by shooting an ultra-strong
laser beam onto a plasma slab [66]. According to the simulations of the latter, proton energies
Ep of about 50 GeV can be envisaged. The other relevant proton beam parameters are: number
of protons in the bunch 2 × 1012 , bunch transversal radius 5 µm and bunch duration 20 fs. We
point out that the dominance of the process of laser photon merging with respect to multiphoton Thomson scattering requires (Ep [GeV]ω0 [KeV])4 1.5 × 104 , with ω0 being the laser photon
energy. The relatively low proton energy can be compensated by employing a strong attosecond
pulse of extreme ultraviolet (XUV) radiation (see [67]): intensity of I0 = 1.4 × 1024 W/cm2 ,
photon energy of 200 eV and pulse duration of 38 as. This XUV pulse, according to [67], can be
produced by the reﬂection from a plasma surface of an ultra-strong laser pulse of 5 fs duration,
intensity 2.5 × 1024 W/cm2 , focused onto a spot-radius of 5 µm which assumes a conversion
eﬃciency of 4 × 10−3 (we have extrapolated the values of the conversion eﬃciency that in [67]
are available for initial laser intensities up to about 1022 W/cm2 ; however, the conversion efﬁciency weakly depends on the laser intensity at high relativistic intensities). We obtain that
in one shot 6.9 photons are produced via 2-photon Thomson scattering, 5.2 photons via 2-laser
photon merging only and 12.1 photons via the two processes together. In conclusion, in the
described setup laser photon merging is in principle measurable. Moreover, by employing the
maximum intensity envisaged at ELI of the order of 1026 W/cm2 and by assuming that the results in [67] can be still be extrapolated to such high intensities, even nonperturbative refractive
vacuum polarization eﬀects and the merging of multiple laser photon pairs can be in principle
observed [62].
Vacuum birefringence at ELI
A particularly important dispersive eﬀect is vacuum birefringence as ﬁrst discussed in Toll’s
thesis [68]. The polarized vacuum acts as a medium with preferred directions dictated by
the external ﬁelds which we assume to be generated by a high-power laser of frequency ω0 .
Accordingly, there are two diﬀerent refractive indices for electromagnetic probe beams of diﬀerent
polarization states. These are
n± = 1 +



αε2 
11 ± 3 + O(ε2 ν 2 ) 1 + O(αε2 ) ,
45π

(2.9)

to the lowest order in (dimensionless) laser intensityε2 ≡ I0 /Icr  (a0 ω0 /m)2 and probe frequency ν ≡ ωp /m. Here, a0 ≡ eE0 /mω0 is the dimensionless laser amplitude, a Lorentz and
gauge invariant measure of laser intensity [69] which for ELI is estimated to be a0  5 × 103
for I0  1026 W/cm2 . Adopting this magnitude and an X-ray probe of ωp = 5 keV, one may
achieve values of ε  ν  10−2 .
The experimental proposal [70] is to send a linearly polarized probe beam of suﬃciently large
frequency ωp into a high-intensity region of extension d generated by one laser beam (or two
counter-propagating laser beams) and measure the ellipticity signal, δ 2 ∼ ωp2 (n− n2) caused by a
phase retardation of one of the polarization directions, see Fig. 2.5.
To the leading order in probe frequency ν and intensity parameter a20 , assuming a laser
photon energy ω0 = 1 eV, one ﬁnds a signal of the size
2

δ = 1.1 × 10

−17



d
µm a20 ν

2
(2.10)

Which grows quadratically with the dimensionless parameters ν and a20 as well as the spot size d
(taken to be the Rayleigh length). For ELI one expects a maximal value of δ 2  10−4 , assuming
ν = 10−2 , a0 = 5 × 103 and d = 10 µm. X-ray polarimetry (required when ν = 10−2 ) is
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Figure 2.5: Schematic experimental setup to measure vacuum birefringence via an ellipticity signal.

currently sensitive to ellipticities of just about 10−4 . So one indeed requires intensities in the
upper range of ELI speciﬁcations (1026 W/cm2 ). However, the situation changes if one could
produce polarized photon beams of MeV energies. Then the signal should increase signiﬁcantly
(with an expansion in εν = O(1) no longer possible). Photon sources of this type can be obtained
via Thomson or Compton backscattering oﬀ an electron beam generated, i. e., via laser wake
ﬁeld acceleration. Backscattering a probe laser (witha0 < 1) oﬀ 3 Gev electrons, for instance,
would yield 50 MeV γ-rays, hence ν  102 compensating the ‘small’ ε  10−2 . In this case
one becomes sensitive to the frequency dependence of the refractive indices in a regime where
a Kramers-Kronig relation is expected between real and imaginary parts, the presence of the
latter being tied to anomalous dispersion, ∂n/∂ν < 0 [71]. This would be an alternative signal
for vacuum pair production [72], see Fig. 2.6.

Figure 2.6: Real and imaginary parts of the QED refractive indices as a function of ln Ω ≡ ln εν.
Dashed line: n+ , full line: n− , vertical line: ln Ω = 1, achieved for photons backscattered oﬀ 3 GeV
electrons.
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Diﬀraction eﬀects in laser-laser collision
QED predicts that electromagnetic waves interact in vacuum due to the presence of virtual
electron-positron pairs. In a typical experimental setup one strong electromagnetic ﬁeld polarizes
the vacuum and another; usually weak ﬁeld probes the induced vacuum polarization. Already
in [68] it was pointed out that the polarized vacuum behaves like a dielectric medium. In [73] we
have shown that the tight spot generated by a strong, focused laser ﬁeld acts as a microscopic
piece of matter that diﬀuses the probe ﬁeld. This diﬀusion or diﬀraction alters the polarization
state of the probe and if the probe initially is linearly polarized, then after the interaction it
results elliptically polarized, with the main axis of the ellipse rotated with respect to the initial
polarization direction (note that including laser’s tight focusing reduces the eﬀect of vacuum
polarization of about one order of magnitude with respect to the results obtained by describing
the laser ﬁeld as an inﬁnite plane wave [73]). The two observable quantities, the polarization
rotation angle ψ and the ellipticity ε, can be written as
ψ + iε =

ωp 3α I0 ωp V
sin 2θ.
8π 45π Icr 2yd

(2.11)

In this expression α = e2 /4π ≈ 1/137 is the ﬁne-structure constant, ωp is the probe frequency,
I0 = E02 /8π is the strong laser intensity, yd is the observation distance from the interaction
region, θ is the angle between the initial probe polarization and the strong ﬁeld polarization and
V is a complex quantity depending on the ﬁelds’ parameters and on the observation distance
(see [73]). We show below two numerical examples where, if the strong ﬁeld is generated by
ELI, the obtained values of the polarization rotation angle ψ and of the ellipticity ε are in
principle measurable. In the ﬁrst example the probe ﬁeld is an X-ray beam and in the second
one it is an optical beam. In both cases we set θ = π/4, such that vacuum eﬀects are maximal
and we consider a strong optical laser beam with wavelength λ0 = 2π/ω0 = 0.745 µm, spot
radius w0 = 5 µm and intensity I0 = 1025 W/cm2 . In the ﬁrst example, we assume an X-ray
probe with wavelength λp = 2π/ωp = 0.4 nm and waist size wp = 8 µm. At yd = 20 cm we
ﬁnd ψ = ε ≈ 3.5 × 10−5 rad. These values of ellipticity and polarization are more than one
order of magnitude larger than those in principle measurable in the X-ray regime [74]. In the
next example, we consider an all-optical setup with a probe ﬁeld wavelength λp = 0.745 µm
and waist size wp = 300 µm. We ﬁnd that at yd = 20 cm, then ψ ≈ 6.5 × 10−10 rad and
ε ≈ 3.5 × 10−10 rad. In the optical regime values of ellipticities of the order of 10−10 rad can
be measured nowadays [75]. The advantage of this second setup is, of course, that one does not
need an additional X-ray source.
Elastic scattering between real photons
Direct observation of elastic photon–photon scattering among real photons would be an important benchmark test of laser-based QED experiments. Deviations from the expected scattering
rate would indicate new physics in the low-energy regime. Throughout the last decades, several
suggestions on how to detect elastic photon–photon scattering, using laser assisted schemes, have
been put forward. Crossing electromagnetic waves can interact and yield new modes of diﬀerent
frequencies. One of the most prominent modes in such a mechanism is given by the four-wave
interaction mediated mode satisfying the resonance condition between the frequencies and wave
vectors (i.e. photon energy and momentum conservation) [76]. It is therefore not a surprise,
given the evolution of laser powers and frequencies, that the search for photon–photon scattering using resonant four-wave interactions has caught the attention of researchers in this area.
This approach has progressed furthest in the experimental attempts to detect elastic scattering
among photons [77–82].
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Using the resonance conditions ω4 = ω1 + ω2 − ω3 and k4 = k1 + k2 − k3 , between the
vacuum generated photons and the laser pump sources, respectively, one may derive a set of
wave interaction equations for slowly varying amplitudes ai , i = 1, . . . , 4, of the form [83]
dai
= Caj ak a∗l ,
dt

(2.12)

given any type of media through which the waves may interact. Here the coupling constants
C depend on the interaction in question, as well as on the physical parameters of the system
around which the waves are modulated.
The coupling constants may be interpreted in terms of the nonlinear susceptibility of the
vacuum. Moulin & Bernard [79] considered the interaction of three crossing waves, characterized
by their respective electric ﬁeld vectors Ei , which produce a fourth wave E4 . Starting from the
Maxwell’s equations with the usual weak-ﬁeld limit Heisenberg–Euler third order nonlinear
corrections, they derive the nonlinear Schrödinger equation (see also Ref. [84] for similar results
in a diﬀerent setting)


∂
∂
1 2
ω4
+
i
∇⊥ E4 = − χ(3) E1 E2 E3∗
(2.13)
E4 +
∂t ∂z
2ω4
2
for the driven wave amplitude E4 , where the overall harmonic time dependence exp(−iωt) has
been factored out. Here χ(3) is the third order nonlinear susceptibility given by
χ(3) =

α K
m2
≈ 3 × 10−41 × K 2 ,
2
45π Ecr
V

(2.14)

where K is a dimensionless form factor of the order of unity. The value of K depends on the
polarization and propagation directions of the pump modes, and reaches a maximum of K = 14
for degenerate four-wave mixing [79]. Refs. [81] and [82] presented experiments on four-wave
mixing in vacuum, improving previous attempts by nine orders of magnitude, although no direct
detection of photon–photon scattering was achieved.

Figure 2.7: Conﬁguration of the incoming laser beams
(represented by the wave vectors k1 , k2 and k3 ) and the
direction of the scattered wave (with wave vector k4 ).

There are more recent proposals for the detection of photon–photon scattering by using fourwave interactions. In [85,86] more detailed calculations concerning experimental constraints have
been done, showing the feasibility of such an experiment. Using a proposed setup according to
Fig. 2.7, the number of photons generated through a four-wave mixing process was determined.
For simplicity, in the 3D case the interaction region will be modelled by a cube with a side b,
existing during a time L/c (more precise numerical estimates can easily be derived by using
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more accurate laser pulse proﬁles, but the result does not diﬀer signiﬁcantly from the one given
below). The estimated number of scattered photons per shot is found to be (see Fig. 2.8 and
Table 2.2)

3 


1 µm
L
P1 P2 P3
2 2
N3d = 1.31η G3d
,
(2.15)
λ4
1 µm
1 PW3

N3d/Nmax

where G3d is a geometric factor capturing the polarization dependence, Pj is the power of the
incoming pulses, λ4 the generated wavelength determined by the resonance conditions and the
pump laser parameters, and η 2 can be found in [86]. Here we assume the same focal spot size,
independent of the beam power. For further discussion on noise sources and their treatment,
see Ref. [86].
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Figure 2.8: The upper panel shows the number of scattered photons N3d per shot, normalized by the
number of photons Nmax per shot for an optimal choice of polarization, as a function of the polarization
angle β3 of the wave with direction k̂3 . The lower panel shows Nmax predicted by Eq. 2.4 when increasing
the laser power while the beam width is kept constant at b = 1.6 µm, for a system where two source
beams are used and one of the beams is split into two (solid line) and where three source beams are
used (dashed line), hence no beam splitting is required.

Experiments along the same lines as described for four-wave mixing above can also be used
for a large number of other, non-QED tests, such as axion3 searches [80, 88, 89]. Thus, progress
of low-energy QED experiments could also prove to be useful for e.g. dark matter searches.
Vacuum harmonic generation in the collision of two strong laser ﬁelds
The process of elastic scattering between real photons can be seen as the absorption of two laser
photons by a virtual electron-positron pair and the successive emission of two other photons. In
this paragraph we study a generalization of this eﬀect in which during the collision of two strong
laser beams many photons are absorbed by a virtual pair and only two high-energy photons are
emitted [90]. We consider two counterpropagating waves with the same angular frequency ω0
and electric ﬁeld amplitude E0 /2. If the emitted frequencies we are interested in are such that
3 Axions are bosons which were introduced in order to explain the absence of CP symmetry breaking in
QCD [87], and the axion is still to be detected.
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ω  ω0 , then the resulting standing laser wave can be approximated by the oscillating electric
ﬁeld. In these approximations, since the external electric ﬁeld is uniform, the photons produced
are emitted with opposite momentum. Moreover, since in the process only two photons are
created with the same energy, they are emitted with a frequency multiple of the laser frequency
ω0 . In conclusion, each ﬁnal photon has exactly half of the energy of all the photons initially
absorbed by the virtual electron-positron pair. Nowadays, the most realistic regime from an
experimental point of view is that of laser electric ﬁeld amplitudes E0 which are much smaller
than Ecr . In this regime, it can be seen that the harmonic yield decreases monotonically as
the harmonic order increases. As it is expected from general considerations, if E0  Ecr , the
production of high harmonics is very unlikely. Instead, in the strong ﬁeld regime ρL  1 it can
be shown that the vacuum high-harmonic generation spectra show the presence of a plateau as in
atomic high-order harmonic
generation. The plateau is followed by a rapid cut-oﬀ approximately
√
at photon energies ∼ eE0 [90].
Vacuum harmonic generation in a focused laser ﬁeld
In this paragraph another vacuum polarization eﬀect is considered, namely generation of odd
harmonics by a super-strong focused laser beam in the vacuum [91]. The process occurs due to
the plural light-by-light scattering eﬀect. We have shown that for the laser pulse with λ ∼ 1 µm
and ∆ = 0.1 (see the notation in Par. 1.1), the number of generated photons reaches the value of
one photon per period at intensity I ≈ 5 ·1027 W/cm2 ≈ 10−2 Icr . The corresponding peak value
of the electric ﬁeld is one order of magnitude lower than the characteristic QED ﬁeld Ecr . As in
the case of electron-positron pair creation, this is explained by a very large value of the eﬀective
focal region as compared to the characteristic Compton 4-volume. It is very important that the
rates of photon generation for e- and h-polarized waves are similar and reach an observable level
at ϑ = ∆E0 /Ecr ≈ 10−2 . The eﬀect of pair creation by a focused e-polarized laser pulse arises
at the same values of ϑ, while in an h-polarized wave production of pairs it occurs noticeably
later. This means that in an h-polarized wave we will not have the background of secondary
photons radiated by created particles. Therefore, just these waves should be employed for the
observation of the eﬀect of harmonics generation by a focused laser pulse in vacuum.
Experimental considerations
The high ﬁeld science (HFS) described in this report requires a versatile target area with multiple
high intensity beams available as well as various secondary sources. Most of the experiments are
based on a conﬁguration of two counterpropagating fundamental beams focussed to the highest
possible intensity. Experiments which rely on the most extreme intensities (∼ 1026 W/cm2 ) will
need the coherent combination of up to 10 beams of power exceeding 50 PW. It must also be
possible to arrange laser beams along three orthogonal directions in order to perform the four
wave mixing experiment 4.4.
The laser repetition rate required to generate suﬃcient signal levels in a reasonable amount
of time needs to be estimated for each individual experiment but is likely to be of the order
1 minute. The laser beams need to have polarisation control and for one experiment (4.4)
frequency conversion to the second harmonic is necessary. For large aperture ultra-short pulses
neither of these actions is trivial and signiﬁcant eﬀort must be given to developing techniques
for achieving them.
The secondary source requirements are highly demanding. It must be possible to align these
sources either counterpropagating or transverse to the main laser beam. Ideal parameters are
as follows: an electron beam with energy up to 50 GeV (3.4), a proton beam with energy up
to 50 GeV (4.1), an extreme ultraviolet attosecond pulse (4.1), a 5 keV polarised x-ray beam
(4.2) and a 50 MeV γ-ray beam (4.2). The facility must accommodate transport of sources
from the dedicated secondary source development areas to the HFS area. The more extreme
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Table 2.2: The table shows more precise values for the number of scattered photons in Fig. 2.8, for
diﬀerent laser powers. Na is the number of scattered photons for a system where two source beams
are used and Nb is the number when three source beams are used (i.e. without beam-splitting). We
see that for a system like ELI a very large fraction of photons will be generated through the nonlinear
quantum vacuum.

Source beam power [PW]

Na

Nb

0.5
2.5
5
10
25
50
100
1000

0.066
8.3
66
5.3 × 102
8.3 × 103
6.6 × 104
—
—

0.27
33
266
2.1 × 103
3.3 × 104
2.7 × 105
2.2 × 106
2.2 × 109

energy particles and radiation would be generated locally to the HFS chamber through processes
such as Compton backscattering and laser-piston acceleration. In these cases, shielding will
be essential to prevent particles and radiation from the source interaction reaching the HFS
detectors. Likewise, it will be necessary to dump the secondary source in some manner which
does not impact on the experiment.
The high ﬁeld science interaction chamber must be evacuated to the lowest pressure achievable. A poor vacuum will lead to generation of particles and radiation from the intense lasers
irradiating the residual gas in the chamber. The background signal from these interactions is
likely to overwhelm the very small signals expected from vacuum eﬀects. The pressure requirement can be relaxed somewhat by using a second intense pulse arriving before the main pulse.
This will clear the focal volume of particles through the action of the ponderomotive force and
the detectors can be gated in such a way that they are blind to any signal from this earlier
interaction.
The detectors required for these experiments are, in general, standard for high intensity
plasma interaction facilities and will be common to the requirements of the other work packages. The notable exception is the need for x-ray (4.2, 4.3) and optical (4.3) polarimetry with
sensitivity at the limit of what is currently achievable.
Conclusions
We have given an overview of the ELI physics potential in the context of strong-ﬁeld QED.
The processes under consideration are typically characterised by two parameters, one being
the dimensionless laser amplitude, a0 , the other the energy ωp of an incoming probe electron,
proton or photon4 . Nonlinear Compton scattering and Unruh radiation in principle take place
at arbitrary low intensities but to safely observe signatures one certainly would prefer to have
a0 > 1. However, it is worth noting that one does not have to overcome energy thresholds.
The situation is diﬀerent for vacuum polarisation eﬀects, in particular for the absorptive ones,
i.e. pair production. For those, one would generally have as high intensity as possible. As this
is determined by the technological frontier the crucial question then is: what is the minimum
intensity to see an eﬀect? An overview of the current best estimates is given in the frequencyintensity plot below (Fig. 2.9).
4 These

lab frame quantities can all be given an invariant meaning, [12, 92].
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Figure 2.9: Sketch of the opportunities for detecting fundamental physics eﬀects with ELI for the
pure light scenario. Horizontal axis and vertical axes correspond to the peak intensity I of the optical
laser focus and the energy ωp of the (weak) probe photons, respectively. The dashed lines denote the
2
/π and the e+ e− -pair creation threshold, 2me , respectively. For
Schwinger critical ﬁeld strength Icr Ecr
the diﬀerent processes, see the main text.

Employing strong laser and Coulomb ﬁelds one may study a ‘tunneling version’ of the SLAC
E-144 pair creation experiment. Here, stimulation by high energy electrons yields pairs at
currently existing energies. Dispersive eﬀects such as γγ scattering (i. e. vacuum four-wave
mixing), laser photon merging, vacuum birefringence and diﬀraction are generally rather tiny
and require suﬃciently large intensities between 1023 and 1025 W/cm2 . Absorption of probe
photons is signalled by an imaginary part of the vacuum refractive indices and arises upon going
suﬃciently above energy threshold with probe energy, say ωp 100 MeV, inducing pair creation.
An interesting recent work [29] has suggested cascade formation of pairs by a combination of
Bethe-Heitler and trident processes and may occur already at 1024 W/cm2 . At these or even
slightly lower intensities multi-photon resonance production of pairs may occur though this claim
remains controversial for the time being. Going to higher intensities, but staying below energy
threshold, one should be able to detect pairs produced via the assisted Schwinger mechanism
(I = 1026 W/cm2 ). Finally, by ‘switching oﬀ’ the probe, the proper Schwinger mechanism will
2
suﬃciently ‘boil the vacuum’ even below the critical ﬁeld, Icr = Ecr
/8π, where a large preexponential factor compensates the exponential suppression due to the tunneling factor. This
cancellation is expected to take place at 1027 W/cm2 .
2.1.2

Particle physics at ELI

Introduction
The technological breakthrough of chirped pulse ampliﬁcation [93] has opened the door to unprecedented laser intensities, the current state of the art being about 1022 W/cm2 . The next
generation of high power lasers will increase this number by orders of magnitude culminating
in the ELI facility, an exawatt laser expected to reach 1026 W/cm2 . At intensities of this order
charged particles traversing a laser wavelength gain huge electromagnetic energies such that even
protons become relativistic. It is therefore reasonable to assess the particle physics opportunities
that arise in the strong-ﬁeld environment provided by the ELI ultra-high intensity laser. This is
the central topic of this contribution. In the following section we discuss a coherent GeV collider
scheme based on extremely strong laser pulses of the ELI class rather than traditional large
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scale accelerators. We then move on to physics questions beyond genuine quantum electrodynamics (QED) which will be covered elsewhere. First we brieﬂy consider possible modiﬁcations
of low energy QED including Born-Infeld theory and Lorentz violating terms. The main part of
our discussion is given later on searching and detecting new weakly interacting light particles.
Finally, we brieﬂy address the strongly interacting sector. Units with  = c = 1 are used in this
chapter.
GeV energy recollisions for particle physics
A collider scheme based on ELI could be accomplished to realize particle reactions with highpower lasers. Separate from the way of improving plasma-based laser accelerator schemes,
this goal can be achieved via laser-driven electron-positron coherent recollisions of GeV energy,
employing a gas of positronium (Ps) atoms [37]. The latter combines acceleration, focusing and
collision in a single stage in counterpropagating laser ﬁelds. The recollision-based laser-driven
collider can yield high luminosity, compared to conventional laser accelerators because here the
electron and positron stem from a Ps atom with the initial coordinates being conﬁned within the
range of the Bohr radius. They are driven coherently by the laser ﬁeld (the relativistic drift in
the laser propagation direction is the same for the electron as for the positron [94]) and recollide
with a mean impact parameter of the order of the electron wave packet size. Consequently,
the luminosity is substantially enhanced due to its coherent component. In a setup of counterpropagating laser beams, the electron wave packet size at the recollision moment is only a few
times larger than the initial wave packet size [37].

Figure 2.10: High energy laser driven recollision
scheme with positronium atoms.

The simplest particle reaction which could be observed in this setup is the muon pair production from a Ps gas in a strong laser ﬁeld [37]. The threshold laser ﬁeld for muon pair production
from an e+ e− pair is ξ ≈ M/m ≈ 200, where ξ = eE/me ω, e and me are the absolute value of
the electron charge and mass, respectively, E and ω the laser ﬁeld and frequency, respectively
and M the muon mass. The number of reaction events per laser pulse via coherent collisions
with counter-propagating laser pulses can be estimated to reach up to a value of 10−4 , taking
into account the recent progress and perspectives in the technique of the production, accumulation and trapping of Ps atoms [95–97]. Then, the observation of coherent muon pair production
from laser-driven Ps becomes feasible at a high laser repetition frequency of several kHz with a
laser intensity of 4 × 1022 W/cm2 .
Beyond (Strong-Field) QED
At particle energies small compared to the electron mass,  me , fermionic degrees may be
integrated out from the QED partition function yielding the Heisenberg-Euler (HE) eﬀective
action [4, 98]. It describes the nonlinear self-interaction of the electromagnetic ﬁeld via fermion
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loops which, however, are not resolved but rather encoded in an inﬁnite number of eﬀective
couplings multiplying purely photonic vertices of increasing mass dimension. In a somewhat
generalised form this old idea has become a cornerstone of modern particle physics under the
label of ‘eﬀective ﬁeld theory’. For low-energy QED, it is most useful to deﬁne the bilinear
invariants, S ≡ (E 2 − B 2 )/2 and P ≡ E · B. In terms of these the HE addition LEH to Maxwell
theory (LMax ≡ S) may be written schematically and to lowest order,
LEH = κ (S 2 + λP 2 ) ,

(2.16)

with κ ≡ 8α2 /45m4e and λ = 7/4, where α = 1/137 denotes the ﬁne structure constant as usual.
It is important to note that the eﬀects induced by (2.18) are tiny, their typical magnitude
2
(relative to the Maxwell term) being δ ∼ αE 2 /Ecr
. Here, Ecr ≡ m2e /e  1.3× 1018 V/m
denotes the critical electric ﬁeld where the vacuum starts to ‘break down’ and spontaneous pair
creation sets in [3, 6]. For ELI intensities one expects a maximum δ  10−5 .
There is an alternative version of nonlinear electrodynamics, introduced in 1934 by Born and
Infeld [99, 100] in an attempt to solve the self-energy problem of the electron. The idea then
was to introduce a maximal electric ﬁeld in analogy with the relativistic point particle and its
limiting velocity, c. This approach lay dormant after the successes of renormalisation but has
been resurrected within string theory after the Born-Infeld (BI) Lagrangian was rediscovered
as a low-energy limit in the electromagnetic sector [101, 102]. To leading order the theory
formally coincides with (2.16). However, while the BI version of the parameter κ remains
undetermined theoretically (hence needs to be measured), λ is known to be unity such that S 2
and P 2 contribute with equal weight. This gives a special status to BI nonlinear electrodynamics,
the most striking prediction being the absence of vacuum birefringence [103, 104]. Recall that
(2.16) with HE parameters implies a diﬀerence in vacuum refractive indices, ∆n ∼ δ, which
should be measurable at ELI intensities [70]. Further tests of HE vs. BI would be light-by-light
scattering [98, 105] using laser beams [85], and photon splitting in strong magnetic ﬁelds [106].
One should also reassess the light-by-light scattering contribution to the anomalous magnetic
moment to infer bounds on the size of the HE or BI parameters.
In the same vein one may be able to address the size of Lorentz violations which are another
(hypothetical) source of modiﬁcations to Maxwell theory. They imply eﬀects similar to those
stemming from the nonlinear terms such as vacuum birefringence, photon splitting and vacuum
Cherenkov radiation [107]. High-precision laser experiments may very well be able to supplement
or improve the existing cosmological bounds on the Lorentz violating parameters.
ELI’s particle discovery potential
The study of nonlinear self-interactions of strong electromagnetic ﬁelds in vacuum is also an
investigation of the ﬁeld content of ﬂuctuating particles in the quantum vacuum. If so far unknow
particles couple to photons they can mediate apparent photon self-interactions in a manner
similar to electron-positron ﬂuctuations which generate the HE Lagrangian (2.16). Moreover,
such hypothetical particles could even be created from strong ﬁelds. As ELI will substantially
push the frontier of strong ﬁelds available in a laboratory, it has the potential to search for new
fundamental particles.
As the scale set by the ELI peak ﬁeld strength is expected to be of order O(100keV) in
particle-mass/energy units, a typical strong-ﬁeld experiment will be sensitive to particle masses
up to this scale and particularly to much lower scales. On the other hand, the high ﬁeld strength
together with modern optical techniques provides for a strong handle on very weakly coupled
particles. With this particular sensitivity to potentially light but weakly coupled degrees of
freedom, strong-ﬁeld experiments are complementary to accelerator searches for new particles
[108].
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Indeed a number of extensions of the Standard Model of particle physics predict the existence
of weakly interacting sub-eV particles (WISPs) which couple to the electromagnetic sector. A
popular candidate is the axion [87] which provides for a possible solution of the strong CP
problem; more generally, we can think of axion-like particles (ALPs) as an uncharged scalar or
pseudo-scalar degree of freedom with a coupling to two photons. Further candidates are minicharged particles (MCPs), i.e., matter ﬁelds with charge εe and ε  1, which arise naturally in
scenarios with gauge-kinetic mixing [109] or extra-dimensional scenarios [110]. More generally,
many Standard-Model extensions not only involve but often require – for reasons of consistency
– a hidden sector, i.e., a set of so far unobserved degrees of freedom very weakly coupled to the
Standard Model. Hence, a discovery of hidden-sector properties could decisively single out the
relevant theoretical fundament.
Low-energy eﬀective actions
From a bottom-up viewpoint, many Standard-Model extensions lead to similar consequences for
low-energy laboratory experiments, parameterizable by eﬀective couplings between photons and
the new eﬀective degrees of freedom. The ﬁrst example is given above in Eq. (2.16): the HE or BI
action. As already mentioned, HE-type eﬀective actions predict vacuum birefringence in a strong
ﬁeld. For instance, for a probe beam counter-propagating in a strong beam with intensity I, the
refractive index diﬀerence for the two eigenmodes ( , ⊥) with mutually orthogonal polarization
2
. As an observable, an initially linearly polarized probe laser
is given by ∆n = (λ − 1)κI/Ecr
can pick up an ellipticity by traversing the strong beam. The ellipticity angle ψ is given by ψ =
(ω/2)L∆n sin 2θ, where θ is the angle between the probe polarization and the fast eigenmode’s
polarization, and L is the path length inside the strong ﬁeld.
Another optical observable can be important: any eﬀect which modiﬁes the amplitudes of the
or ⊥ components in a polarization-dependent manner but leaves the phase relations invariant
will induce a rotation angle ∆θ. Since amplitude modiﬁcations involve an imaginary part for the
index of refraction, rotation from a microscopic viewpoint is related to particle production or
annihilation. In QED below threshold ω < 2m, electron-positron pair production by an incident
laser is excluded. Further possibly rotation inducing eﬀects such as photon splitting [106] or
neutrino-pair production [112] in a strong ﬁeld are severly suppressed for typical laboratory
parameters. Therefore, a sizeable signal for vacuum rotation ∆θ in a strong-ﬁeld experiment
would be a signature for new fundamental physics.
Axion-Like Particle (ALP)
As a ﬁrst example, we consider a new neutral scalar ϕ or pseudo-scalar degree of freedom ϕ−
(such as an axion) which is coupled to the photon by,
LALP



g (−) µν (∼)
1
1
(−) 2
2 (−)2
= − ϕ F
,
F µν − (∂ϕ ) − mϕ ϕ
4
2
2

(2.17)

parameterized by the mass mϕ of this axion-like particle (ALP) and the dimensionful coupling
g. In optical experiments in strong ﬁelds, ALPs can induce both ellipticity and rotation [113],
since only one polarization mode couples to the ALP and the strong ﬁeld. For instance, coherent
photon-ALP conversion causes a depletion of one photon mode, implying rotation. In order to
make contact with the literature, we approximate the strong ﬁeld by a homogeneous magnetic
ﬁeld B as may be provided by a slowly beating standing wave formed from counter-propagating
laser beams. We stress that detailed studies employing all relevant properties of the ﬁeld provided by systems such as ELI still need to be performed. From the equations of motion for
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the photon-ALP system for the pseudo-scalar case, the induced ellipticity and rotation can be
calculated:
∆θ− =

gBω
m2ϕ

2

sin2

Lm2ϕ
4ω

sin 2θ, ψ − =

1
2

gBω
m2ϕ

2

Lm2ϕ
2ω

− sin

Lm2ϕ
2ω

sin 2θ,

(2.18)

for single passes of a probe beam through a strong B ﬁeld of length L. For the scalar, we have
∆θ = −∆θ− , ψ = −ψ − . Measuring ellipticity and rotation signals uniquely determines the two
model parameters, ALP mass mϕ and ALP-photon coupling g. Measuring the signs of ∆θ and
ψ can even resolve the parity of the involved particle.
The eﬀective interaction (2.17) is representative for various underlying particle scenarios. In
the axion case, only the weak coupling to the photon is relevant and all other potential matter
couplings are negligible. This facilitates the interesting experimental option to shine the ALP
component through a wall which blocks all photons. Behind the wall, a second strong ﬁeld can
induce the reverse process and photons can be regenerated out of the ALP beam [114]. The
regeneration rate is
nout = nin

1
4
(gBL cos θ) sin
16

 Lm2

Lm2ϕ
4ω

ϕ

4ω

4
,

(2.19)

where nin is the initial photon rate, and the ﬁelds B and its extension L are assumed to be
identical on both sides of the wall.
In other models, such as those with a chameleon mechanism which have been developed in the
context of cosmological scalar ﬁelds and the ﬁfth-force problem [115], the ALP cannot penetrate
the end caps of the vacuum chamber but gets reﬂected back. Whereas this has no inﬂuence
on the formulas for ψ and ∆θ in Eq. (2.18), a new detection mechanism arises: synchronizing
a short laser probe pulse with the strong pulse, chameleons can be created inside the vacuum
chamber and stored in a parallel cavity. By a synchronized second strong pulse, the chameleons
can be re-converted into photons again inside the strong ﬁeld; this would result in an afterglow
phenomenon which is characteristic for a chameleonic ALP [116]. In the parameter range where
gB/mϕ  1, the number of photons in the ﬁrst afterglow pulse nout is again given by Eq. (2.19)
where this time nin is the number of photons in the synchronized probe pulse initially generating
the chameleons.
Minicharged Particle (MCP)
The ﬂuctuations of minicharged particles with mass mε and charge εe, ε  1 induce photon
self-interactions in the same way as electrons do. However, the weak-ﬁeld HE Lagrangian (2.16)
is not suﬃcient to describe the physics of MCPs properly, as the expansion parameters εeB/m2ε
and ω/mε in a strong ﬁeld B varying with ω are not necessarily small. As an interesting
consequence, the probe laser frequency can be above the pair-production threshold ω > 2mε
such that a rotation signal in addition to birefringence-induced ellipticity becomes possible [117].
All relevant information is encoded in the polarization tensor which is well known from
QED [68, 118, 119]. Explicit results are available in asymptotic limits, e.g., for the rotation
signal induced by a Dirac-fermionic MCP,
1
π
∆θ 
1
12 Γ( 6 )Γ( 13
6 )

 1
mε
2 3 2
ε α(mε L)
3
ω

1
3



εeB
mε 2

2
3

,

for

3 ω εeB
 1,
2 mε m2ε

(2.20)

which is valid above threshold and for a high number of allowed MCP Landau levels. Similar
formulas exist for ellipticity or the case of spin-0 MCPs [120]. Note that this rotation appears
to become independent of mε in the small-mass limit. In practice, once the associated Compton
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wavelength ∼ 1/mε becomes larger than the size of the strong ﬁeld, the ﬁeld size acts as a
cutoﬀ reducing the eﬀect. Precise predictions then require computations of polarization tensors
in inhomogeneous ﬁelds which is a challenge for standard methods and remains an interesting
question for future research.
ELI’s sensitivity scales
In order to put the capabilities of ELI’s particle-physics potential into a greater context, let us
draw a comparison with other currently performed optical experiments, such as PVLAS [121],
BMV [122], ALPS [123], LIPSS [124], OSQAR [125], GammeV [126, 127]. In these experiments,
optical probe lasers traverse a magnetic ﬁeld of O(1−10 Tesla) and length O(1−10 m). Whereas
the reachable ﬁeld strengths are comparatively small, e.g., if measured in units of the QED
critical ﬁeld strength of Bcr  4 × 109 Tesla, the length of the interaction region is macroscopic.
The latter can even be enhanced by placing the ﬁeld into a high-ﬁnesse cavity such that the
signal is increased by a factor Npass counting the number of passes of the probe laser inside the
cavity.
By contrast, high-intensity laser systems provide for an interaction region only of the order
of O(10 − 100 µm); also cavities are of no use, since pulse durations on the femtosecond scale are
far too short compared to the time scale for a multiple pass. Nevertheless, the extreme intensity
can compensate for these disadvantages. In the ALP scenarios, the relevant parameter in the
limit Lm2ϕ /ω  1 (sub-eV particle masses) is gBL. For instance, for PVLAS this parameter is
gBL|PVLAS  5 × (g/GeV−1 ). The corresponding ELI parameters are expected to give
gBL|ELI = 3.3 × 103 (g/GeV−1 )[L/(50 µm)],

(2.21)

exceeding that of macroscopic optical experiments by up to 3 orders of magnitude.
However, this improvement does not directly translate into a comparable increase of sensitivity, due to the lack of cavity enhancements and the necessity of pulse-probe synchronization.
As an example estimate, let us consider a regeneration or afterglow experiment (2.4), using a
probe laser of the petawatt class delivering ∼ 1021 photons per shot. Assuming single-photon
detection behind the wall or in the afterglow, the sensitivity range includes coupling values
g3 × 10−9 GeV−1 for ALP masses in the sub-eV range. This should be compared with the current best laboratory bounds excluding ALP couplings of g10−6 GeV−1 or chameleonic couplings
g2.5 × 10−7 GeV−1 . Also ALP rotation and ellipticity signals could be enhanced in comparison
with standard optical experiments, but the potential improvement of ALP parameter bounds
might not be as dramatic as from regeneration or afterglow experiments. In any case, we conclude that ELI has the potential to signiﬁcantly improve existing laboratory bounds for Standard
Model extensions involving ALPs.
In the MCP case, ELI parameters yield a maximum rotation (at θ = π/2) of
δθ = 4.1 × 108 ε8/3 (eV/ω)1/3 [L/(50 µm)].

(2.22)

Assuming a detection sensitivity of δθ|sens  10nrad, ELI will be sensitive to minicharge couplings down to εO(10−7 ) for optical probe lasers and sub-eV MCP masses. This is of the same
order of magnitude as the current best laboratory bounds from PVLAS [121] and in the same
ball park as cosmological observations [128].
It is worthwhile to emphasise, however, that optical experiments typically test a regime
characterised by momentum transfers below the eV scale. This clearly distinguishes them
from experiments looking for astrophysical bounds. Nevertheless, astrophysical observations
in combination with energy-loss arguments impose strong constraints, e.g., on the ALP coupling g10−10 GeV−1 for ALP masses in the eV range and below [129], or on MCP couplings
ε ≤ 2 × 10−14 for mε below a few keV [130]. However, since the underlying solar physics involves
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keV momentum transfer scales, these bounds apply to laboratory transfer scales (∼ µeV) only if
the coupling values are extrapolated over these many orders of magnitude [131]. It is precisely
this assumption which has been put into question by various models [132–115, 135, 136] and
which can be checked or falsiﬁed by a particle discovery at strong-ﬁeld experiments such as ELI.
Indeed, current strong-ﬁeld laboratory experiments begin to enter the parameter regime which
has previously been accessible only to cosmological and astrophysical considerations [137].
In case of a positive signal, ELI could not only discover a new particle but also contribute
to the particle’s identiﬁcation. Whereas the ﬁeld stength, length and frequency dependence can
distinguish between ALPs or MCPs, the signs of ellipticity and rotation are characteristic for
spin and parity [120]. Light-shining-through-wall or afterglow experiments are indicative for
additional matter couplings. Further experiments have been suggested such as Schwinger-type
MCP pair production [138] or hidden-photon searches [139] which may also become realizable
at ELI.
To conclude this section we stress that all the above estimates are based on various approximations. In particular, the homogeneous-ﬁeld assumption is questionable as the typical variation
scale of the strong ﬁeld can be of the same order of magnitude as the new particle’s Compton
wavelength. More detailed theoretical analyses are certainly required for precise estimates, and
new unknown eﬀects may arise from this equality of scales.
Strong interactions in external electromagnetic ﬁelds
At ELI intensities the pion, the lightest strongly interacting particle (mπ = 140 MeV), will
become relativistic. It is hence reasonable to address the eﬀects of ultra-intense lasers within
the context of strong interactions. The relevant theory is then quantum chromodynamics (QCD)
which describes the microscopic interactions of quarks and gluons. The ELI laser will provide an
electromagnetic extreme-ﬁeld environment for these particles. Of course, a direct inﬂuence will
only be exerted on quarks as the only carriers of electromagnetic charge in QCD. (The gluons
exclusively couple to colour charge and hence are blind against electromagnetism).
A well known eﬀect of external electromagnetic ﬁelds is their inﬂuence on chiral symmetry
(and its breaking). The latter is probably the most important (approximate) symmetry of lowenergy QCD as it governs the dynamics in this sector to a large extent. The pion, for instance,
is best described as the Goldstone boson associated with the spontaneous breakdown of chiral
symmetry, its mass being due to the small but ﬁnite masses of up and down quarks. The order
parameter of the symmetry breaking is the quark condensate, < 0|ψ̄ψ|0 > 1.8 fm−3 (for zero
external ﬁelds) which measures the vacuum density of virtual quark-antiquark pairs. It is not
directly measurable as a physical observable but determines, for example, the pion mass via the
Gell-Mann-Oakes-Renner relation [140]. From a theoretical point of view the condensate is the
derivative of eﬀective Lagrangians like (2.16) with respect to the fermion mass. Hence, it is an
alternative tool to investigate the quantum vacuum, both its ‘persistence’ and ‘breakdown’.
It is known that external magnetic (electric) ﬁelds increase (decrease) the value of the condensate [141]. A plane wave ﬁeld, on the other hand, has no inﬂuence as the eﬀective action in this
case vanishes together with the invariants S and P. One would therefore expect the largest eﬀect
on the condensate near the antinodes of a standing wave formed from two counter-propagating
laser beams. It would be most interesting to see how a modiﬁcation of the condensate in extreme
ﬁelds aﬀects the pion mass. In a strong interaction (QCD) context, one naively expects electromagnetic eﬀects to become relevant for ﬁeld strengths about ﬁve orders of magnitude above
the Sauter/Schwinger limit Ecr . However, as the pion mass splitting of approximately 5 MeV is
mostly electromagnetic in nature one may envision measurable eﬀects already below. In addition, the fermion condensate can also be discussed for QED where ‘magnetic catalysis’ may lead
to QED versions of chiral symmetry breaking and dynamical mass generation [142, 143]. This
48

www.extreme-light-infrastructure.eu

2.1 Investigation of Vacuum Structure – Towards Schwinger Fields

may open up an avenue to studying external ﬁeld mass shifts of a purely quantum nature to be
added to their classical counterparts [14, 17].
Concluding Remarks
Experiments employing ultra-strong electromagnetic ﬁelds provide many new routes to asking
and answering fundamental physics questions. From a ﬁeld theoretical, as we as particle physics,
perspective, new optical probing techniques of high precision allow for testing QED as well as
extensions thereof together with modiﬁcations of the standard model in a hitherto uncharted
high-intensity, low energy regime. Particularly promising seems 1) the possibilities for subcritical
nonperturbative eﬀects, such as all-optical pair production and 2) the search for new light
degrees of freedom which interact weakly at momentum scales much below the eV scale. Moving
on to higher energy scales seems feasible, for instance by utilising new laser-based accelerator
concepts such as the electron positron collider discussed above. Alternatively, high-power lasers
may be combined with conventional accelerators. These ideas even open up the possibility to
experimentally address modiﬁcations of quark-gluon dynamics in electromagnetic ﬁelds.
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2.1.3

Refractive QED processes at ELI and future exprimental considerations at
ultrahigh intensities

Diﬀraction eﬀects in laser-laser collision
Due to quantum vacuum polarization eﬀects (VPEs) a strong laser beam can change the polarization of a probe ﬁeld that passes through it (see Fig. 2.11) [1].

Figure 2.11: Schematic setup for observing light-bylight diﬀraction.

Setup 1
The strong ﬁeld has the following parameters: wavelength λ0 = 0.745 µm, spot radius w0 =
5 µm and intensity I0 = 1025 W/cm2 . The probe beam is an X-ray probe with wavelength
λp = 0.4 nm. and waist size wp = 8 µm. The probe acquires an ellipticity of the order of
10−5 rad. Such values of ellipticity and polarization are nowadays measurable in the X-ray
regime [2].
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Setup 2
The strong ﬁeld parameters are the same as before but the probe ﬁeld is optical: wavelength
λp = 0.745 µm and waist size wp = 300 µm. In this case values of ellipticities of the order of
10−10 –10−9 rad are obtained that, again, can be measured nowadays [3].
Note: as compared to estimations within a plane-wave approximation, the diﬀraction eﬀects
due to the spatial conﬁnement of the strong laser beam decrease the ellipticity of the probe by
an order of magnitude and induce a rotation of the polarization main axis of the same order of
the ellipticity.
Laser photon merging in proton-laser collision
In the head-on collision of a high-energy proton and a strong laser beam photons from the laser
merge into one high-energy photon by interacting with the electromagnetic ﬁeld of the proton
(see Fig. 2.12) [4].

Figure 2.12: Schematic setup for observing laser photon
merging.

Setup
The proton beam parameters are obtained from the simulations in [5]. They show that envisaged
proton beams with the following characteristic can be obtained in the so-called laser-piston
regime by employing an Exawatt laser like ELI: proton energy Ep = 50 GeV, number of protons
per beam 2 × 1012 , beam transversal radius 5 µm and beam duration 20 fs. Rather high laser
photon energies are needed to suppress background processes. By extrapolating the results of
the simulations in [6] it can be envisaged that strong extreme ultraviolet (XUV) attosecond
pulses with the following characteristics can be produced by the reﬂection of an ultra-strong
laser pulse (intensity of 2.5 × 1024 W/cm2 , spot-radius of 5 µm and duration of 5 fs) from a
plasma surface: intensity of 1.4 × 1024 W/cm2 , photon energy of 200 eV, pulse duration of 38 as.
An energy conversion eﬃciency of 4 × 10−3 is assumed. With the above parameters about ﬁve
photons per shot are produced due to laser photon merging.
Note 1: the simulations performed in [5, 6] have been done for laser intensities much smaller
than those available at ELI. If the results can be scaled to intensities of the order of 1025 W/cm2
like those available at ELI, much larger rates can easily be obtained and one can even expect
that non-perturbative, multiphoton (merging of more than two laser photons) VPEs could be
observable.
Note 2: if ELI could be combined with a large-scale proton accelerator much high photon yields
can be obtained.
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Figure 2.13: A matterless-double-slit setup.

A matterless double-slit
The quantum interaction among photons in the vacuum mediated by virtual electron-positron
pairs can be exploited to put forward a matterless double-slit consisting only of light (see
Fig. 2.13) [7].
In the proposed scenario two separated, parallel Gaussian laser beams form the “slits” that
are probed by a third Gaussian laser beam which is diﬀracted to generate an interference pattern
(see Fig. 2.13, where the strong beams come from the right and the probe beam is counterpropagating to them). In Fig. 2.13 a typical interference pattern is shown, where typical alternating
maxima and minima are visible.
Setup
The strong laser beams parameters are: wavelength λ0 = 0.8 µm, spot radius w0 = 0.8 µm,
intensity I0 = 5 × 1024 W/cm2 and pulse duration τ0 = 30 fs. The probe beam parameters are:
wavelength λp = 0.5 nm and intensity Ip = 4 × 1016 W/cm2 . With these parameters about
four diﬀracted photons are produced per laser shot. By assuming a repetition rate of the strong
laser ﬁeld of one shot per minute, the interference pattern is expected to be visible in about four
hours of operation [7].
Absorptive QED and related issues
Pair creation can also be realized well below the critical values in combination with high frequency photons [8] or employing accelerated electrons [9] even employing ELI parameters at
the initial phase. At the onset of ELI the laser pulses need also be characterized, especially
with respect to intensity via highly charged ions [10] or the carrier envelope phase via injecting fast electrons [11]. Finally focussed ELI pulses may serve to accelerate ions for medical
applications [12].
Probing nonlinear QED and beyond by phase contrast imaging of vacuum
Quantum electrodynamics (QED) predicts that intense electromagnetic ﬁelds cause birefringence
in vacuum with the intrinsic dispersive nature. The dispersion relation from IR (ω ∼ 0) to UV
(ω ∼ ∞) frequency is theoretically known only in the case of QED ﬁelds [13]. However, there
has never been data even in IR frequencies to date. It is important, therefore, for experiments
to quantitatively verify or disprove the QED prediction. We propose to use the phase contrast
imaging to measure birefringence of vacuum under intense laser ﬁelds.
We focus on the measurement of birefringence in the optical frequency domain. As illustrated
in Fig. 2.14 phase velocity shift of an optical probe laser pulse traversing a wireshaped area of
a tightly focused intense laser pulse (target) is the observable we propose [15]. While the target
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Figure 2.14: Conceptual experimental setup for the suggested phase contrast Fourier imaging.

laser is tightly focused to increase the local refractive index shift in vacuum, the probe laser
has a larger transverse proﬁle than that of the target laser. This condition produces the phase
contrast inside the probe laser proﬁle. The phase contrast is eﬃciently measurable by adding a
conceptual lens component with a ﬁnite focal length. The added phase of the lens produces the
Fourier transform of the shape of the contrast on the focal plane. Owing to the characteristic
Fourier image which widely spreads from the focal point, we can separate the intensity proﬁle
caused by the interference due to the phase shift from the most intense pedestal part of the
focal spot. This method is found to be similar to but distinct from the idea in [14]. We use the
refractive feature of vacuum rather than diﬀractive one as discussed by [14].
By choosing the combination of the linear polarizations between the target and probe laser
pulses we directly measure the birefringence from the photon yield found in the characteristic
Fourier image on the focal plane. The nonlinear QED eﬀect predicts the ratio between the
parallel and orthogonal cases as 4 to 7. This measurement may provide the ﬁrst important data
in IR frequency domain to quantitatively discuss the QED dispersion relation in vacuum. If we
could observe a statistically signiﬁcant deviation from the prediction, that is an indication of
the unexpected nature of vacuum such as QED-QCD interference and something beyond the
standard model.
The change of refractive index is proportional to energy density of a pulse. In the case of a
tightly focused target laser with the beam waist of 1 µm and the 0.1 kJ pulse energy, the local
refractive index shift may be order of 10−10 with 10 fs duration time, if we assume only the
nonlinear QED eﬀect. If higher energy like several kJ is available, the phase contrast Fourier
imaging may be sensitive to the amount of phase shift on the shot-by-shot basis in the ideal
calculation given the equal pulse energy for the probe pulse as well. (see Table I, Fig. 5 and
Fig. 6 in [15] in detail).
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2.1.4

Search for axion-like particles by two laser beam crossing

Dark Matter is needed for explaining galactic dynamics and other astronomical observations.
Axion-like particles are to explain it among possible candidates [1–5]. It is supposed that these
particles have evaded all of laboratory searches so far, because they only weakly couple to
matter. The high intense laser ﬁeld of ELI should serve as a unique facility to test the coupling
to laser photons in much weaker domains of coupling strength. We aim at the simultaneous
production and decay within the crossing region of two laser beams. We utilize the frequency
upshift of photons as the signature of the decay of axion-like particles by requiring the proper
combinations of the linear polarizations of the two incident beams. We cover mass ranges of
axion-like particles below 1 eV by changing the crossing angle.
We focus on the resonance production of axion-like particles(ALP) and their decay into two
photons within the focal region where two laser beams overlap. We search for the frequency
upshift of decayed photons emitted around the axis deﬁned by a half of the angle between
incident directions of the two laser beams. The production of ALP requires the initial linear
polarization state of two laser beams to be orthogonal each other. The decayed photon must
also satisfy the same condition. This is a feature of pseudoscalar ﬁeld [6]. The mass of ALP
can be scanned by changing the crossing angle of the incident two laser beams. The head-on
crossing provides the center of mass energy of 2ωopt h̄ where ωopt is the frequency of optical laser
beam, while possible small incident angles between two beams provide the lower mass ranges.
The pulse energy is a key issue to the sensitivity of detection. If 10 kJ energy is available, with a
single shot we can improve the coupling limit by several orders of magnitude smaller than what
is obtained in other laboratory experiments. However, alternatively, a stable high repetition
rate like 1 kHz may be able to provide equivalent or higher event rate, even if we use 0.1 kJ per
pulse.
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2.1.5

Search for a candidate of Dark Energy by quasi-parallel laser beam focusing

Cosmological observations suggest the presence of Dark Energy. This may be attributable to
undiscovered ﬁelds of small mass below 1 eV [1, 2]. Since these ﬁelds weakly couple to matter,
they have evaded our eﬀort to detect them in laboratory. The high intense laser ﬁeld in ELI
may open up a new window for probing these ﬁelds via the coupling to laser photons with its
huge statistics per pulse. We search for these ﬁelds by observing second harmonic generation of
photons in the quasi-parallel colliding system by focusing a single laser beam.
We look for higher harmonic generation of photons out of vacuum in the quasi-parallel
colliding system. In order to access to ranges of small mass in the search of dark energy ﬁelds, it
is essential to introduce small energies in the center of mass systems (CMS) between incoming
two photons which couple to unknown ﬁelds via resonances [3]. By introducing small incident
angle, we can change the CMS energy by several orders of magnitude even with the optical
laser photons. We achieve small incident angles by focusing a single laser beam with long focal
lengths. In this special geometry photon-photon interaction can be observed similar to second
harmonic generation in the direction of the laser propagation [4]. Frank et al. applied this to the
measurement of second harmonic generation in the quartz crystal [6]. The sensitive mass range
depends on how small incident angle we can achieve. If we could introduce 100 m as the focal
length, we can discuss mass ranges well below 10 MeV. The pulse energy is a very important
factor to the sensitivity of detection. If 10 kJ energy is available, with a single shot we can
improve the coupling limit by many orders of magnitude smaller than what is obtained in other
laboratory experiments performed so far. Even if we use 0.1 kJ per pulse, a high repetition rate
like 1 kHz which is stable over a longer run period can overcome the reduction of the event rate.
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2.1.6

Testing radiation backreaction at super-high intensities

When laser pulses of intensities exceeding I = 1022 W/cm2 interact with plasmas they produce
accelerated electron beams that can be directed toward the incident pulse. Another scheme to
produce such interaction is an acceleration of electrons by a moderate laser pulse toward the
second pulse of superstrong intensity. During such an interaction a large portion of electron
energy is converted to photons of MeV energy.
Expected photon energy for such laser-beam interaction can be estimated using parameter
χ, which value may be conveniently expressed in terms of the local instantaneous intensity I of
the laser wave, and energy Eel of counter-propagating electron beam (see Ref. [1]):

2
χ ≈ 2.7 × 10−3 Eel [MeV] I/1023 [W/cm ].
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For example, for I = 1024 W/cm2 and 1-GeV electron beam, according to Fig. 2.15, we obtain
χ ≈ 10. According to Sokolov et al. [1], photons of ∼ 15% of electron beam energy can be
generated eﬃciently for the values of χ in the range between 1 and 10. It means that ∼ 150MeV photons are expected for 1-GeV electron beam. It is necessary to note that ∼ 100-MeV
electrons are easily generated during the interaction of such an intense laser pulse with bulk
plasmas, what leads to production of ∼ 15-MeV photons.

Figure 2.15: Dependence of parameter χ on the electron beam energy, counterpropagating to laser
pulses of intensity I.

The radiation losses in their turn change the electron dynamics and general plasma behavior,
they need to be taken into account in a self-consistent way in simulations. Such scheme has
been developed in papers by Sokolov et al. [1–3], which allows considering plasma dynamics
from the regime with classical radiation losses up to the one when QED eﬀects come into play.
This scheme has been extensively used to study hole-boring at super-high intensities [4–6]. It
has been found that super-high intensities improve laser penetration into the target having an
additional beneﬁt of electron cooling. Half of the laser pulse energy can be converted to MeV
photons.
It is necessary to note, that for parameters χ exceeding 0.1 the behavior cannot be considered
as classical anymore. Corresponding changes need to be done in radiation losses spectrum
and intensity. For example, Fig. 2 and Fig. 3 of Ref. [1] show these changes in transition to
QED regime. Angular and frequency distributions of high-frequency radiation may as well be
extracted from simulations, what allows planning future experiments and their diagnostics in
greater detail.
When χ exceeds unity, electron–positron pairs can be easily produced in such interactions. Sokolov et al. [7] derived the system of integrodiﬀerential kinetic equations for electrons,
positrons and γ photons, which can be easily solved numerically. In the examples presented
in Ref. [7] it is shown that laser pulses of intensity only I = 5 × 1022 W/cm2 interacting with
multi-GeV electron beams can produce several electron–positron pairs per beam electron. This
scheme can be used for producing a pair plasma, or can be employed to deactivate electron
beams, reducing the radiation hazard.
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2.2
2.2.1

Electron Acceleration
Introduction

Extreme Light Infrastructure (ELI) will be the ideal harbor for a development program of
laser-plasma electron accelerators including the use of the current state-of-the-art acceleration
techniques in new applications such as the generation of coherent XUV radiation in a compact
free-electron-laser, electron cancer therapy or electron radiography, as well as the development
of new acceleration techniques to improve this source to the level required by many present and
future applications.

Figure 2.16: Laser-plasma acceleration: A high-intensity short duration laser pulse (orange) propagates
in a plasma (blue) creating a relativistic acceleration
structure in its wake. The high density electron regions
inside the “bubbles” are electron bunches injected into
the wakes and being accelerated.

The concept of laser-plasma wake-ﬁeld electron accelerator was proposed in 1979 by T. Tajima and J. M. Dawson [1]. In a laser-plasma accelerator (LPA), a plasma medium (e.g., fully
stripped helium or hydrogen ions surrounded by free moving electrons) is used to transform
electromagnetic energy from a laser pulse into kinetic energy of accelerated electrons by exciting
high amplitude plasma density waves. An intense laser pulse causes the plasma electrons to
move out of its path through the “photon pressure”. The much heavier ions barely move and
as a consequence are left unshielded. Some distance behind the laser pulse, the electrostatic
force exerted by the ions on the electrons pulls them back to the axis, creating an electron
density peak. The pattern of alternating positive and negative charges is referred to as a plasma
wave or laser wake and supports an electric ﬁeld. The wave oscillates at the plasma frequency,
which scales as the square root of the plasma density, and has a wavelength typically around
10 to 100 µm. This is several orders of magnitude shorter than the typical RF period used in
conventional accelerators. The amplitude of the plasma wave or strength of the electric ﬁeld is
proportional to the square root of the plasma density (number of free electrons per unit volume)
and proportional to the laser intensity (for intensities ≥1018 W/cm2 ). For typical densities (1018 –
1019 electrons/cm3 ) used in experiments, ﬁelds ranging from 10–100 GV/m are produced, three
orders of magnitude greater than with conventional technology. The wave’s phase velocity is
near the speed of light and electrons injected at the proper phase can be accelerated to high
energies. To reach the same particle energy, plasma accelerators can then, in principle, be three
orders of magnitude shorter than their conventional counterparts.
The wavelength of the plasma waves is also around three orders of magnitude smaller than
the wavelength of the radiofrequency used in conventional accelerators. The generation of low
energy dispersion electron bunches requires that the length of the bunch to be a small fraction
of these wavelengths and/or the use of complex techniques only compatible with a large facility.
In the case of plasma accelerators this condition implies the use of electron bunches shorter than
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10 fs to get an energy dispersion bellow 10% typically. So far these short pulses were produced
by controlling the wavebreaking of the plasma waves or by using laser beam collision in the
acceleration zone to produce a strongly localized injection.
The present state-of-the-art of laser-plasma accelerators combined with a stable laser system and a well engineered facility allows to start an experimental program of beam time for
users requiring the advantages of laser-plasma accelerators (short pulse duration, high current,
synchronization with intense laser pulses or other laser secondary sources) and tolerating the
present limitations (high energy dispersion, low repetition rate, reproducibility, moderate bunch
charge). However, since the speciﬁcations of the ELI lasers are a major leap in the laser landscape new developments on the laser-plasma accelerator are needed to take advantage of this
type of lasers. These developments include long plasma channels with adequate plasma proﬁles to guide the laser beam during the acceleration length overcoming the diﬀraction, robust
techniques to inject short electron bunches into the accelerating plasma structure leading to
mono-energetic and usable electron beams, multiple acceleration stages to reduce the length of
the accelerator and improve the energy dispersion, robust and practical laser beam coupling to
the plasma channels, radiation protection and adequate diagnostics.
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2.2.2

Experimental progress and State-of-the-art on laser-plasma electron accelerators

The ability for plasmas to support very large electric ﬁelds had been demonstrated more than
two decades ago at UCLA under the leadership of Chan Joshi [1]. It was not until 2004,
however, that three independent groups demonstrated that, under the right conditions, laser
plasma accelerators can produce narrow energy spread e-beams, an essential requirement for
the broad usability of the e-beam [2–4]. The highest energy seen to date of such a high quality
e-beam from a laser-driven accelerator is ∼ 1 GeV from a 3-cm long plasma structure [5] In
the groundbreaking 2004 LPA experiments, low energy spread and low divergence e-beams were
produced at the 100 MeV. A powerful laser was focused into either a gas jet or a preformed
plasma. Under the right conditions, all electrons were blown out in the vicinity of the laser
pulse. The electric ﬁeld in this highly nonlinear wake is extremely strong, and plasma electrons
become self-trapped in the back of the blown-out region and accelerated to high energy. Energy
spreads on the order of a few to 10% were observed using plasma densities ∼ few 1019 cm−3 .
Two groups, one from Imperial College/Rutherford Appleton Laboratory (UK) [3] and one from
at the Laboratoire d’Optique Appliquée (LOA) in France [4], used a gas jet and focused the
laser beam to a large spot size of about 20-25 mm. As a result, the distance over which the laser
beam remained at high intensity was of the order of the gas jet length. The third group, the
LOASIS Group at LBNL [2], made a laser produced, preformed plasma channel in the plume
of a gas jet. This acted like an optical ﬁber for the drive laser pulse, which was guided at high
intensity with a spot size ∼ 8 microns. An example of the measured e-beam spectra is shown
in Fig. 2.17(a). To obtain low energy spread bunches, all three groups adjusted plasma density
so that the accelerator length matched the dephasing distance. Modeling the experiments with
particle-in-cell codes conﬁrmed that formation of high quality e-beams with nearly all electrons
at the same energy was indeed found to rely on a critical matching of the acceleration and
dephasing distances, controlled by the plasma and laser parameters.
In 2006, the LOASIS group at LBNL, through a collaboration with Simon Hooker from Oxford University, subsequently demonstrated the production of high quality (low energy spread
and low divergence) e-beams with energies up to 1 GeV [5], see Fig. 2.17(b). This was done using
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a channel-guided LPA with laser peak powers similar to those that produced order 100–200 MeV
in experiments without preformed plasma channels. A capacitor-based capillary discharge system was used to produce a 3-cm-long plasma channel with density ∼ 3 × 1018 cm−3 , lower by
nearly an order of magnitude than the laser-produced channels, for guiding a 40-TW peak-power
laser pulse. The lower density allows for higher electron energies at dephasing.

Figure 2.17: Electron energy spectra as measured with a dipole magnet and phospor screen. The
charge density (electrons per MeV per unit solid angle, color scale) is shown versus divergence (mrad,
vertical axis) and energy (MeV, horizontal axis). (a-top) 86 MeV e-beam containing 2×109 electrons with
an energy spread of 4% FWHM and a 3 mrad FWHM divergence using a 9 TW laser in a 2 × 1019 cm−3 ,
2 mm wide gas-jet plasma, within which was a laser-generated plasma channel. (b-bottom) 1 GeV
e-beam containing ∼ 30 pC with an RMS energy spread of 2.5% and a 1.6 mrad RMS divergence using
a 40 TW laser in a 4.3 × 1018 cm−3 , 33 mm long capillary discharge plasma.

On the theoretical side signiﬁcant progress was achieved with the establishment of scaling
laws for laser-plasma electron accelerators [6] that, in agreement with previous experimental
results, allow to optimize the parameters of an accelerator (plasma density, plasma length, focal
spot size, laser pulse duration) as a function of the energy available in the laser pulse. Following
these scaling laws an ultra-compact accelerator using a few-cycle laser pulse with an energy of
only 40 mJ was able to produce mononenergetic electron bunches with energies around 20 MeV
and charges of 20 pC [7]. Later on, by introducing a controllable modulation in the plasma
density the energy spread of the was improved and the electron bunch energy was controlled
between 10 and 20 MeV [8] opening the way to the use of this electron beam in experiments.
In nearly all experiments to date, the accelerated electrons are plasma electrons that get
trapped, from the background sea of electrons, in large-amplitude plasma wakes. Similar to
ocean waves that approach the beach to break and project ocean spray forward, plasma wakes
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can break and produce trapped and accelerated electrons. This is akin to a tsunami grabbing
anything in its path: things move forward but without much real control. Techniques that are
being developed to control this trapping or injection process are key to applicability of plasma
accelerators.
Many spectacular results have been obtained in the past few years using modest lasers by
today’s standards (order 100 TW, 10 Hz repetition rate), providing compact sources of high
energy (few hundred MeV to GeV) e-beams. This has prompted research on novel, hyperspectral radiation sources: femtosecond x-rays, coherent terahertz and infrared radiation, spanning
six decades in the electromagnetic spectrum, all from the same source. Preliminary demonstration FEL experiments using a LPA are in progress at the University of Jena in Germany in
collaboration with Strathclyde University, at the Max Planck Institute for Quantum Optics in
Germany, and at LBNL. The most challenging applications, however – intense FEL-based radiation sources and multi-TeV particle colliders – will require exquisite e-beam quality and stability,
with relative energy spreads at least an order of magnitude better than currently achieved.
Electron injection methods:
One method for controlling injection and e-beam quality in laser-plasma accelerators is colliding
pulse injection [9]. In colliding pulse injection, two counterpropagating laser pulses intersect at
a predetermined location in the wake. The overlapping laser pulses produce an interference or
electromagnetic beat pattern with slow phase velocity (zero if the colliding laser pulses have the
same wavelength). This slow-moving beat pattern can interact strongly with the slow-moving
plasma electrons and, for suﬃciently high pulse intensities, can boost the plasma electron velocity
in the direction of the wake to trigger trapping. Colliding pulse injection, using a simpliﬁed
two-pulse conﬁguration [10], has been experimentally demonstrated at LOA in France [11].
In these experiments, a laser pulse drove a wake in a 2-mm long gas jet plasma. A second
counterpropagating pulse was used to inject electrons when it overlapped with the trailing edge
of the ﬁrst pulse. A quasimonoenergetic e-beam containing about 20 pC was produced with
about 10% energy spread.
Another method for injecting electrons into the wake is to use a density down ramp [12].
In down-ramp injection, an intense laser pulse is focused on the exit side of a gas jet plume,
where the plasma density is longitudinally decreasing. As the laser pulse travels through the
decreasing density, it generates a wake with an increasing wavelength. This gives the eﬀect of
“stretching” the wake behind the laser pulse, that is, the phase velocity of the wake is less than
the velocity of the laser pulse. The wake’s phase velocity can be tuned by adjusting the rate
at which the plasma density decreases, to the point at which localized trapping readily occurs.
Downramp injection has been experimentally demonstrated at LBNL [13]. A 10-TW, 50-fs laser
was focused on the back edge of a 750-micron-long gas jet and generated stable low energy
(order one MeV/c) e-beams, with a charge of a few hundred pC and just 170 keV/c momentum
spread. Although the initial relative momentum spread is high (> 10%), simulations indicate
that by injecting this e-beam into a plasma channel acceleration stage, energetic ebeams at the
GeV level or greater can be produced with very low energy spread (∼ 100 keV).
Using one of the above injection or trapping methods to produce a high quality e-beam
as the ﬁrst stage, then coupling this e-beam into a second acceleration stage consisting of a
plasma channel, should generate high-energy, high-quality e-beams for a variety of applications.
Theory and simulation indicate that the absolute energy spread of the e-beam should be nearly
preserved as the e-beam is accelerated through subsequent stages. For example, if a 1 MeV
absolute energy-spread e-beam is accelerated up to a level of 10 GeV, this could result in an
e-beam with a 10−4 energy spread, suﬃcient to drive a free-electron-laser in the x-ray regime. It
is also essential that the second stage operates with ﬁelds that do not self-trap electrons again,
i.e., “dark-current free” in conventional accelerator terminology.
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Channeling methods:
The production of a multi-GeV transportable and focusable electron beam in a laser-plasma
accelerator requires the use of a plasma channel. A plasma channel consists in a cylindrically
symmetric plasma with a radial parabolic density proﬁle with the minimum density coincident
with the laser beam propagation axis. In this way, the plasma channel provides the required
plasma density for the electron accelerator and behaves like an index graded optical ﬁber keeping
the laser focused to high intensity. In a channel the plasma needs to have a high degree of
ionization, i. e. the intense laser pulse should not produce signiﬁcant additional ionization or
the guiding proﬁle will be compromised. Therefore, the plasma channel is normally produced
in a background of a light gas such as hydrogen or helium where total ionization is possible.
The use of plasma channels and ELI laser beams (50 J) has the potential to produce electron
bunches up to 15 GeV in a 1 meter acceleration stage.
A plasma channel is typically produced by the fast release of energy in a low diameter plasma
cylinder of the background gas. The expansion of the column and the fast cooling of its external
layers will result in the required parabolic proﬁle.
The fastest mechanism for releasing the necessary energy to create the channel consists in
using one or more laser pulses [14, 15] in an adequate geometry. However, these techniques are
diﬃcult to scale above the few centimeters level. An alternative is to use an electric discharge.
Electric discharges have been used with success to guide intense laser beams and accelerate
electrons up to 3 cm and 1 GeV [5]. In these experiment the discharge was produced inside a
small diameter dielectric capillary ﬁlled with hydrogen and the interaction of the plasma with
the capillary walls result in the required channel proﬁle.
Another discharge based technique consists in produce a discharge in free space (not conﬁned
by a capillary) between to sharp electrodes with apertures for laser coupling and decoupling [16].
In this case a higher-voltage (typically 50 kV/cm) is required to produce a straight plasma
channel. Using this setup a current around 1 kA in a 100 ns pulse can produce the required
plasma proﬁle for plasma channels with an electron density of 1018 cm−3 on the channel axis.
This technique was scaled to a length of 2 cm producing highly reproducible plasma channels [17].

Figure 2.18: Interferometry picture of a 2 cm long plasma channel produced inside a gas cell [17].
A plasma line is produced between the to conical electrodes. The vertical dark lines are the shadow
of 250 micron thick dielectric plates with 300 micron diameter apertures coincident with the optical
axis deﬁned by the electrodes. The cylindrical shock wave is clearly seen in the image. These plasma
channels present an acceptance aperture around 50 micron (for near infrared) and the axial plasma
density close to 1017 cm−3 . The ideal length of this channel is around 10 cm leading to a potential
energy gain around 4 GeV for electron acceleration.

Numerical laser-plasma experiments with massively parallel simulations:
In addition to theoretical and experimental studies, numerical modeling plays an important role
in the LWFA research, by helping to target and to optimize the experimental parameter ranges,
and also by providing insights on the physical processes underlying the experiments. Although
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several physical regimes are possible for the same laser pulse energy, the scalings predicted by
the theoretical models indicate that a next generation of LWFAs, at the Petawatt range, will
involve the propagation of a moderate intensity (1018 –1019 W/cm2 ) laser pulse through a plasma
column of several meters, with the output of a high energy beam with tens of GeV.
In a fully kinetic three-dimensional particle-in-cell (PIC) simulation [18] the Maxwell equations are resolved on a numerical grid, while the particles move freely in space. The smallest
structure to be resolved is the laser wavelength, typically on the order of 1 micron, which contrasts with the length of the plasma column at the meter scale. This constitutes the main
challenge for LWFA numerical modeling. The several orders of magnitude that separate the
laser wavelength from the plasma length may lead to over a million of simulation iterations for
the modeling of future experiments. This constitutes a challenge to the accuracy of the numerical algorithms, and is extremely computationally intensive. Therefore, and while it is possible
to simulate a few centimeters of plasma, a fully kinetic three-dimensional simulation of a meter
scale accelerator is currently unpractical, even with the large computational facilities available
(e.g., [19–21]). One alternative currently employed is the use of reduced codes that leverage on
physical assumptions to simplify the numerical algorithms. For instance, QuickPIC [22] uses the
quasi-static approximation to separate the (long) laser and the (short) plasma evolutions, and
thus reach computational gains that can go above three orders of magnitude. These approximations, however, limit the application of the code and particular regimes/conditions cannot
be fully modeled. Examples may include the self-injection process or the laser evolution close
to the depletion length. The fully kinetic algorithms are therefore required for the thorough
modeling of LWFA experiments.
OSIRIS [23] and VORPAL [31] are two examples of fully relativistic, electromagnetic, and
massivelly parallel PIC codes that have been extensively used in LWFA simulations [2, 24–26].
Recent developments have focused on optimizing the code scalability on large supercomputers
and on improving the overall computing performance. For example for the code OSIRIS, strong
scaling benchmarks were performed from 256 cores up to 65,536 cores in Jugene [19], with a
ﬁnal eﬃciency of 75%. The eﬃciency is ensured with a spatial domain composition where the
ﬁeld solver is local, with communication minimization, and with dynamic load balancing (node
boundary adjustment as the simulation progresses). To increase the performance of the code, we
have written the core algorithm sections, namely the current deposition and the particle pusher,
to use the vector units of state-ofthe-art processors. For the hardware currently available,
this implies running in single precision, and allows for computational gains of 2-3 times. We
have also developed advanced diagnostics, like particle tracking [27] and radiation emission [28],
together with an advanced visualization infrastructure for quick data display, analysis, and postprocessing [27]. Despite the advances in code scalability and performance, the simulations for
the next generation of laser systems are still challenging, in particular if large parameter scans
are to be performed. It was recently shown that, in the modeling of two distinct spatial scales,
the computational requirements may be strongly reduced by performing the simulation in a
relativistic moving frame [29]. Standard LWFA simulations are done in the laboratory frame,
where the plasma is at rest. As mentioned above, this implies resolving the laser wavelength
of 1 micron over the plasma length, that can reach several meters. If we move to a frame
that travels relativistically in the direction of the laser, the plasma will contract and the laser
will stretch, thus reducing the scale gap and the disparity of lengths to be simulated. This
transformation enables computational gains that can go above three orders of magnitude, with
equivalent quantitative outputs.
The application of this scheme enables not only the ultra-fast simulation of current experiments where plasma lengths of a few cm are typically used, but also allows the ﬁrst time, fully
kinetic, three-dimensional study of the next generation of laser systems where plasma lengths
can reach several meters. This study was performed with OSIRIS for three diﬀerent regimes
of a 250 J laser [30], conﬁrming the predictions from the phenomenological models that energy
66

www.extreme-light-infrastructure.eu

2.2 Electron Acceleration

frontier beams will be possible with these advanced systems.
Modeling the next generation of LWFA experiments poses a challenge to code developers
due to the long plasma distances to be simulated, while still resolving the laser wavelength.
This thus implies extreme scale simulations in the largest supercomputers available. The most
recent upgrades of the OSIRIS framework have been depicted, in particular the strong scalability benchmarks, optimized algorithms, and sophisticated diagnostics. By performing the
simulations in a boosted frame, computational requirements can be reduced by several orders
of magnitude, which enables ultra-fast modeling of current experiments and ﬁrst-time modeling
of the future LWFA’s. First simulations already indicate the possibility to reach output beams
at the energy frontier.
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2.2.3

Future research directions

Laser-plasma accelerators can be developed in diﬀerent directions. In the short term it will be
possible to install small permanent facilities able to deliver electron bunches in the sub-GeV, sub
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100 pC ranges with energy spreads bellow 10%. Such a program can use a commercial stateof-the-art CPA laser system, but it will require a considerable size facilities. These permanent
laser-plasma electron accelerators are an essential step in order to start growing a community of
beam users with capability to develop or adapt applications taking advantage of the parameters
of these sources.
The other main research direction would be the development of the laser-plasma acceleration
technology and diagnostics making it compatible with ELI type laser beams. For pulse energies
around 50 J (ELI speciﬁcation for 10 Hz repetition rate) the optimum length of a plasma accelerator is close to 1 meter. Probably the more challenging and innovative developments required
in the ﬁeld would be the development of the plasma channels for 1 meter length acceleration
stages and a beam loading technique to produce a low energy dispersion (better than 1%) beam
in the ﬁrst acceleration stage. An extensive experimental and numerical development would be
necessary to produce electron beams with quality for eﬃcient transport and focusing in demanding applications such as free-electron-lasers. These developments, due to their complexity, will
require dedicated permanent facilities and teams. ELI can be a major step in this strategy.
2.2.4

Prospects for electron acceleration with ELI

The ELI laser is uniquely suited to explore electron acceleration in plasmas in that it can span
all parameter regimes of interest. This includes the quasi-linear wakeﬁeld regime, typically characterized by laser intensities on the order of 1018 –1019 W/cm2 , and the highly nonlinear blowout
(or bubble) regime, typically characterized by intensities greater than 1019 W/cm2 . The quasilinear regime has the advantage of being nearly symmetrical for acceleration of both electrons
and positrons, since the wakeﬁeld is nearly sinusoidal. The highly nonlinear bubble regime has
the advantage of extremely large accelerating ﬁelds, but due to the highly nonlinear structure,
the wake is highly asymmetric, with a small phase region available for positron acceleration.
The ELI laser could explore electron acceleration to 100 GeV in a single stage or in multiple
stages. In addition, ELI could explore a quasi-1D wakeﬁeld regime, by using large spot sizes
(and large powers), which would have the advantage of greater amounts of accelerated charge.
The general physics issues that could be explored with ELI include study of the quasi-linear,
blowout, and quasi-1D wakeﬁeld regimes, the maximum charge that could be accelerated in
the wake, beam loading (the eﬀect of the accelerated charge on the wake structure), the quality
(energy spread and emittance) of the accelerate bunch, pump depletion (loss of laser pulse energy
to the wake), dephasing (the accelerated particles outrunning the wake and laser pulse), electron
injection techniques, stability of the both the laser pulse and electron bunch within the plasma
(hosing instabilities), and the eﬃciency of the acceleration process.
Several approaches to achieving 100 GeV energy gains can be envisioned, including:
Approach 1: Acceleration in the quasi-linear regime using a single-stage plasma channel. This
would require a laser pulse with a normalized ﬁeld strength of a = 1–2 (here, a = 0.85 ×
10−9 l [mm] I1/2 [W/cm2 ], with l the laser wavelength and I the laser intensity), a laser pulse
energy on the order of 1 kJ, a laser pulse duration on the order of 300 fs, a plasma density on
the order of 1016 cm−3 , and plasma channel length on the order of 20 m. Issues include the
production of long plasma channels (current state-ofthe-art is tens of cm) and the possibility of
using magnetic ﬁelds to lower the on-axis plasma density.
Approach 2: Acceleration in the blowout regime using a single-stage uniform plasma. This
would require a laser pulse with a normalized ﬁeld strength of a = 5–10, a laser pulse energy
on the order of 10 kJ, a laser pulse duration on the order of 300 fs, a plasma density on the
order of 1016 cm−3 , and plasma length on the order of 5 m. Issues include the self-focusing and
self-guiding of high power P  P c (here P c = 17 lp2/l2 GW is the critical power for relativistic
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self-focusing with lp the plasma wavelength), and the transverse stability of such pulses. The
short pulse length (<lp) should help in reducing instabilities.
Approach 3: Acceleration using multiple stages. One possibility is to reach 100 GeV by using 10
stages, each providing 10 GeV energy gain. Each stage would use a laser pulse on the order of
40 J, 100 fs, propagating within a plasma channel with density on the order of 1017 cm−3 with
a length on the order of 1 m. Issues include the coupling of the laser to the channel, staging
and synchronization, and novel focusing optics to couple the laser pulse to the plasma channel
over short distances.
Approach 4: Acceleration using extremely nonlinear bubble regime wakeﬁelds. This regime
would use very high laser intensities with a ∼ 100 in uniform plasmas. The advantage of this
regime would be extremely large accelerating ﬁelds, but the energy gain in a single stage may
be limited due to rapid depletion of the laser pulse energy. The experiments could explore the
scaling laws in this regime, since theoretical studies in this regime are less extensive than in the
regimes of more modest laser intensity. Experiments could also explore the bunch quality, which
is likely to be worst than in regimes of more modest intensity. Proof-of-principle experiments
on the trapping and acceleration of protons in these very highly nonlinear wakes can also be
explored.
Electron acceleration from solid targets: It also possible to accelerate electrons using an
intense laser pulse interaction with a thin solid target. When an intense laser pulse impacts a
thin, overdense target (that remains overdense), the ponderomotive force accelerates electrons
through the target. If the target is thin enough, the electrons can emerge from the back side.
However, a strong electrostatic ﬁeld quickly develops on the back side of the target that inhibits
electron acceleration to high energies. This electrostatic force is also responsible for the acceleration of ions from the back side of the target (Target Normal Sheath Acceleration). For lasers
impinging on the target surface at an angle, electrons can be accelerated to modest energies
in the direction of the reﬂected laser pulse. For extremely large laser intensities with normal
incidence on a very thin target, the target can appear underdense to the laser pulse due to relativistic eﬀects. The laser pulse can then propagate completely through the very thin target, and
all of the electrons in the path of the laser pulse can be accelerated by the ponderomotive force
of the laser. In this regime the ponderomotive force is much greater than the space charge force
and acceleration can continue as both the laser pulse and the electrons propagate away from the
back of the target. This can result in the production of a dense sheet of relativistic electrons
(a “ﬂying mirror”). This mechanism requires very high laser intensities (a ∼ 20–100), very high
laser contrast (to avoid pre-ionization of the target, the pre-pulse should be < 1015 W/cm2 ), and
very thin targets (as thin as a few nm). Circular polarization is also beneﬁcial. Issues include
production of circularly polarized laser pulses with very high intensities and very high contrast,
and production of very thin targets and targets with densities lower than typical solid density.
Applications of laser accelerated electron bunches:
Some of the unique properties of laser accelerated electron bunches include ultrashort bunch
duration (< laser pulse duration) and intrinsic synchronization with the laser pulse. This can
enable a variety of applications in the ﬁeld of ultra-fast science (pump-probe measurements).
Broadband incoherent x-rays can be generated due to the transverse (betatron) oscillations of the
electrons in the laser wakeﬁeld. Narrow bandwidth, incoherent gamma-rays can be generated
by backscattering a laser pulse oﬀ the relativistic electron bunch. Coherent THz radiation
can be generated when the bunch exits the plasma or passes through a thin foil. Incoherent
narrow bandwidth x-rays can be generated by passing the bunch through an undulator magnet
(synchrotron radiation). Coherent x-rays can be generated by passing the bunch through an
undulator magnet via the free electron laser (FEL) mechanism, provided the bunch quality is
suﬃciently high (low emittance and low energy spread). Production of “ﬂying mirrors” (dense
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relativistic electron sheets from the interaction of ultra-intense pulses with very thin targets),
which can be used to generate ultrashort coherent x-rays pulses by reﬂection of a short laser
pulse. Production of positrons by the interaction of the bunch with a solid target, the direct
interaction of the laser pulse with a solid target, or with the interaction of an ultra-relativistic
bunch with a counterpropagating laser pulse. Ultrafast x-rays can also be produced from laser
interactions with thick solid targets. High energy density physics studies and astrophysical
studies (gamma ray bursts) with intense laser-solid interactions. Production of ultra-relativistic
bunches for high energy physics (electron-positron colliders) and studies in nonlinear QED (with
the interaction of a counterpropagating intense laser pulse).
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2.3
2.3.1

Ion sources
Ion beams produced in laser matter interaction: introduction

By directing a high power ultra-short laser pulse onto a thin target, it has been found in 2000 that
beams of high-energy ions and protons could be produced. These beams have intrinsic, unique,
qualities (extreme laminarity [∼ 0.0025 mm.mrad for a current ∼ kA], ultra-short duration [ps]
and high particle number per bunch [1011 –1013 ]) that distinguish them from beams produced by
conventional sources (e. g. accelerators) and that have already lead to innovative applications
of these beams. Moreover, these sources are extremely compact (the acceleration occurs over
a distance of about tens of microns). Fast recent progress, both experimental and theoretical
(studying new interaction regimes), has hinted that the extreme parameters of ELI will allow
the production of ultra-high energy ions (GeV and beyond). This will open the door to future
unique applications like time and space resolved radiography of dense matter, injectors study
for medical applications, for ion beam physics, spallation, or transmutation. The multi-beam
capability of ELI will be moreover in a position to grasp the opportunities for pomp probe
experiment oﬀered by combining the produced ion beams with the range of other ELI-based
radiation sources (e. g. X-rays, electrons, high harmonics).
2.3.2

State of the art

Status as of 2010
Using present-day common laser facilities in the 100 TW range, low-emittance [1] protons are
routinely accelerated up to 20–30 MeV energies from thin (∼ 20 µm) solid metallic target. Record
level in terms of kinetic energy was ﬁrst set by the early Nova 1 PW laser facility at LLNL which
had produced up to 56 MeV protons [2] but was recently improved at the Trident laser facility,
which has produced up to 59 MeV [3] using special cone-ﬂat targets, and at the Sandia 100 TW
laser facility, which has produced up to 65 MeV protons [4] using reduced-mass targets. These
beams can be refocused and energy selected [5, 6]. In standard conditions, protons contained in
a surface layer (∼ 20 Å thick) of hydrocarbon contaminants are preferentially accelerated due to
their lowest q/m ratio. Heating of the target prior to the experiment eliminates these hydrogen
contaminants and allows acceleration of heavier ions [7]. By simply changing the substrate,
laser-acceleration can therefore produce a versatile, easy to modify source of ions. Up to a few
% conversion eﬃciency have been measured from laser energy to proton energy integrated in
the spectrum from 10% to 100% of the cut-oﬀ energy.
Basic regimes and acceleration mechanisms
Several mechanisms have been demonstrated to induce proton and ion acceleration, namely
target sheath normal acceleration (TNSA) [8], front-surface acceleration [9], shock acceleration
[10, 11] and collective acceleration [12, 13], the TNSA mechanism being the one, with presently
accessible highest laser intensities that produces highest energy ions. Acceleration takes place at
the target-vacuum interfaces where laser-accelerated relativistic electrons form a dense electron
plasma sheath (ﬁeld ∼ TV/m) that ionizes surface atoms and accelerates ions in the target
normal. High laminarity of the ion beam requires acceleration from an initially cold surface (i. e.
that has a sharp vacuum interface). Usually, this is ensured only at the target non-irradiated
rear surface. Using very high temporal contrast laser pulses (i. e. contrast > 1010 ), laminar
acceleration is also possible from the target front that is in this case also unperturbed by the
low-level laser pedestal [14]. Enhancing the laser temporal contrast also allows using extremely
thin targets (in the nm range) which have been shown to yield higher energy ions with increased
eﬃciency [14–16], due to a combination of increased laser absorption and electron recirculation.
Very recently, ﬁrst experimental demonstrations of Radiation Pressure Acceleration, which do
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not rely, on the contrary of TNSA, on hot electrons, were obtained [17, 18]. Simulations by
Esirkepov and Macchi [19, 20] show that in this regime, the whole volume of the target can
steadily gain energy from the laser, as the target is exposed to the radiation pressure of the
laser that quasi-balances the restoring force given by the ion-electron charge separation ﬁeld. A
signature of this regime is that all particle species are accelerated to similar velocity, resulting
in a monochromatic spectrum. If stable acceleration can be ensured, the process, particularly
in its so-called “light-sail” implementation employing ultrathin foils [21–23], should lead to very
high conversion eﬃciencies and ion energies scaling linearly with laser intensity.
Ion beam manipulation
Refocusing of the naturally divergent beam (due to the curvature of the electron sheath) is
possible using curved targets [24] or optics, either conventional [6, 25] or plasma-based [5].
Monochromaticity in the TNSA regime is made possible either by accelerating only a monolayer of elements (all ions then experience the same electric ﬁeld and are accelerated to the same
energies) deposited on a foil made of higher-Z material [7], by using the speciﬁc electron distribution on the surface of isolated microdroplets [26] or by selecting diﬀerentially focused spectral
components [5,27]. TNSA acceleration has been tested using low-density plasmas [28,29] and has
been shown to be also eﬃcient. Although it produces beams of lower quality than from solids,
it oﬀers the advantage of being compatible with a high-repetition rate for the laser source.
A review of the maximum energy and proton number obtained in various experiments is
shown in Fig. 2.19. It shows clearly that the maximum proton energy increases with the laser
pulse duration (see experiments inset box). It has also been shown that the eﬃciency of the
acceleration process also increases with the laser pulse duration and the laser irradiance.

Figure 2.19: Review of cut-oﬀ maximum proton beam energy, as a function of laser intensity, as
reported from published data. Experimentally measured data are small dots, boxes and crosses corresponding to three pulse duration ranges shown. Simulations performed at higher laser intensities planned
for ELI are reported as big purple dots. Note that, as experimentally proven up to 1020 W.cm−2 , the
maximum proton energy for the extreme short pulses is ∼ I, whereas for the longer pulses ∼ I1/2 .

Directions for evolution (2015)
ELI, in its various stages, will allow exploring new, eﬃcient, ion acceleration regimes that have
been observed in numerical simulations. As a result, and as shown in Fig. 2.19, several hundred
MeV up to a few GeV protons could be achievable with the planned on-target intensities within
reach of ELI in its ﬁnal stage (i. e. on target intensities of up to 1025 W/cm2 ). Supposing that
the proton number would be similar to what obtained currently (∼ 1010 ) on existing facilities
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and considering a higher repetition rate (e. g. 10 Hz), we could then obtain currents of up to a
few tens of nA, comparable with a conventional accelerator.
According to simulations, the predominant ion acceleration regime should be, when increasing the laser intensity, ﬁrst (i) shock accelerated at the target front surface or in its interior for I > 1021 W.cm−2 [10], followed by (ii) radiation pressure acceleration (RPA), when
I ∼ 1023 W.cm−2 . In the latter case, at such high intensities, the electromagnetic wave is directly converted into ion energy via the space-charge force related to the displacement of all
electrons in a thin (nm scale) foil, allowing to reach GeV-scale energies . As mentioned above,
this regime can be already explored at more moderate intensities (∼ 1020 –1021 W/cm2 ). For
this, TNSA is intentionally suppressed by using circularly polarized laser light in order to avoid
producing hot electrons [23].
Multiple stage acceleration using stacked foils [30] would oﬀer the additional prospect of further energy increase of the ion maximum energy. However, further simulations and benchmarking experiments are necessary in order to investigate the inﬂuence of radiation losses appearing
at such ultrahigh intensities. RPA would impose constraints on the facility, namely an extremely
high temporal contrast for the laser pulse and circular polarization for the wave interacting with
the plasma. At a similar intensity regime, other simulations have also shown that ions could
be accelerated to > 10 GeV in the “bubble” regime of wakeﬁeld acceleration using near-critical
density plasmas and mixed ions [31]. Such underdense plasma targets would have the beneﬁt of
allowing high repetition rate operation. ELI will thus oﬀer the prospect of producing and study
a versatile ions source, at high repetition rate, while enhancing simultaneously the high-energy
end of the spectrum, the beam monochromatization and the laser-to-ions conversion eﬃciency,
all of which being crucial points for the development of applications in various areas. The possibility to vary the pulse duration of the ELI laser beam lines oﬀer also a way to create proton/
ion bunches of diﬀerent durations, oﬀering a way to adapt the emission optimal to the various
envisioned applications.
2.3.3

Scientiﬁc program

Current applications
Laser-accelerated ion beams are currently mainly used in two applicative areas: (i) warm dense
plasma generation and (ii) probing of matter and/or electric and magnetic ﬁelds but have potentially very close parameters to other signiﬁcant applications.
At the boundary between condensed matter and plasma physics, the study of matter in
the warm dense matter (WDM), i. e. of dense matter (1–10 g/cm3 ) at high temperature (1–
100 eV) [32], is essential as this class of states of matter is relevant to a wide range of disciplines.
Indeed, the matter in this state is found not only in astrophysical objects but also in the
transition from solid density matter to the plasma state found in numerous plasma generators
and in the initial low-adiabatic compression phase of indirectly driven inertial fusion experiments.
Accurate modeling of inertial plasmas requires physical data, equation of states, stopping power
and transport coeﬃcients in this WDM regime where classical theories such as plasma kinetic
theory and condensed matter theory fail, as WDM is deﬁned by ion-ion correlation and Fermi
degeneracy parameters that are both on the order of the unity or greater. Using high currents of
laser-accelerated ions presents a signiﬁcant advantage over other techniques to produce WDM
[24]. Indeed, ions have intrinsically in-depth energy deposition capability. Moreover, being
produced in a very short time (few ps) the ions can also deposit energy potentially in a shorter
time scale than the expansion time of matter heated to a few eV. This technique allows one to
produce suﬃciently large volumes of WDM to permit quantitative observations, thus opening
the way for measurements of WDM parameters [33], stopping power, equation of state and
others. Protons are also relevant as a diagnostic tool for fusion science, they are e. g. employed
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in experiments that study laser-plasma or hydrodynamic instabilities or as a tool to diagnose
target compression.
ELI, by producing a high number of ions at high energy in a compact manner and in a short
time-scale, will oﬀer a decisive advantage when producing such WDM by allowing to increase
the volume of heated matter and to push the achieved temperatures up to 10 keV range, as
required for e. g. laboratory astrophysics. This will be complementary with very large scale
international projects like FAIR at GSI (Germany) which share the same goal but with much
longer bunch duration.
Short, low-emittance ion sources produced by laser-acceleration are already used to perform
pump/probe ps-resolved and µm-resolved experiments to probe electric and magnetic ﬁelds in
plasmas [34]. This technique has proved to be an essential tool, yielding the discovery of entirely
new phenomena by diagnosing previously inaccessible observables [35]. Besides the possibility
to take 2D snapshots of electric and magnetic ﬁeld structures in plasmas the usually broader
energy distribution of protons in combinations with their time of ﬂight eﬀects allow also to
track the whole dynamics of ﬁeld evolution in plasmas [36,37]. Due to the relatively modest ion
energies achieved up to now, this technique is however limited to probing ﬁelds in low-density
media. For the same reason, dense matter (e. g. shocked matter) probing is also possible using
this technique in order to retrieve density (and not ﬁeld) information, but is presently limited
to very thin samples.
At relatively modest energies, that should be within reach of its ﬁrst, but still higher than
presently available (∼ 100–200 MeV), ELI will allow extending the range of such ﬁeld/matter
probing application. It will then allow studying e. g. electron transport in dense matter (as
required for the optimization of secondary X-rays or of nuclear reactions within dense materials
to produce positrons or γ-rays) or shocks in compressed material for laboratory astrophysics and
geophysics [38]. Higher ion energies (up to 800 MeV), will allow to radiograph very dense and
thick objects (e. g. matter at 50 g/cm2 ). Here, compared to conventional accelerators (e. g. the
LANSCE 800 MeV proton accelerator found at LANL for dense matter probing), the excellent
emittance of an ELI ion source in combination with its short pulse duration will be a signiﬁcant
advantage, allowing unprecedented spatial and temporal resolution.
Potential future applications
Bio-chemistry
A ﬁrst potential area of application for ion sources produced by ELI lies within the area of
bio-chemistry helped by ion beam irradiation for conditioning materials (using radicals, e. g.
hydroxyl radical yields in the tracks of high energy C6+ and Ar18+ ions in liquid water) to
steer reactions. For this, ELI will oﬀer interesting complementary prospects with cyclotron
facility like GANIL as, again, the ion beams will be produced with the possibility of oﬀering
simultaneously other sources of companion radiation to work with (e. g. X-rays, electrons, etc).
High quality collimated ion beams for nuclear reactions and hadron-therapy
High yield medical applications can also be investigated using ELI-based ion sources. For
medicine, two main applications can be considered: ﬁrst, proton therapy assisted by lasers
[39, 40]. Here, the proton energies ought to be within the therapeutic window: between 70 and
250 MeV with a ∼ nA current (1010 part/s) with spectral and spatial beam shaping. Not only
protons, but also other ion beams, such as carbon or lithium beams, will also be produced in this
prospect, as they appear nowadays to be of major interest for hadron therapy. Another potential
advantage of such a source is that the energy and quantity of the ions could be adapted from
shot to shot (i. e. during the treatment time), which allows a more modular form of treatment
compared to conventional accelerators. By fostering development of such technique, ELI would
help promoting proton source for hospitals to treat cancer tumors. ELI will allow estimation
of the cost and optimization of the source through the guidance of radiotherapists. Moreover,
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electron and proton beams with a pulse length in the ps or fs time scale will provide a unique
opportunity to study new and important biological radiation eﬀects (small/high dose irradiation). Here are, as a reference, the required energies for proton and ion therapy in the case of a
“mobile arm” treatment (i. e. the proton beam is moved around the treatment position in order
to irradiate the concerned parts of the body):
Ions

p

3He2+

12C6

16O8+

energies (MeV/u)

48

72

88

102

beam spot size

4–10 mm (2d-gaussian)

ELI could also be used for time-resolved biology studies. There is a fundamental diﬀerence
between the impact of a heavy ion and a proton or electron beam. The diﬀerence in the delta
electron density caused by the impacting ion results in biological eﬀects, which are not known
below a microsecond timescale. It manifests itself in certain tumors which are resistant to
proton therapy, but not to e. g. Carbon therapy. Increasing the dose rate, but keeping the total
dose constant could lead to higher biological eﬀectiveness and would allow proton therapy to
new types of cancer not applicable today. Here basic research is required to investigate dose
dependent eﬀects, like water radiolysis close to cell DNA or multiple impacts within the chemical
recombination timescales. Short proton and ion bunches from ELI would increase the accessible
range of particle energy and ﬂux by orders of magnitude from the present status. Higher particle
energies could also stretch the range for radiobiological research from solar cosmic radiation to
the realm of interstellar radiation background experiments.
Nuclear physics applications: Towards highest ion energy and high luminosity (Extreme Light Hadron Collider, ELHC)
Reaching extremely high ion energies, in the GeV range, would allow using ELI in another
extremely attractive area, namely as a source for spallation. This opens all the downstream
study of neutron beams, or as a source for the transmutation of radio-nucleides. Currently
there is only one very costly facility (Spallation Neutron Source (SNS), recently completed at
ORNL, USA) that is able to perform transmutation of nuclear waste, moreover, conventional
neutron sources are currently not very ﬂexible and are of low brillance. Here ELI would again
oﬀer a complementary tool to conventional sources like the SNS to probe matter but in a timeresolved manner that is not possible at the SNS. Indeed, the neutron, produced through D–D
monochromatic reactions, should be bunched and keep the short duration of the initial ion
source.
One should also note all the works proceeding for Accelerator Driven System (ADS) for waste
disposal and future power plants suported by the IAEA, Vienna [41] as well as C. Rubbia’s
proposals needing ∼ 2 GeV proton beams [42].
Finally, proton beams with energies > GeV could be used for laser-driven heavy-ion collider
experiments with about 1 million events per laser shot [19]. For this, beams containing about
1012 protons in the 5–6 GeV range, as predicted in [43] could be suitable. Pair creation through
laser-proton collisions [44] would also be a unique application allowed by ELI when using both
the high-ﬁeld laser beams and the extremely high energy proton beams both produced by the
facility.
2.3.4

Potential for business and technology transfer

The laser accelerated ion beams provided by ELI facility will potentially ﬁnd a wide area of
applications, e. g. hadron therapy for tumour treatment, PET isotope production, bio-chemistry
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to steer reactions, spallation, pair creation through laser-proton collisions, etc. In particular,
laser-driven proton therapy could ﬁnd itself suitable for shallow tumours of several centimetres
in depth: ocular disease, nasal tumours, thyroid cancer, laryngeal cancer, skin cancer, etc.
A strong advantage of laser-driven accelerators could lie in the compactness and huge reduction of size as compared to conventional accelerator facilities, resulting in substantial reduction
in costs. Moreover, the laser-produced ion beam characteristics oﬀer complementary advantages
over classical accelerator beams, especially in medical and nuclear application ﬁelds. For example, while the conventional sources for spallation do not oﬀer the possibility of time-resolved
probing of matter, a laser facility apparently does oﬀer this option.
The potential for drastic cost reduction of particle accelerators for cancer treatment is potentially extremely important for medical business. The interest is that, by utilizing laser accelerated protons, the generating laser beams can be transported close to the Gantry-like set-up
where the protons are produced close to the patients. Therefore no expensive measures for radiation protection of the proton beam transport as in conventional facilities are required. This
arrangement makes also easier to vary the proton dose in terms of energy spectra and pulse
duration. If realized, this scheme could stimulate a large market of photo-medical industry with
huge investment leverage. In fact, current limitation of particle beam therapy with the conventional accelerators is its high cost. Thus, small laser accelerators could lead to a revolutionary
change in the cancer therapy scenery and thus open a vast photo-medical industrial market.
Currently there are about 30 conventional proton or heavy ion therapy facilities in operation worldwide: e. g. Loma Linda University in California, USA (http://www.protons.com),
PSI (Paul Scherrer Institut) in Villigen, Switzerland (http://www.psi.ch), HIMAC (Heavy
Ion Medical Accelerator) in Chiba, Japan (http://www.nirs.go.jp), Institut Curie in Orsay,
France (http://protontherapie.curie.info), NPTC-MGH (Northeast Proton Therapy Center Massachussets General Hospital) in Boston, USA (http://www.massgeneral.org). Thousands
of patients per year are treated in the existing facilities. The average cost of a conventional
proton therapy facility is 70–100 M USD consisting of 40 M for building and radiation shielding,
15–30 M for accelerator itself, and 15–30 M for gantries and other related costs. The cost for a
carbon therapy facility is about 2–3 times higher. On the other hand, the best estimate for a
laser-based proton facility is currently 4.5–7.5 M USD consisting of 0.5 M for building/shielding,
3–5 M for accelerator (laser + target), and 1–2 M for gantries/others. The main advantage is
evidently the drastic decrease in the cost of building and shielding (about 100 times), which
could permit rapid spread of commercial proton facilities around the world.
The ELI facility can provide a major contribution for the development of future high-quality
and low-cost proton sources for cancer therapy. In particular, ELI can ﬁrst optimize the ion
source, and then in collaboration with industrial partners design and test the prototypes. In
particular, shielding and beam transport design will concern magnet systems for electron stopping and ion energy selection, beam stoppers, collimators. The sources to be considered will be
primary protons/electrons, secondary photons and neutrons, implying diﬀerent shielding materials (lead, tungsten, copper, steel, polyethylene, heavy concrete). Thus the radiation protection,
extremely important for practical implementation in therapeutic facilities, can be veriﬁed.
Co-operation with companies working in the ﬁeld of conventional accelerators, such as HITACHI, IBA, VARIAN, SIEMENS or ACCSYS is anticipated. In fact these companies can also
transfer their know-how and suggest the way to ﬁt conventional techniques to the small laser
accelerator machines. Thus, an eﬃcient technology transfer towards commercial sector and back
is expected, e. g. in terms of accelerator and gantry coupling, beam transport, particle selection,
collimation, monochromaticity, scanning beam systems, etc.
Besides the medical applications, MeV protons are used in a variety of industrial applications, ranging from radiography of paintings and art objects to colouring of precious stones.
It is therefore likely that a facility, oﬀering high-precision, high luminescence protons beam,
better and cheaper than conventional proton facilities, will soon attract industries for their po76
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tential applications. However, since the characteristics of the achieved proton beams are still
to be reﬁned, a precise deﬁnition of the technology transfer between industry and ELI is still
premature.
2.3.5

Conclusion

In summary, ELI oﬀers a versatile proton/ion source emitting in an unprecedented energy range
but moreover it is worth to note that the facility with its unique variability in the parameter
range given by the optional diﬀerent laser beam parameters would not exclusively be interesting for basic science studies. The proton/ion “beam lines” with the concomitant environment
(diagnostics, radiation protection etc) would also allow to accomplish more technically relevant
applications, which are already in the focus of present day activities. ELI will be a demonstrator of these possibilities and prepare integrated designs of speciﬁc lasers facilities for many
applications ranging from medical to industrial ones.
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2.4
2.4.1

Neutron sources
Introduction

Neutron beamlines at ELI will enable a broad range of both fundamental and applied science.
Thermal neutron sources (∼ meV–eV) are widely used for diﬀraction and spectroscopy experiments, (see e. g. Ref. [1]) and fast neutrons (∼ MeV) can be applied to radiography, medicine
and material damage studies [2]. Laser generated sources of neutrons hold the advantages of
a small source size and pulse duration and synchronicity with other secondary sources at ELI.
Imaging using combined sources can yield information about the composition of materials as
well as their density [3]. The intense source of γ-radiation planned at ELI-NP also opens up the
possibility of a revolutionary thermal neutron source generated through neutron halo isomers.
This scheme avoids the need for moderation of the neutron energy and is predicted to generate
neutron ﬂuxes orders of magnitude higher than at existing spallation sources [4].
2.4.2

State of the art neutron sources

(a) Non-laser based sources
Intense neutron ﬂuxes can be generated at ion accelerators through a secondary reaction in a
solid density converter. Any ions transiting the converter are deﬂected and the neutrons pass
through a shielded collimator into the experimental area. Quasi-monoenergetic sources use a
thin, low-Z target and D(d,n), T(d,n) or 7 Li(p,n) reactions [2, 5]. Numerous facilities provide
neutron energies up to 300 MeV in ﬂuxes exceeding 105 n cm−2 s−1 . When the target used is a
thick, high-Z material neutrons are generated through spallation as the high energy ion beam
strikes the converter. This leads to the emission of a broad spectrum of fast neutrons (MeV–
GeV), typically following a 1/En dependence, commonly termed white beams [2]. Large-scale
accelerator based neutron facilities oﬀer very high neutron ﬂuxes of order 1016 –1017 n cm−2 s−1 .
For many applications, low-Z moderators (e. g. heavy water) slow the neutrons to the thermal
or cold energy range (MeV–eV) [1].
Other methods to create high ﬂuxes of neutrons are from nuclear ﬁssion reactors giving of
order 1015 n cm−2 s−1 (see e. g. the discussion in Ref. [4]) and photonuclear reactions (γ,n) driven
by bremsstrahlung from relativistic electron beams giving ∼ 1013 n s−1 [6]. Compact portable
devices based on DD and DT reactions at 2.5 MeV and 14 MeV are commercially available with
a strength ∼ 109 n s−1 [7].
(b) Laser based sources
Laser-driven neutron sources are based on DD or DT fusion and (p,n) and (γ,n) reactions.
There are two approaches: reactions between ions within a single laser-heated deuterium target
or conversion in a secondary target of a laser driven ion or γ ray beam.
Single target scheme
Neutrons can be generated by irradiating thick solid deuterated plastic targets with intense
lasers. A series of experiments with 1–100 TW lasers demonstrated yields up to 107 –108 n sr−1
per shot [8–12]. Highly energetic deuterons heated directly by the laser at the front surface
stream into the target and so initiate ‘beam-target’ fusion reactions with cold deuterons within
the bulk of the solid. The angular distribution of the neutrons is closely related to that of the
accelerated ions and is predominantly in the forward direction for short scale-length plasmas
[9, 13]. Particle in cell code modeling of this mechanism (Fig. 2.20) was in good agreement
with these experimental results and identiﬁed laser and plasma parameters, which lead to the
production of an energy tuneable, quasi-mono-energetic forward-directed fast neutron beam [13].
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Figure 2.20: Quasi-monoenergetic neutron spectrum simulated
from [13].

Figure 2.21: Sub-nanosecond neutron pulse from
cluster fusion [16].

Fusion reactions can also be initiated in gases [14–18] or a mist of sub-micron droplets [19]
produced using pulsed gas jets. The presence of solid-density clusters or droplets dramatically
increases the absorption eﬃciency of short pulse intense irradiation, which can exceed 90%
of a petawatt-class laser pulse [20]. Because the interaction is with an extended target several
millimeters in length, ‘beam–beam’ reactions can occur between hot deuterons within the plasma
as well as ‘beam–target’ reactions with the surrounding medium. If the emission is dominated
by the thermonuclear process, then the duration of the neutron burst is limited to less than a
nanosecond (Fig. 2.21) because the ions rapidly traverse the laser-heated volume [16]. These
experiments have been performed using D2 , CD4 or D2 O and in principle can use a mixture
of the tritiated forms of these materials. There are some indications of a weak anisotropy, but
these sources are generally considered isotropic. The ﬂux scales strongly with laser energy and
has been measured as ∼ 5 × 104 n sr−1 when driven with a 10 J laser pulse [17].
Double target scheme
In ‘pitcher-catcher’ experiments a primary target (pitcher) is irradiated with an intense laser
pulse to generate an ion beam from the rear surface. The catcher is a slab of material which acts
as a neutron converter in the same way as they are used on accelerator facility neutron sources.
DD fusion in deuterated plastic catcher targets yielding ∼ 104 neutrons per shot has been
demonstrated using liquid droplets as the laser interaction target (20 µm diameter D2 O) enabling
a high repetition rate [21,22]. Ions were accelerated from the droplet through similar mechanisms
to those seen in planar solids. A two-peaked distribution of (DD) fusion neutrons was detected
indicating neutron production both within the droplet and from sheath accelerated deuterons
striking the catcher target. When scaled to petawatt class lasers, the yield from this process is
expected to reach 1010 neutrons per shot [7].
Several experiments have been performed to measure neutron ﬂuxes generated through (p,n)
reactions in a catcher target from intense laser interactions [7, 23–25]. Beams of protons were
generated in a primary foil target and directed onto lithium, boron, zinc and lead samples
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yielding up to 109 n sr−1 per shot using petawatt class lasers. In these experiments the targets are
relatively thick, producing a broad distribution of proton energies and a correspondingly broad
neutron spectrum. With control of the properties of the proton beam it should be possible
to generate a quasi-monoenergetic neutron source following the same principle as the linear
accelerator based 7 Li(p,n) schemes [5].
The same arrangement can employ the large ﬂuxes of γ rays produced in intense laser plasma
interactions to initiate (γ,n) reactions in the catcher sample [22,26,27] (these reactions also take
place within the target itself [28]). These photoneutrons are usually measured to diagnose the
interaction rather than being optimised to investigate their potential as a source and so yields
tend to be low (∼ 100 neutrons per shot [27]). In the next section we discuss a preferable option
for generating neutrons using γ beams.
2.4.3

Neutron beams produced via neutron halo isomers

The intense sources of γ-rays available in the near future will enable a unique neutron source
based on neutron halo isomers. The proposed scheme (Fig. 2.22) has been described in detail
in a recent publication [4]. At the ELI-NP facility high intensity, small bandwidth (<0.1%)
γ-beams will be produced through Compton scattering a laser beam from an electron beam
energized by a linear accelerator. These 6–8 MeV γ beams can populate neutron halo isomers in
stable nuclei with mass numbers of about A = 140–180 and A = 40–60, where the 4s1/2 or 3s1/2
neutron shell model state reaches zero binding energy. Irradiation from a second photon source
subsequently releases the neutron, providing a bright polarized beam of low energy neutrons.
The second source is either at an optical or an x-ray wavelength depending on the separation
energy of the isomer.

Figure 2.22: Schematic picture of the neutron production scheme [4].

If successful, the brightness of this new neutron facility will be orders of magnitude higher
than existing sources. The average brilliance is estimated to be about 100 times greater than the
best performance of reactors and because it will be pulsed with a duration of order a microsecond,
the peak brilliance will reach a value of 1011 / [(mm mrad)2 0.1% BW s] (see Fig. 2.23). Further
optimization of the source could lead to nanosecond neutron bunch durations. If the isomers
have a low binding energy (∼ eV), the neutron beams can be launched with an optical laser.
This might lead to directed neutron emission along the laser polarization direction increasing
the ﬂux and also polarizing the neutron beams. The most optimistic estimates for the brilliance
of the neutron beams are thus 108 times better even than those shown in Fig. 2.23.
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Figure 2.23: (a) Average brilliance of continuous neutron sources and (b) peak brilliance of pulsed
neutron sources as a function of neutron energy [4].

2.4.4

Applications

At ELI-NP the source produced using neutron halo isomers will provide unprecedented ﬂuxes
of polarized thermal neutrons. There is a wealth of scientiﬁc applications for these beams as
evidenced by the extensive programs pursued by researchers at current facilities (e. g. Ref.
[1]). These areas include studies of soft condensed matter, including polymer structure, surface
adsorption and intermolecular interaction. Neutron sources are also used in solid state chemistry,
to probe material structure and magnetic ordering within solids and also in Earth Sciences and
Engineering.
The availability at ELI-Beamlines of a short pulse (<nanosecond) laser-driven fast neutron
source inherently synchronized to other high quality radiation and particle beams will be ideal
for pump-probe type experiments. Spectral and spatial control will oﬀer access to regions of
warm dense matter, high energy density plasmas and shocked materials not achievable by other
means. There are also applications for fast neutron beams which address some key societal
issues in security, medicine and energy [2].
Single event eﬀect testing
Soft errors occur in electronic equipment as a result of bombardment from neutrons produced
as a secondary eﬀect of cosmic rays impinging on the atmosphere. The neutron ﬂux increases
with altitude so is of particular concern for aircraft. Intense neutron sources are used to perform
single event eﬀect tests to determine the response of electrical equipment to the neutron ﬂux.
The fast neutron spectrum obtained from a white beam spallation source is very similar to that
encountered in the atmosphere [29].
Security screening
Neutrons are a very useful tool for radiography, since they are complementary to x-ray sources
because neutrons are attenuated by low-Z materials, whereas x-rays are attenuated by high-Z.
Using either source independently gives a map of the density of the sample, but combining γ
and neutron beams provides an image of the composition of the sample as well as its density.
The ratio of the attenuation factor of the two gives a ratio which can be attributed to a certain
material and shown in false colour [3].
82

www.extreme-light-infrastructure.eu

2.4 Neutron sources

Material and detector testing
With realistic plans in place for a demonstration nuclear fusion reactor within the next 20
years, it is imperative to study the eﬀects of neutron bombardment on the materials which will
be used for these devices [30]. The damage processes occur on a sub-nanosecond timescale,
so to perform pump-probe experiments requires a short-pulse neutron source synchronized to a
sampling secondary source. A laser-based facility would thus be ideal for this application. There
must also be a concurrent program to build and test the many detectors needed to operate such
reactors.
nTOF experiments for cross-section data
Obtaining cross-section data for neutron capture and neutron induced ﬁssion reactions is crucial
for exploring options for alternative nuclear ﬁssion reactor designs and for radioactive waste
management. Many of these cross-sections are poorly known at high incident neutron energy.
Currently these experiments take place at the n_TOF facility at CERN which uses a 20 GeV
proton beam to generate a white spectrum from 1 eV to 250 MeV [31].
Neutron cancer therapy
Neutron sources also oﬀer certain advantages for cancer therapy treatments and the technology
for patient treatment is well established [32]. Some tumours can be treated with neutrons,
which would be either resistant to or would reoccur with conventional therapy. The biological
eﬀectiveness of neutrons is high (they have a high rather than a low linear energy transfer) and
so the required tumour dose is lower than with photons, electrons or protons.
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2.5
2.5.1

Terahertz sources
Introduction

There is huge potential for ELI to generate intense sources of terahertz radiation (0.1–10 THz,
30–3000 µm, 3.3–333 cm−1 ) through laser-driven processes. Because this frequency range lies
above the capabilities of traditional electronics but below the range of optical and infrared
generators, bright THz sources of any kind have only become available in recent years in an
attempt to cover the “terahertz gap” [1, 2].
a) Terahertz applications
This range of frequencies has many scientiﬁc applications because it contains, for example, the
rotation frequency of large molecules and the characteristic frequencies of high temperature
superconductors. The THz absorption spectra of important biological molecules are sensitive
to the conformation of these molecules. In the last two decades THz pulses were used in a vast
number of spectral measurements. Since the penetration depth of THz radiation is relatively high
for insulators, semiconductor structures, plants and biological tissues, an important application
of this radiation is imaging. Many applications of THz pulses exist, since (in contradiction to the
visible electromagnetic pulses) not only the temporal shape of their intensity, but the temporal
shape of its electric ﬁeld strength can be measured by (for example) electro-optic sampling [3].
Using time domain spectroscopy it is possible for example to measure simultaneously the real and
the imaginary part of the dielectric constant of materials in the far-infrared range. Because of
these applications it is important to explore this spectral range. However, at room temperature
the maximum of the blackbody radiation is at about 4 THz. To suppress the strong background
noise, intense coherent THz sources are needed.
b) Terahertz sources
The interest in such radiation has led to the design and construction of numerous large-scale
facilities optimized speciﬁcally for high power THz operation [4–7]. Synchrotrons are the leading
sources of high average power THz radiation (∼ 100 W) because of the very high repetition
rate (∼ GHz) whereas the highest peak powers (∼ 100 MW) have been obtained using linear
accelerators [8] and free electron lasers [6]. High THz pulse energies up to 100 µJ have been
produced using coherent transition radiation from a linear accelerator [8]. High demand and
high cost limits the available access to such large machines and laser based sources oﬀer an
attractive alternative.
Although generation of THz pulses by photoconductive switches with useful spectral content
in the 1–20 THz range has also been reported [9], no data are available concerning the THz
pulse energy, which is expected to be small because of the small area between the electrodes of
the used switch. Recently, ultrashort THz pulses up to 5 µJ energy have been generated from
two-color-pumped plasma sources driven by femtosecond lasers. Another table-top method is
optical rectiﬁcation of femtosecond pulses. By using the tilted-pulse-front pumping technique
in LiNbO3 ultrashort THz pulses with energies in the 10 µJ range (up to 50 µJ) have been
demonstrated [10, 11].
In high power laser interaction research, emission in the THz region is less well characterized
than is short wavelength radiation (x-rays and γ-rays). Unlike other secondary sources there is
also a lack of a strong theoretical and numerical basis for the expected scaling of THz parameters
using the next generation of intense lasers. In Chapter 2.6.7 we detail various options for
producing intense THz sources using petawatt class lasers. These consist of harvesting radiation
from relativistic electron beams, driving solid surface plasma process and direct conversion of
the laser light through optical rectiﬁcation. We discuss the scalability of the THz emission and
are conﬁdent that ELI has the capability for highest energy THz pulses so far available.
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2.5.2

Table-top terahertz sources

Commercial laser-pumped THz sources use a high repetition rate (>kHz) Ti:Sapphire laser to
induce THz emission in electro-optic crystals and photoconductive antenna but generally the
power is rather limited [2].
Several THz generation techniques are available which utilize moderate intensity laser pulses
(∼ 1014 Wcm−2 ) and could potentially be scaled to higher laser energies. One method is to focus
a fundamental and second harmonic beam together into ambient air [2, 12, 13]. These drive a
four wave mixing process in which the envelope of the laser pulse creates a “rectiﬁed ﬁeld”
which drives a single cycle THz pulse. Similar intensities have been used to form long (∼ 1 m)
ﬁlaments in air which emit terahertz radiation through a “transition-Cerenkov” process [14].
Optical rectiﬁcation can also be activated in electro-optic crystals. The maximum pump
intensity is limited by either material damage or saturation and so for high energy conversion
a large aperture crystal is required. Terahertz pulses of 1.5 µJ were generated with a 40mm
diameter laser beam in 75 mm diameter ZnTe crystals [15]. Materials such as LiNbO3 with a
higher non-linearity can be used in the tilted-pulse-front pumping (TPFP) scheme [16]. Pulse
energies up to 30 µJ have been measured [10,11] which are comparable to the large scale facility
sources discussed below. The scaling of this process with laser energy may lead to THz conversion
to Joule-level energies [17] and is discussed in Chapter 2.6.7.
2.5.3

Accelerator based terahertz sources

The highest power THz sources to date have been produced by manipulating picosecond duration
bunches of relativistic electrons. These can generate THz radiation in a variety of ways, the
main mechanisms being coherent synchrotron radiation (CSR), coherent transition radiation
(CTR), the free-electron laser (FEL) and coherent emission through the Smith-Purcell eﬀect
(SPR).
a) Coherent synchrotron radiation
Synchrotron radiation is emitted when electrons follow a curved path. In electron storage rings
this covers a wide wavelength range from far infrared to x-radiation. The emission is usually
incoherent but coherent synchrotron radiation (CSR) can be emitted when the electron bunch
length is shorter than the wavelength of the emission. Sub-picosecond electron bunches can be
accelerated in “ultra-stable” modes generating a bright broadband source in the region of about
0.3–1.2 THz [18, 19]. This can be complemented by “femtoslicing” the electron bunches so that
they emit in the range from a few THz to ∼ 0.5 THz [20].
CSR has also been demonstrated using a linear accelerator to provide the relativistic electron
bunch [21] and in a cavity as a driver of a free-electron laser [22]. Because of the high repetition
rate of these sources the average CSR power is of order 100 W.
b) Coherent transition radiation
Coherent transition radiation (CTR) is emitted when relativistic electrons cross a boundary
between two diﬀerent media. The highest energy THz pulses to date were generated from 1 nC,
1 ps, 120 MeV electron bunches accelerated using a linear accelerator striking an aluminium
mirror [8]. The emitted THz radiation was measured to be a single-cycle with energy of ∼ 100 µJ
and was focused to a ∼ 3 mm spot to reach ﬁeld strengths of ∼ 1 MV/cm. This method thus
achieves high peak power of ∼ 1 MW but the average power was limited by the 2.5 Hz repetition
rate. Using the same method, a CTR beamline has recently been installed on the FLASH facility
providing 10 µJ pulses tuneable from 0.2–20 THz [7].
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c) Free-electron lasers
Free-electron laser (FEL) facilities operating in the THz regime are a well-established technology
and several powerful systems exist [23]. One example is the FELIX facility [6] which injects
25 MeV electron bunches into an undulator with 65 mm spacing. The output is in the range
1–100 THz (4–250 µm) with sub-picosecond micropulses of energy 1–50 µJ [24]. The repetition
rate of macropulses is 10 Hz within which the micropulses arrive at 25 MHz or 1 GHz giving a
high peak power of 100 MW.
d) Smith-Purcell eﬀect
Another attractive method for generating THz is to use the Smith-Purcell eﬀect. Smith-Purcell
Radiation (SPR) is emitted when an electron bunch passes close to a grating structure and so
is entirely non-invasive for the electron beam. Its use as an electron bunch duration diagnostic
has recently been demonstrated at SLAC [25] and theoretical calculations predict that the ﬂux
will be signiﬁcantly increased if the SPR is frequency locked [26].
2.5.4

Terahertz generation using laser-plasma techniques

Research regarding terahertz generation from high power laser interactions is not as wellestablished as that into other secondary sources such as x-ray emission. Current measurements
indicate that the parameters compare favorably to existing high power THz facilities but it
is diﬃcult to predict how plasma processes will scale on larger laser systems. We expect the
peak power from a laser-based source to reach ∼ 100 MW and would aim to cover the same
wavelength range as next generation accelerator sources.
a) Terahertz from laser driven electron beams
The rapid improvement in the quality of laser-driven electron beams from wakeﬁeld acceleration
has enabled them to be applied to THz generation [27–31]. Electrons energized through the laser
wakeﬁeld acceleration process encounter a plasma-vacuum boundary as they reach the rear of
the gas jet. A foil can also be placed into the path of the electron beam in the same way as used
on accelerator CTR beamlines. As the electrons change medium, they emit a powerful burst
of THz CTR with pulse duration similar to that of the electron bunch (<100 fs). Indeed this
correlation has enabled the THz emission to be used as an eﬀective diagnostic of the properties
of the electron bunch. It is estimated that pulse energies of 100 µJ should be achievable using
this technique.
Along with the transition radiation at the exit of the plasma, THz radiation could originate
within the wakeﬁeld itself, explaining a double pulse temporal structure in the measured emission
[30, 32]. If the plasma frequency is matched the oscillations of the background plasma electrons
in the wakeﬁeld will also emit in the THz range. This is usually weak compared to THz from
the other processes but could possibly be enhanced by introducing clusters which drastically
increase the absorption of the laser light by the gas [33].
b) Intense laser irradiation of solid targets
Terahertz emission from high intensity solid target interactions shows strong potential although
few experiments have been performed [34–37]. The seminal work performed at the Lawrence
Berkeley National Laboratory in the early 1990s [34] achieved THz emission with a peak power
comparable to current THz facilities. In a plasma with a rising density gradient the laser reaches
a density at which the pulse envelope duration matches the plasma period and so the ponderomotive force drives a resonant electron oscillation. For ∼ 100 fs pulses focused to ∼ 1019 Wcm−2 ,
this process can emit ∼ µJ THz pulses in a sub-picosecond burst leading to peak powers of
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∼ 1 MW and ﬁeld strengths of 100 MVcm−1 [34]. Because this needs a region of underdense
plasma before the critical surface, precise control over a preparation pulse arriving before the
main pulse is required.
Another process giving rise to THz is the “antenna mechanism” in which relativistic electrons
are driven along the surface of the target. On leaving the edge of the sample a burst of radiation
is emitted with a frequency depending on the target size. This was measured with a moderate
laser intensity of ∼ 1017 Wcm−2 to yield ∼ 5 µJ assuming an isotropic emission. The spectral
peak at 0.2 THz corresponded to the time taken for a relativistic electron to traverse their sample
size of 5 mm [35]. Recent experiments have measured 50 µJ sr−1 of polarized THz emission from
solid targets. This corresponds to a conversion eﬃciency higher than 10−4 from their 150 mJ
laser pulse [37]. If the conversion eﬃciency is maintained as the laser energy is increased to
∼ 100 J, the THz pulse energy should reach levels of >30 mJ sr−1 , orders of magnitude larger
than the present state of the art.
2.5.5

Applications

a) Linear and nonlinear THz spectroscopy
High intensity ultrashort THz sources allow new types of spectroscopic studies. THz timedomain spectroscopy is conventionally carried out with rather weak sources. By using intense
sources the technique can be combined with imaging techniques and, for example, large samples
can be studied using 2D electro-optic sampling, without the need for time-consuming scanning
over the sample surface.
Driven by the recent advance in THz generation techniques, time resolved studies could be
carried out in the THz range with techniques known previously for the optical domain only. This
includes THz pump–THz probe studies, where intense THz pulses are used to initiate changes
in the sample as well as for detecting these changes. One important application is the study of
carrier dynamics in semiconductors. Picosecond carrier dynamics in indium antimonide (InSb)
following excitation by below band gap broadband far-infrared radiation was investigated [38].
Using a THz-pump/THz-probe scheme with pump THz ﬁelds of 100 kV/cm and an intensity
of 100 MW/cm2 , carrier heating and impact ionization dynamics was observed. THz pump–
THz probe measurements also revealed the strong saturation of the free-carrier absorption in
n-type semiconductors in the THz frequency range when single-cycle pulses with intensities up
to 150 MW/cm2 were used [39]. The recovery of the free-carrier absorption was monitored by
time-resolved THz pump–THz probe measurements. Ultrafast high-ﬁeld transport of electrons
was studied in n-type GaAs with ultrashort terahertz (THz) pulses of an electric ﬁeld amplitude
of up to 300 kV/cm [40]. Another recent example is the study of the interaction of excitons with
THz electric ﬁelds in ZnSe/ZnMgSSe multiple quantum wells with THz-pump and optical-probe
spectroscopy [41]. The dependence of the excitonic absorption resonance energy on the THz ﬁeld
was observed to follows the Stark eﬀect for smaller THz ﬁelds, while for larger THz ﬁelds, the
interaction enters the nonperturbative regime.
Further increasing the THz ﬁeld in spectroscopic applications allows to enter the regime of
extreme nonlinear optics also in the THz frequency range, which will allow new insight into the
behavior of materials under the inﬂuence of extremely high ﬁelds as well as new engineering
tools.
b) THz-assisted attosecond pulse generation
A recently proposed scheme for attosecond pulse generation relies on HHG in presence of a
strong dc or quasi-static electric ﬁeld [42–44]. The applied ﬁeld increases the asymmetry between
subsequent half optical cycles of a few-cycle laser pulse thereby enables the generation of higherorder harmonics, and as a consequence, attosecond pulse shortening. For a pronounced eﬀect
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the electric ﬁeld vector of the applied quasi-static ﬁeld has to be extremely strong, on the order
of 10 MV/cm (or several tens of MV/cm). The tremendous progress of the last few years in the
generation of intense ultrafast THz pulses driven by femtosecond laser pulses has opened up the
way towards achieving such extremely high ﬁeld strengths.
Experimental realization of a THz-assisted attosecond pulse generation stage will require
dedicated attosecond source with a synchronized high-intensity THz source. Optimized highintensity THz sources based on optical rectiﬁcation will require infrared pump wavelengths in
the range of 1.5–2 µm or even longer. In order to facilitate experiments requiring extremely high
THz ﬁeld strength on the one hand, and to allow to utilize the advantageous scaling properties
of HHG with increasing wavelength on the other hand, an IR driver source together with HHG
and THz generation stages are required. An attached R&D experimental tage will allow to
explore additional novel applications of intense THz ﬁelds in high-ﬁeld physics.
c) Investigation of material properties and processes under the inﬂuence of (extremely) high quasi-static (THz) ﬁelds
The extremely high THz ﬁeld strengths achievable nowadays in the tens-of-THz frequency range
and in the near future also in the 1-THz range will allow new types of fundamental investigations with far-reaching consequences for applied multidisciplinary research. New type of insight
into the dynamical properties of molecules, clusters, nanostructured as well as bulk materials
will be gained by investigating such materials and the physical, chemical and biological processes they are involved in under the inﬂuence of strong external ﬁelds in the THz frequency
range. For example, time-resolved studies of biomolecules in various conformational states will
be enabled by combining THz ﬁelds with optical pulses. Alignment of (induced or permanent)
polar molecules by the strong external quasi-dc ﬁeld will allow studies of novel types of coherent
or collective phenomena. Combined with the various sources available at ELI from x-ray to
infrared wavelengths and the ultrashort pulse durations will enable an unprecedented variety of
studies.
d) Multispectral single-shot imaging
Terahertz time-domain spectroscopic (THz-TDS) imaging is an interesting new tool for nondestructive testing and other applications. However, the current speed of image acquisition is
relatively low, making it diﬃcult to use e.g. for moving objects [45]. THz spectroscopic imaging system based on two-dimensional electro-optic sampling was used for recording the spatial
patterns of chemicals extracted from the THz multispectral images [46].
Single-shot multispectral imaging will require high-intensity and high-average-power THz
sources. Intense THz radiation can be used for nondestructive testing, security screening, and
biomedical applications, where the analysis of the chemical composition of the test object is
also important besides visualizing the geometrical shapes of its internal structures. Since many
materials indicate spectral ﬁngerprints in the THz region, the spectroscopic analysis in this
region has received interests as a new tool for material characterizations.
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Introduction
One of the main goals within the ELI scientiﬁc community is to produce ultrashort X-ray beamlines, both coherent as well as non-coherent, paving the way towards imaging nature with atomic
resolution both in space and time – with university-lab sized devices. In fact, the discovery of
X-rays by W.C. Roentgen in 1895 [1] has been one of the most important driving forces to push
forward understanding and knowledge in many kinds of scientiﬁc areas. Applications range from
structure analysis in solid-state, atomic physics and molecular chemistry via imaging applications in medicine and the life sciences to the discovery of the basic building blocks of life, in
particular the DNA, and more generally the structure of proteins and other macromolecules.
Having access to the spatial resolution of molecular structure and electron orbitals is only one
side of the coin to be explored by X-rays. It took about one century to ﬂip the coin to the other
side showing the temporal resolution of the atomic and molecular motion, making it possible to
monitor the dynamics of molecules and electrons on their natural time scale, which is now in
the attosecond range. The early X-ray generation devices and techniques such as X-ray tubes,
electrical discharges or the ﬁrst synchrotron sources have not been able to deliver X-ray pulses
that had durations of less than several nanoseconds and thus could not be used to gather both
types of information, spatial and temporal, simultaneously. An insight into the temporal dynamics of quantum systems was ﬁrst gained by using probes of much larger wavelength than
the one of X-rays: namely infrared (IR), visible (VIS) and ultraviolet (UV) laser pulses. Today,
the fundamental limit of ultrashort laser pulses is one single optical cycle, lasting about 1 fs
in the UV to several femtoseconds in the IR spectral region [2, 3]. Having at hand the possibility of monitoring molecular and electronic motion, unfortunately it is not possible to use
these lasers to directly image molecular structure at atomic resolution due to the large wavelength of the laser photons. The principal solution to this problem is to transform the coherent
long-wavelength laser pulses into coherent/incoherent X-ray pulses via several techniques to be
explored within ELI. These laser-based sources have, in contrast to large-scale facilities such
as third-generation synchrotrons or X-ray Free-Electron-Lasers (XFELs), the great perspective
of having only university-lab size and can, thus, oﬀer a much broader accessibility as only few
large-scale facilities exist world-wide. Another added value besides reduction in size and costs is
the intrinsic synchronization between the (optical) driver laser and the generated X-ray pulses
as well as the spectrum of diﬀerent X-ray sources each delivering another speciﬁc feature –
from single attosecond spikes to coherent X-ray bursts with peak brilliances competitive with
large-scale XFELs.
For transforming optical driver laser pulses into brilliant bursts of X-rays four paths will be
developed within this ELI research area: X-ray plasma lasers, laser-driven XFELs, Thomson
backscattering, betatron radiation, and, to some extent, Kα sources. The pre-requisite for this
research branch is ELI’s pursuit of high-energy/high-peak power lasers with high repetition rate
and high average power.
X-ray lasers can be realized through the production of very short lived, high temperature
laser plasma. Such X-ray bursts may be used to study ultrafast structural dynamics in solids and
complex molecules like proteins. In fact, intense attosecond X-ray pulses will enable study of the
movement of electrons in an atom or molecule as it undergoes a quantum or chemical transition.
In particular, coherent X-rays present a very important secondary source perfectly suitable for
the nano-scale metrology due to its very short wavelength combined with coherence. X-ray
interferometry with X-ray lasers can be an excellent method to measure the surface properties
with nm-scale resolution, thanks to the fact that X-ray lasers are extremely monochromatic
sources. Possible applications thus include X-ray holography, coherent imaging or measurement
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of ﬁne structures on any solid surface. It may be also used for inspection of defects in lithography
masks having thus great impact on the industry.
Recent advances in laser wakeﬁeld accelerators have allowed the production of electron beams
with energies ranging from tens of MeV to more than 1 GeV within a centimeter scale, and with
an intrinsic pulse duration of few femtoseconds only. The enormous progress in improving the
beam quality and stability makes them serious candidates for driving the next generation of
compact light sources. The versatile laser-based radiation sources range from infrared to X-ray
energies. They attract a large user community, because they are ultra-short, brilliant sources
tunable up to keV photon energies with an intrinsic synchronization to the IR driver laser,
making them useful for time-resolved structural analysis of matter with atomic resolution. The
development of FELs has led to an enormous increase of brilliance and coherence. However,
accelerator technology currently limits the pulse duration of synchrotron sources just under a
picosecond and demands large and expensive facilities due to the accelerating ﬁeld gradients
of conventional accelerators, which are restricted to 20–100 MV/m by radiofrequency-cavity
electrical breakdown. In contrast, a plasma, which is already fully broken down, can sustain
electric ﬁelds that are 3–4 orders of magnitude higher, exceeding 100 GV/m.
Thomson backscattering of laser pulses from relativistic electron bunches is an alternative
technique of producing high-energy incoherent X-ray pulses, with relatively broad spectral bandwidth and low eﬃciencies, using current Ti:sapphire lasers. A source of broad-bandwidth X-ray
radiation is also the betatron-like wiggler radiation from electrons undergoing transverse motion
in the accelerating potential of the wakeﬁeld. Both sources will be able to deliver the highest
X-ray energies, even MeV photons.
2.6.1

Current Status of X-ray Source Development and Applications

X-ray lasers
Since the ﬁrst demonstration of lasing action at optical frequencies in 1960 [4], there has been
considerable theoretical and experimental eﬀort aimed at the extension of lasing into the X-ray
spectral region. To date, lasing at wavelengths between 3 nm and 50 nm has been observed in
numerous ionic species [5] and X-ray lasers have the potential to extend current optical laser
applications to much shorter space and timescales, while probing much deeper into the core
of matter. X-ray time-resolved imaging of biological samples, nanolithography, or laboratory
astrophysics is a typical example of applications that are recently starting to be explored as
X-ray lasers become closer to reality. The use of X-ray lasers in these novel applications is
obviously limited by the parameters of the driver creating population inversion. For the ﬁrst
X-ray laser demonstration nearly 20 years ago, kilojoules of laser pump energy were required
to generate a laser at ∼ 20 nm [6]. However, year after year, the required pump energy has
been dramatically reduced (nevertheless at the expense of output pulse energy) thanks to the
improvement of plasma and X-ray laser dynamics. To date, the most energetic collisional X-ray
laser [7] has been demonstrated at the kJ-class laser facility PALS [8] in the Czech Republic. It
operates in a quasi steady state regime where the driving sequence consists of a weak prepulse
followed by a strong main pulse, both being linearly focused on solid Zn target (Fig. 2.24). The
double-pass zinc X-ray laser at 21.2 nm (58.5 eV) delivers up to 10 mJ (1015 photons), 150 ps
pulses in a narrowly collimated beam with divergence of about 4 × 6 mrad2 .
To reduce the pumping energy and increase the repetition rate, a transient collisional excitation scheme was proposed and demonstrated [9]. In this scheme, a longer (ns) pulse, which
generates plasma and the required closed-shell ionization balance, is followed by much shorter
(ps) pulse, which rapidly heats the performed plasma and generates a transient population
inversion. In 2005, an extension of the transient pumping scheme was demonstrated using a
grazing-incidence angle for pumping (GRIP), achieving lasing at 18.9 nm close to saturation [10].
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Figure 2.24: Typical geometry of quasi steady state
X-ray laser using half cavity.

Similarly to the original prepulse pumping mentioned above, a long pulse (200–600 ps) producing
1012 to 1013 W cm−2 is ﬁrst applied to the target, generating plasma with the required (Ni-like)
ionization balance. Subsequently, a short pulse (1-5 ps) is injected into the plasma under a small
angle, sampling a speciﬁc electron density region where it instantaneously raises the electron
temperature and eﬃciently creates population inversion (Fig. 2.25). Using this approach, strong
laser emission at wavelengths down to 10.9 nm was demonstrated [11].

Figure 2.25: Generic scheme of the grazing incidence pumping.

In 2004, an optical ﬁeld ionization X-ray laser ampliﬁer produced by femtosecond laser
excitation of a krypton gas cell was seeded with the 25th harmonic of a Ti:sapphire laser to
generate saturated ampliﬁcation in the 32.8 nm laser line of Ni-like krypton [12]. This seeded
X-ray laser provides about 1011 (0.8 µJ) photons per pulse in a narrowly collimated beam with
divergence of as low as 1 mrad. Also the ampliﬁcation of 19th harmonic of a Ti:Sapphire
laser in Pd-like xenon laser at 41.8 nm was demonstrated [13]. By further elaboration of this
approach, the injection-seeded X-ray ampliﬁer using a solid target (Ne-like Ti) was demonstrated
at 32.6 nm in 2006 [14]. Using the same experimental setup, seeded X-ray lasers at wavelengths
down to 13.2 nm [15] have been achieved so far, delivering coherent X-ray beams with excellent
parameters (aberration-free, Fourier-limited, polarized), but still with low output pulse energy
on a sub-microjoule level only.
The use of extremely powerful lasers to be developed at ELI as a driver for injection-seeded
X-ray lasers presents an excellent opportunity to boost signiﬁcantly the X-ray laser output up
to the mJ level and even more using the concept of “slab ampliﬁer” consisting in increasing
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the active surface of the ampliﬁer. This scheme is purely pump dependent, and so there is no
principal limit for the output X-ray laser pulse energy. At ELI facility, the seeding technique
will be extended down to the “water window” (2.2–4.4 nm) based on the understanding of pump
energy scaling laws. In particular, energetic Ni-like Au X-ray laser at 3.6 nm operating at
high repetition rate can ﬁnally become a reality, being an ideal source for X-ray imaging and
holography of living cells (Fig. 2.26) as suggested long time ago [16].
Regarding X-ray applications, coherent radiation is necessary for interferometry, holography,
diﬀractive imaging or nanopatterning. For such applications free electron lasers or plasma X-ray
lasers are the best sources. For example, using a 46.9 nm wavelength EUV radiation from a capillary discharge laser a series of experiments was performed [17]. An interferometric lithographic
technique was implemented using a Lloyd’s mirror interferometer to pattern cone shaped, 58nm FWHM diameter nano-dots over the area of 500 × 500 µm2 [18]. The scheme allows also
to pattern lines, holes and oval shaped features in PMMA and HSQ photoresists. Holographic
imaging in Gabor’s in-line scheme was performed using 50–80 nm diameter carbon nanotubes
CNTs as an object. After a numerical reconstruction of the hologram the images of CNTs were
retrieved with the spatial resolution of 46 ± 2 nm, comparable to the illumination wavelength.
Finally diﬀractive “lens-less” imaging with a spatial resolution of 70 nm was achieved by storing
and processing a single diﬀraction pattern from the object using a phase-retrieval algorithm.
Apart from the above mentioned applications, suﬃciently strong X-ray lasers are the only
sources allowing for dense plasma probing and interferometry. X-ray laser interferometry can
be used for measurements in material science, metrology, and especially dense plasma diagnostic. Two types of X-ray laser interferometry have been applied in practice: amplitude division
interferometry (Mach-Zehnder interferometer [19]) and wavefront division interferometry (Fresnel double-mirror [20] or Lloyd’s mirror [21]). Amplitude division interferometry requires high
temporal coherence, while wavefront division interferometry requires high transverse coherence.
Injection-seeded X-ray lasers elaborated at ELI facility will possess both of these features. X-ray
laser holography oﬀers the potential to obtain high-resolution 3-D images of biological and other
specimens. High-resolution images can be obtained thanks to the high coherence combined with
the high brightness of X-ray lasers that enables a single shot record. Exposure times can be
reduced to < 1 ns, which eliminates motion blurring in biological samples as the dynamic processes in biology have time scales of typically 1 msec. Note that synchrotron X-ray holography
and undulator X-ray holography typically needs about 1000 second exposure times from many
shots. The ﬁrst demonstration of X-ray laser holography was carried out using a Gabor in-line
geometry and a hologram of a 3-D structure of a gold test pattern was recorded by using the
Ne-like Se X-ray laser at 20.6 nm [22]. Since then, unfortunately no big progress has been done
due to the lack of suﬃciently strong X-ray laser. One of the challenging missions within ELI
will be to revive this topic.
X-ray laser microscopy oﬀers the opportunity to observe biological specimens in an aqueous
environment [23]. The main goal here is to have lasing at wavelengths near or inside the water
window (2.3–4.5 nm), where the high contrast in absorption cross section between carbon in
biological specimens and oxygen in water can be obtained. However, as current X-ray lasers
cannot be routinely produced at wavelengths much shorter than ∼ 10 nm, until now other
wavelength ranges have been employed for X-ray microscopy. The high brightness and short
duration of X-ray lasers again enable the elimination of problems associated with motion blurring
and radiation-induced chemical decomposition of any biological specimen. Researchers at LLNL
demonstrated X-ray laser microscopy using a Fresnel zone plate lens and imaged a test pattern
with resolution of 75 nm with a Ni-like Ta X-ray laser at the wavelength of 4.5 nm in 1992 [24],
and subsequently rat sperm nuclei were also observed [25]. In this proof-of-principle experiment
the X-ray laser had an energy of 10 µJ in 400 ps and structures with size of about 50 nm were
resolved. Since then, not many demonstrations of X-ray laser microscopy have been reported
until now. One reason is that no saturated X-ray laser at wavelength inside the water window
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has been achieved. Moreover, in this particular case coherence characteristics of X-ray lasers are
not so beneﬁcial for microscopy because of the problem of fringes and/or speckle. To stimulate
further progress in this ﬁeld, X-ray laser saturation at a wavelength in the water window is
required.
X-ray laser radiography is useful for measuring plasma parameters. The short pulse duration
of X-ray laser is of the same scale as the hydrodynamic timescale of laser-produced plasma.
The high brightness of X-ray lasers allows them to be used as a backlighter for the imaging
bright sources such as high temperature plasmas. The very short wavelength enables the X-ray
laser to probe large and near-solid density plasmas. Measurement of the early laser imprint
and subsequent Rayleigh-Taylor instability is of great interest in studying direct drive inertial
conﬁnement fusion [26].
An important method to measure densities and temperature of plasmas is Thomson scattering. X-ray laser Thomson scattering has a great potential for probing plasmas at much higher
density than optical probing, even above the solid density [27]. A laser entering a plasma is
scattered by electrons. The temperature of plasma can be measured by observing the spectrum
of scattered light and the density of plasma can be measured by observing the amount of scattered light. As the Thomson scattering cross-section is very small, it is diﬃcult to gain a signal
above the noise level caused by plasma emission. Because of this fact, X-ray laser Thomson scattering experiments have not succeeded in observing scattered spectrum so far. To improve the
situation, X-ray lasers of higher brightness and at a shorter wavelength are absolutely necessary.
Another type of X-ray lasers is given in the form of laser-driven K-shell thermal and Kα
sources, which are currently the most widely applied laser-plasma X-ray (deﬁned as photons with
energies that exceed 1 keV) sources. These sources are bright, short-lived, quasi-monochromatic
and may be well synchronised to a laser. This fulﬁls the basic requirements for radiography and
X-ray scattering, thus the area that has seen widest application for these sources is dense plasma
physics. These sources are often used in point projection and area backlighter conﬁgurations.
Kα sources are monochromatic (∆λ/λ < 10−4 ) and available with photon energies between
1.48 keV to 68.8 keV from aluminium and gold targets respectively. The emission is fast electron
driven. These fast electrons are created during the laser-target interaction, and propagate into
the target material and slow rapidly through bremsstrahlung losses and collisions. Collisions
result in atomic inner-shell ionisation and subsequent de-excitation can result in the emission
of a Kα photon of speciﬁc and material dependent, wavelength. Bremsstrahlung losses results
in continuum emission and ultimately degrade the contrast between the monochromatic source
and background. The resulting X-ray pulse is short, lasting a few picoseconds longer than the
laser pulse [28]. Sub-ps temporal resolution is readily achieved. The conversion eﬃciency from
laser energy to Kα energy is good at around 10−4 albeit in to a solid angle of 4π. In general,
higher laser intensity yields brighter K-alpha sources as more laser energy couples in to these
non-thermal electrons. However, inner-shell ionization probability increases and then falls oﬀ as
the energy of the fast electrons increases. Source optimisation is target material dependent and
is possible by controlling laser intensity and prepulse characteristics.
X-ray free electron lasers (XFELs)
In 2006 Grüner et al. presented the ﬁrst detailed scheme on driving an FEL by laser-plasma
accelerators [29]. This ﬁrst design consideration already included degrading eﬀects, such as
space-charge and resistive wall wakeﬁelds, and included also beam transport. The essential
advantage of using Laser-Wakeﬁeld Accelerators (LWFAs) is twofold, their intrinsic ultra-high
peak current far beyond the (non-relativistic) Alfvén current of 17 kA and their compactness
of a few centimetres only. The ﬁrst feature allows reducing the XFEL-undulator length from
hundred meters down to few meters and the second point decreases the total length by shrinking
also the accelerator.
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The ﬁrst combination of a laser-plasma wakeﬁeld accelerator (producing 55–75 MeV electron
bunches) with an undulator in order to generate visible synchrotron radiation, has been successfully demonstrated [30]. Just one year later Grüner and co-workers realized the ﬁrst laser-driven
soft X-ray undulator source [31], shown in Fig. 2.26. The major breakthrough of this experiment
was not only the extension of the produced wavelength range from visible to soft X-ray, but also
the development of dedicated electron beam transport devices allowing to tune and stabilize this
ultra-short radiation source. All future setups will be based on this ﬁrst approach.

Figure 2.26: Basic scheme of laser-driven undulator X-ray source and spatially resolved spectrum.

XFELs based on laser-plasma accelerators could provide orders of magnitude brighter X-ray
radiation than the already demonstrated incoherent undulator source. The expected number of
photons (1012 photons/pulse/0.1%BW) and peak-brilliance (1030 photons/s/mm2 /mrad2 /0.1%
BW) is competitive with large-scale XFELs, of which only few will exist world-wide due to their
great size and costs.
In the laser-driven FEL scheme, the laser-accelerated electron beam undergoes micro-bunching
in the undulator, causing the electrons to bunch in packets with a distance of the FEL wavelength
in between – hence, these electrons emit their X-ray coherently. Owing to the high electron beam
peak current intrinsically generated by laser-wakeﬁeld accelerators, FEL saturation lengths on
the order of just a few meters can be obtained, oﬀering the opportunity to develop very compact
XFEL devices as the accelerator is just a few centimetres long and the driver high-power lasers
ﬁt on few laser tables. This is in contrast to the existing huge scale facilities world-wide, which
are based on radiofrequency technology acceleration requiring hundred-meter-long undulators
and kilometer-long accelerating lines.
The ﬁeld of laser-plasma accelerators is relatively young: with the ﬁrst seminal work by Dawson and Tajima in 1979 [32] and, due to lacking laser power, a very slow experimental progress
thereafter, the breakthrough was initiated in 2000 by the work of Meyer-ter-Vehn at al. on the
prediction of the so-called bubble regime [33]. Finally, in 2004, three independent experimental
groups veriﬁed this bubble scheme [34] and launched an international ever increasing eﬀort for
reaching higher electron energies [35] and improved stability [36].
In the meanwhile, new schemes aiming at further substantially increased electron beam
qualities arise, for instance, plasma downramp [37] and counter-propagating laser pulses [38].
These advanced concepts are necessary, because the current state-of-the-art would not allow the
onset of the FEL-process, mainly due to unacceptedly large energy spreads. While in the bubble
regime plasma electrons are mostly injected from transverse directions, the new schemes explore
longitudinal trapping with the perspective of reduced emittance and lower energy spread.
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ELI’s new multi-PW class lasers will have several beneﬁts: ﬁrst of all, with such high intensities it is possible to accelerate much more charge, hence increasing the required peak current
for driving the FEL. Secondly, one can use more advanced schemes which allow tailoring the
injection mechanisms for increasing the beam quality in terms of energy spread and controlling
the separation of the acceleration from the injection for preserving good beam qualities up to
highest electron energies.
The key application for XFELs are found in all research areas, where ultra-high peak brilliances are mandatory, that is, a maximum on X-ray photons in ultra-short time-scales. The
most prominent scientiﬁc case is single molecule imaging, where a single XFEL X-ray pulse is
strong enough for recording a diﬀraction image behind a protein, before the molecule disintegrates through the X-ray induced Coulomb explosion. A single diﬀraction image is, of course, too
little information for reproducing the entire atomic structure of the protein, but repeating this
procedure with many independent proteins ﬁnally leads to entire map of all atomic positions.
This would boost medicine, as most proteins cannot be studied with X-ray crystallography.
Another ﬁeld of research is femtochemistry, aiming at imaging the transient states of chemical
reactions – with atomic resolution in both space and time. This would allow studies of unknown
reaction channels for deeper understanding and controlling of chemical processes. Circular
polarized X-ray pulses (from a helical undulator) open the study of magnetic material on ultrashort time-scales, such as spin ﬂips in thin ﬁlms – answering the question on how fast data can
be written on magnetic storage devices.
There are also ways of reducing the time-duration of the XFEL-pulse even further below the
electron bunch length, hence paving the way towards so-called ﬁfth-generation light sources. The
latest generation of large-scale synchrotron sources is the third, with FELs being the fourth generation. An ultra-brilliant sub-femtosecond X-ray source would then be coined ﬁfth generation.
Laser-driven XFELs utilize ultra-compact electron bunches and their properties allow slicing
out a fraction of the bunch such that only sub-femtosecond ranges undergo the FEL-instability.
A completely new application could be medical imaging with the spontaneous emission from
the undulator source in combination with dedicated beam optics. The group of Grüner et
al. currently calculates the reduction in applied dose for X-ray absorption imaging like in
mammography. A very ﬁrst pre-study holds promise that the dose can be much more reduced
than by current detector technology improvements. For medical imaging, this Laser-driven
Undulator X-ray (LUX) source relies on much higher electron energies and charge than what
is available with today’s laser. ELI’s next generation high power lasers will allow generating
suﬃcient X-ray ﬂux in a narrow bandwidth for medical X-ray absorption imaging with suitable
exposure times.
Thomson backscattering and Betatron radiation
As mentioned above both Thomson scattering of laser pulses from relativistic electrons and betatron radiation from a laser-plasma accelerator deliver the highest achievable photon energies.
The reason is that basically both sources are undulator sources, where in the ﬁrst case the undulator ﬁeld is established by the laser ﬁeld and in the betatron case by the plasma ﬁeld. The
undulator period is the laser wavelength and, for betatron radiation, it is the period of the betatron motion along the plasma channel in which electrons oscillate in the transverse electric ﬁeld.
Both eﬀective undulator periods are much shorter than in any conventional undulator, hence the
resulting photon wavelength is shorter as well – even when using less energetic electrons. This
makes especially the Thomson source an interesting hard X-ray source, capable of delivering
suﬃcient ﬂux for medical imaging, when driven by a high repetition rate driver laser. The main
advantage of the betatron source is its simplicity: it consists just of a laser-plasma accelerator.
The drawback, however, is that its photon spectrum is very broad due to the variety of diﬀerent
electron energies and trajectories along the plasma channel leading to diﬀerent betatron periods.
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Compared to the X-ray plasma lasers and XFELs the two sources here will most likey
remain incoherent sources. The reason is that their intrinsic features hinder the FEL-process.
Nevertheless, they are very compact, reliable hard X-ray sources that complement the spectrum
of ELI’s laser-driven X-ray sources.
The ﬁrst experimental realization of Thomson backscattering from laser-accelerated electrons
was done in Jena [39], however, with a very poor signal to background ratio and electron
beam qualities. Using ELI’s powerful pump lasers, the ﬂux of Thomson-scattered electrons can
be substantially increased. Recently, a group at Rutherford has demonstrated phase-contrast
imaging of a ﬁsh sample with betatron radiation [40].
2.6.2

Directions of implementation at ELI

X-ray lasers
Current X-ray lasers are mainly based on electron collisional pumping scheme. At the proposed
ELI facility, in order to make the X-ray laser sources fully competitive with current and projected
state-of-the-art XFELs, major eﬀort will be devoted to improve the beam quality, shorten the
pulse duration, and boost the output pulse energy. At this moment, the most promising way
is to elaborate the concept of injection-seeded X-ray laser which ensures excellent beam quality
in terms of spatial homogenity [41], aberration-free wavefront [42], high degree of coherence,
polarization, and short pulse duration limited only by the laser transition bandwidth.
At ELI the community will start by investigating the physical phenomena constituting a base
for understanding and development of novel X-ray lasers with a special emphasis on the medium
excitation and the consecutive generation, ampliﬁcation and propagation of the X-ray radiation.
There are two possibilities of the ampliﬁer architecture: normal incidence, and grazing incidence
pumping geometry. In the normal incidence scheme, a weak long prepulse (ns, 100 mJ level)
followed by a much shorter stronger pump pulse (ps, multi-J level) are sent perpendicularly onto
a bulk solid target. In the GRIP scheme, only prepulse is sent at normal incidence to the target
whilst the energetic pump beam is injected under an angle. The later case has an advantage of
reduced pump beam energy. In both cases we will seed the X-ray laser plasma ampliﬁer with a
high-order harmonic beam to improve the output beam quality (divergence, coherence, photon
number).
With a pulse of suﬃciently high energy available at ELI facility, it will be possible to create
a multi-stage X-ray laser chains (Fig. 2.27) that will deliver beams with excellent quality of
wavefront and energy on the multi-mJ level in sub-ps pulses. Considering the nominal pump laser
parameters (50 J/10 fs operating at 10 Hz), several X-ray laser beamlines at various wavelengths
may be constructed, all of them being synchronized to each other. With appropriate focusing,
X-ray intensities on the order of 1020 W cm−2 could be reached [12]. The high-energy, highpower ELI laser driver will allow to realize novel X-ray laser schemes in the “water window”
region that are desired for investigation of biological species in their natural environment with
a hundreds time higher resolution than with any existing optical microscope.

Figure 2.27: Principal scheme of the XRL beamline at ELI facility.
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The alternative schemes such as “recombination scheme” and “inner-shell ionization scheme”
will be also explored at ELI as they have inherent potential to overcome the wavelegth-limits
of collisionally pumped X-ray lasers. Achieving high gain in a fast recombining plasma is a
very desirable in the pursuit of X-ray lasers. Compared to collisional X-ray laser schemes,
where a very high degree of ionization is needed, recombination schemes require relatively low
pumping power. The idea of inner shell transition for lasing in sodium at 37 nm was ﬁrst
proposed about 40 years ago [43] but never realized. It is based on the fact that cross section
for photo-ionization of atom or ion in deeper states can be larger than for more shallow states.
More challenging experiments are expected for X-ray laser gain generations using several very
innovative approaches to obtain lasing in inner shell transitions, which may be very attractive
for wavelengths signiﬁcantly below 1 nm. However, it will require pumping pulses of very high
intensities and very short durations in the order of 100 as. With the advent of ELI project, such
pulses are already on lasers “horizon”.
The feature that distinguishes Kα sources from XFELs and potentially makes them unique
are high divergence and high photon energy (68.8 keV). To attract the widest science base it is
important to develop Kα sources with high-average and high-peak brightness sources at approximately 10 keV and above. Ultimately, this demands a source repetition rate of 100 Hz.
The next step in Kα source development should be to optimize the yield, enhance the source
to background contrast, and reduce the source size from ∼ 10 µm down to ∼ 2 µm. Optimisation
and contrast improvement are closely related. This work will require comprehensive experimental and computation studies to assess optimum laser wavelength, and acceptable laser contrast,
optimal laser pulse duration and shape. A predictive capability is needed to determine optimal
laser characteristics for materials of diﬀerent atomic number. Progress demands the precise
measurements using high-energy and high-performance laser systems.
Contrast and photon ﬂux may be improved by using polycapillary micro-lenses, although
these devices temporally stretch the X-ray pulse. The need for high throughput target manufacture, target and debris handling in high repetition sources is well known and needs to be
addressed. As a part of this we should attempt to exploit the coherent properties of the Kα
source. Spatial resolution is a major incentive to reduce the eﬀective source size to and below
the few micron scale.
XFEL
The ultimate goal of the Prague ELI-XFEL-beamline is to provide an installation which allows driving the new ﬁeld of laser-driven XFELs towards future user facilities. This, of course,
requires a series of basic research steps, just like large-scale facilities went through a long development process. The key point here is the demand for novel diagnostic methods, adressing
the intrinsic properties of LWFA-beams, that is, their ultra-short bunch length and relatively
large energy spread. Only when fundamental parameters, such as bunch proﬁle, energy chirp,
slice energy spread and emittance, can be measured and controlled, the high risk/high impact
project of a laser-driven XFEL is feasible. We, therefore, propose to establish an explicit and
direct cooperation with DESY (Hamburg, Germany), a renowned world-leading center for conventional/superconducting rf accelerators and beam diagnostics. In order to use directly the
synergy between both rf and laser-driven accelerators, a beamline linked to an accelerator at
DESY is of great proﬁt for both sides. A common question to both schemes is the demand for
few-femtosecond bunch diagnostics.
Once these diagnostic methods are developed and tested with well-deﬁned beams, they can
be established at the ELI beamline, boosting the XFEL-research substantially.
The grand goal for ELI is a 5-keV-XFEL and a spontaneous emission LUX source generating
photon energies suitable for medical imaging (above 20 keV).
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The very ﬁrst step towards a laser-driven XFEL is, as stated above, the development of
dedicated diagnostic and control methods for laser-driven electron beams. In combination with
increasing the electron beam qualities in terms of energy spread and charge, the second step
consists of a ﬁrst FEL-demonstrator experiment. This stage aims at measuring the ampliﬁcation of the spontaneous emission and/or of a seed (for instance, from surface higher harmonics).
Once this stage of maturity is reached, the third step improves further the electron beam quality towards FEL-saturation, supposedly at rather long wavelengths. Consequently, a step-like
increase in FEL-photon energy is pursued, until, in the long run, a 5-keV-XFEL is reached.
Together with novel LWFA-schemes, currently developed, and ELI’s high power lasers, it can
be expected that the required beam parameters are reachable.
As the last step the XFEL will be run for user experiments.
Thomson and betatron sources
The major challenge for the Thomson backscatter beamline is the synchronization of the driver
pulse for low-energy electron acceleration and the counter-propagating seed pulse, which is
scattered oﬀ the electron bunch and frequency-upshifted. The overlap between the electron
bunch and seed laser pulse needs to be established both in space and time. Moreover, in order
to keep the bandwidth of the Thomson radiation as narrow as possible, both the energy spread
of the electrons must be kept small as well as the variation of the laser amplitude with respect
to transverse and longitudinal position along the interaction region.
Consequently, the ﬁrst step consists of generating low-energy electrons with about 50 MeV
and a maximum on charge. This implies that for fulﬁlling this constraint with the powerful
lasers at ELI new schemes aiming mostly at increasing the charge, while maintaining low energy
spread need to be developed. Secondly, the setup for the counter-propagating seed pulse needs
to be developed in terms of optimal overlap with the electron bunch.
Apart from medical phase-contrast imaging, Thomson backscattering can also be used for
radiation therapy, but then require higher electron energies for producing MeV-photons. Therefore, in a third step the LWFA-scheme is extended towards higher, but still moderate energies
below 1 GeV. A detailed description of the laser driven Betatron source and its implementation
is given in Sect. 6.4.
2.6.3

Source Development and Advanced Source Use

The basic driving force behind all X-ray source development at ELI is “4D imaging”, that is,
observing nature with atomic resolution both in space and time. As an international laser user
facility, ELI will oﬀer secondary X-ray sources with excellent parameters and complementary
characteristics allowing an experimental setup which is not feasible in any other existing laser
laboratory. In practice, it means enough ﬂexibility in manipulation and timing of several X-ray
pulses. Taking the advantage of inherent synchronization of all ELI lasers which originate from
one master oscillator, it will be possible to perform pump-probe experiments with multiple,
ultra-intense X-ray beams such as X-ray lasers, high-order harmonics, and/or non-coherent Xrays (e.g. K-alpha, Thomson, betatron, or spontaneous undulator radiation). This diversity
will be a unique feature of ELI. Considering, for instance, a 50 J/10 fs laser operating at 10 Hz,
a typical user at ELI may require 2–3 mutually synchronized energetic X-ray and/or ultrashort
(e.g. high-order harmonic or IR driver laser) beams along with several high power, auxiliary
NIR laser beamlines. This will enable complex investigations of fusion-relevant plasmas via
X-ray laser Thomson scattering and X-ray interferometry at the same time, as well as various
pump-probe conﬁgurations with multiple beams coming from diﬀerent directions.
Femtochemistry will be one of the key applications of ELI’s laser-driven X-ray sources for
4D imaging. Femtochemistry by pump-probe spectroscopy aims at real-time observation of
transient molecular behaviours including the atomic positions, bond lengths and angles during
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chemical reactions. As chemical reactions occur with timescales on the order of femtoseconds
and structural changes occur on an atomic scale, high spatial and temporal atomic resolution
are required to observe molecular motion in real time.
For sources with ultra-high peak brilliance, with the XFEL being the strongest candidate,
even single molecule imaging should become feasible. This is especially interesting for medicine,
as about 70% of all proteins that medical drugs address cannot be crystallized.
X-ray lasers
The possibility of using X-ray lasers in combination with microscopy and holography for the
study of cell biology is very attractive even at 10 nm. Of course, X-ray lasers will have a much
broader application potential in biology when they become operational in the “water window”,
where cells in their natural environment (water, atmospheric pressure) can be observed with
a high resolution X-ray microscope. Structures of biomolecules such as protein with atomic
resolution can be also determined by X-ray diﬀraction. The high brightness of X-ray lasers should
produce enough scattering to record diﬀraction pattern of very small samples such as single
particles of large macromolecular assemblies without the need for the sample to be crystalline,
where large signals are obtained due to coherent addition of the electric ﬁeld of the X-rays
by Bragg reﬂection. Femtosecond pulses are short enough to avoid image blurring due to the
vibrational motion of nuclei, thus atomic structure can be obtained without averaging over any
periodic atomic motions. X-ray lasers will be suitable for observing biological specimens in
their natural wet environment. Though radiation damage may become a problem, the very
short period (femtosecond) can be expected to allow the collection of diﬀraction patterns before
radiation damage that distorts or destroys the biomolecule structure occurs. A large degree
of spatial coherence of an X-ray laser is just perfect to record a 3-D image by holographic
technique. Imaging at the atomic scale can be obtained by advanced X-ray microscopy enabling
to observe amorphous and disordered materials, including polymers, crystals with strains and
defects, inorganic structures such as nanotubes, and bio-molecules that are diﬃcult to crystallize.
The advanced X-ray lasers should have suﬃcient spatial and temporal resolution even for
femtochemistry experiments. Even for such a short pulse, the photon ﬂux per pulse can be
enough to carry out spectroscopic observations with a single pulse. Short pulse X-ray lasers
can provide an opportunity to observe various nanoscale dynamics spectroscopically, such as
viscoelastic ﬂow, protein folding, crystalline phase transitions, and magnetization dynamics of
nanostructures over a wide range of time scales.
Finally, some fundamental scientiﬁc experiments that have not been able to be carried out
so far with other light sources such as synchrotron radiation can be realized with an X-ray
lasers at ELI. They include studying of plasma, warm dense matter and atomic physics, e.g.
determination of energies, ionization cross sections, lifetimes and transition rates. The high
X-ray intensity will enable to study nonlinear eﬀects that lead to multiphoton processes in the
keV region. Thanks to the expected high repetition rate of the source, X-ray lasers may be
utilized to create controlled structures in the nanometre range which is a big challenge for the
semiconductor industry (nanolithography).
X-ray free electron lasers
With future multi-petawatt lasers like ELI, ultra-high beam currents up to 100 kA within few
femtoseconds can be expected, allowing a drastic reduction in the undulator length of freeelectron lasers. A crucial parameter to be reached is the charge contained within a small electron
energy bandwidth. For instance, 1 nC at 1 GeV electron energy and 0.1% energy spread will
be required to produce an eﬃcient XFEL lasing at 5 keV. FELs rely either on self-ampliﬁed
spontaneous emission or seeding (for instance with surface higher-harmonics). Both schemes
www.extreme-light-infrastructure.eu
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depend on the current density of the electron beam, which could be very high for laser-wakeﬁeld
accelerators.
In order for LWFAs becoming the optimal compact drivers of X-ray FELs, their current
state of the art needs to be substantially improved. Besides pointing stability and ﬂuctuations
in electron energy and charge, the most decisive parameters for improvement are the charge
and energy spread. So far, most experiments are run in sub-optimal ways, for instance because
the lasers are too weak and, thus, need to undergo non-linear self-modulation before reaching
intensities inside the plasma to drive wakeﬁelds. This is a major reason for instability. The
second type of improvement consists of new advanced schemes, especially for the injection of
the plasma electrons into the wakeﬁelds.
In 2006 Leemans et al., utilizing only 40-TW laser pulse of 38 fs duration and a gas density
of 4.3 × 1018 cm−3 , clearly showed that 1 GeV electron beams can be produced by means of
capillary discharge [35]. However, the measured charge of 30 pC is signiﬁcantly below the goal
of 1 nC. In order to further improve the resulting current and especially the energy spread,
several alternative schemes have been proposed. In order to prevent a large initial emittance a
predominantly longitudinal trapping of plasma electrons would be favourable. This can be done
in the plasma downramp scheme, where the electrons are injected as the phase velocity of the
wake tail is reduced eﬀectively down to the level of the plasma ﬂuid [37]. The trapped electrons
are then accelerated at constant (low) plasma density in the subsequent plasma region. Another
scheme explores beat waves of two counter-propagating laser pulses, which inject the plasma
electrons directly into the acceleration buckets of the wakeﬁeld trailing the laser pulse [38]. Both
these concepts will be studied with ELI’s strong laser systems. The key goal is to deliver very
low energy-spread beams with large amount of trapped charge. Only strong PW-class lasers will
generate large enough plasma wakes, whose ﬁelds are strong enough to compensate for beam
loading eﬀects, which otherwise would increase the energy spread or eﬀectively decrease the
trapped charge.
Thomson backscattering and betatron source
In contrast to the beam quality required for the XFEL, the current state-of-the art of LWFA
allows already the generation of electron bunches for usage as a Thomson backscattering source.
Electron energies as well as energy spread and charge suﬃces, since medical phase-contrast
imaging can be operated with few percent bandwidths. However, in order to reduce the exposure
times signiﬁcantly, a higher charge for increased ﬂux is mandatory. Apart from this issue on the
LWFA-side, the synchronization of the laser-driven electron bunch with the counter-propagating
seed pulse needs to be developed. In order to generate a suﬃcient Thomson ﬂux, the number of
seed laser periods in the interaction region must be large enough, implying laser pulse lengths
on the order of pump lasers, that is, picoseconds. The transverse and longitudinal laser proﬁle
needs to be as constant as possible along the interaction range of typically sub-millimeter.
A deviation of the dimensionless laser amplitude a immediately causes a broadening of the
Thomson radiation, equivalent to undulator radiation in an undulator with inhomogeneous
magnetic ﬁeld. Details of the laser driven Betatron source are given in Sect. 6.4.
2.6.4

Potential for Applications, Business and Technology Transfer

The development of the short wavelengths sources for the scientiﬁc and technological use in the
next 30 years is absolutely crucial. In particular, the 2007 report of US Department of Energy
explicitly states that: “During the half-century since the laser was conceived, the use of coherent
light has become an indispensable part of our world, with applications such as telecommunications
and optical data storage playing a trillion-dollar role in the global economy. In today’s
world, the development of tools and techniques that use coherent light at ever-shorter wavelengths
– in the extreme ultraviolet and soft X-ray regions of the spectrum – is assuming increasing
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importance”. Considering the size and future needs of X-ray sources for research, academia
and industry, it is not surprising, that huge eﬀort is being devoted to develop these sources of
coherent X-ray radiation as well as methods for their application.
The main advantages of ultrashort and intense X-ray sources are threefold: ﬁrst, the spatial
resolution of the information to be extracted from a system is proportional to the wavelength
of the probing electromagnetic ﬁeld. Suﬃciently strong X-ray sources will greatly help science
and technology to move from the micrometer to the nanometer range and ﬁnally to the atomic
scale. Secondly, coherence and polarization of such sources tremendously improves the quality
of the obtained information and opens research possibilities which are impossible for incoherent
radiation. The intensity of X-ray sources to be developed at ELI, will reach the highest intensities
ever at these wavelengths. As a consequence, transformations of matter can be initiated on a
nanometer scale range in a controlled way with high resolution. Last but not least, probing with
atomic resolution is extended into the time domain as well: the intrinsic time-scales of XFEL,
Thomson, and betatron radiation is on the order of few femtoseconds only, the natural time-scale
of chemical reactions. The XFEL source can even be advanced further into the sub-femtosecond
time-domain, opening the accessibility of electronic motion within atoms.
ELI’s light sources will provide a unique variety of ultrashort, brilliant X-ray beams, which
are all complementary to each other, at one single site – hence providing users the possibility of
addressing complex studies with diﬀerent and well-synchronized probes. The X-ray lasers are
coherent X-ray sources with high photon ﬂux at moderate energies. XFELs are the most brilliant
X-ray sources in the range of several keV photons and even sub-femtosecond time resolution.
Thomson backscattering will yield the highest photon energies, even up into the MeV range.
Among all sources, betatron radiation is the most compact one, it is incoherent, however, its
ﬂux can already be used for medical imaging.
The above aspects can speciﬁcally impact the following R&D areas with certain commercial
potential:
1) Material science, where nanotechnologies are quickly developing: magnetism, phase
transitions, smart materials, liquids and disordered systems, cluster vibrations and reactions,
phase transitions and cluster melting, warm dense matter generation, and imaging plasmas
are waiting for the ultra-high spatial resolution to be achieved with the advanced X-ray
sources at ELI.
2) Medical imaging with laser-driven undulator and/or Thomson sources opens the possibility
of performing mammography screens with a substantial reduction in the applied dose. This
is due to the physical properties of the low-bandwidth and spatially highly peaked radiation
cone, which helps reducing the distortion of X-ray absorption images by scatter radiation,
and, ﬁnally, yielding the same contrast, but at much reduced dose. Another approach is to
use these novel sources for medical phase-contrast imaging, aiming at early tumour detection,
where tumours are still small and in a state, before metastases are developed. Both schemes
could lead to a revolution in preventive medicine.
3) Ultrafast radiation biology aims at a better understanding of the primary processes
involved in ion beam therapy and its optimization. Up to now, the so-called pre-chemical
stage after ion impact is experimentally inaccessible, but is of essential importance when
it comes to non-linearities: pulsed, highly dense ion beams are expected to have a greater
biological eﬀect, if their eﬀective track radii overlap. On the other hand, radicals produced
by ionization of the target material through the impinging ions, may start interacting with
each other, which may lead to more recombination, and hence a lowering of the biological
eﬀectiveness. Laser-driven ion acceleration and probing with a well-synchronized laser-driven
X-ray pulse would open a unique way of studying the physical and pre-chemical stage on
time-scales from femto- to pico-seconds, where the radicals are generated.
4) Single molecule imaging requires ultra-brilliant X-ay sources in order to gain suﬃcient
information about the structure of a protein, before it disintegrates due the Coulomb explowww.extreme-light-infrastructure.eu
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sion induced by the highly ionizing X-ray ﬂash. Single molecule imaging could thus advance
structure biology in making the structure of all such proteins accessible, which cannot be
crystallized – which is in fact the case for the majority of all medically relevant proteins.
5) Time-resolved studies yield detailed insights into fundamental processes such as ionization
dynamics of atoms, molecules, clusters and highly charged ions, multiple core hole formation,
nonlinear eﬀects in the X-ray domain, Coulomb explosion of clusters, generation of plasmas
at solid density, hydrodynamic response to X-ray pulses, non-equilibrium plasmas generation
and the study of materials under extreme conditions.
6) High-resolution atomic physics: excitation of highly charged ions, study of X-ray nonlinear eﬀects, resonant elastic scattering, plasma spectroscopic time-resolved diagnosis, application of X-ray lasers in nuclear spectroscopy.
Laser-based accelerators imply a large reduction in infrastructure, and thus in size and cost.
This would make this novel technology accessible to many more users at other labs as well, once
ELI has put forward the basic developments. A purely laser-driven light source would, besides
the reduction of infrastructure requirements, inherently produce ultrashort-duration pulses with
a perfect temporal synchronization with the driving laser. Imaging of matter in both space and
time with atomic resolution is then a natural application of these novel sources.
The advanced X-ray sources at ELI will be unique and complementary to existing large-scale
facilities, as it combines many diﬀerent sources with their speciﬁc parameters at one single site.
In this sense ELI will advance the development of ﬁfth-generation light sources with a broad
and substantial impact on various ﬁelds of technology and research.
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2.7
2.7.1

Attophysics
State of the art

High photon energy, high brilliance radiation sources, such as synchrotron installations, have
been proven instrumental in structural studies encompassing several disciplines including physics,
chemistry, material sciences, biology and medicine. Recent pioneering developments in intense,
coherent XUV/x-ray radiation sources, with ultra-short pulse duration are for the ﬁrst time close
to oﬀering the possibility of complete four dimensional (4D) studies in light matter interactions,
at the unprecedented Å3 spatial and sub-fs temporal resolution. These sources may be classiﬁed
in i) free electron laser (XFEL) based installations [1, 2] and ii) laser based sources utilizing
non-linear laser frequency up-conversion processes, such as higher order harmonic generation
(HOHG) in gas [3, 4] or on solid surface [5–9] targets. XFEL and HOHG sources are at the moment complementary sources, with the XFEL providing today substantially higher brilliances,
while HOHG sources hold by far the record in ultra-short pulse durations of 80 attoseconds
(1 atto = 10−18 ) [10]. Real time studies of dynamic processes involving electronic motion in
all states of matter, from atoms and molecules to macromolecules, liquids or condense matter,
require temporal precision of the scale of the atomic unit of time (24.1889 asec). Indeed, since
few years, progress in the ﬁeld of attoscience has culminated, for the ﬁrst time, the direct observation of ultra-fast processes in atoms, molecules and condensed mater on the sub-femtosecond
regime [11–13].

Figure 2.28: Atomic attosecond burst emission. An
electron tunnels out, accelerated away, returns back and
recombines emitting XUV radiation.

Figure 2.29: Harmonic spectrum.

Attosecond pulses are synthesized from XUV and/or x-ray waves, with HOHG in rare gases
being so far the core process of the synthesizer. When an ultrashort laser pulse is focused
into a rare gas, achieving intensities of the order of 1014 ∼ 1015 W/cm2 , the atomic potential
is considerably distorted, and electrons can tunnel out to the continuum. The free electron
is then accelerated by the laser ﬁeld ﬁrst away from the nucleus, and after the electric ﬁeld
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changes sign, towards the nucleus. If the driving ﬁeld is linearly polarised, there is a probability
for the electron to be recaptured by the atom, in which case the kinetic energy gained from
the laser ﬁeld is emitted in the form of a high energy photon (Fig. 2.28). A typical harmonic
spectrum, consisting of peaks separated by twice the laser frequency is shown in Fig. 2.29. It
consists of a low-energy (perturbative) region with a characteristic rapid decrease in amplitude,
followed by an extensive plateau of almost constant amplitudes that ends in an abrupt cut-oﬀ
corresponding to the maximum energy that the electron can gain in the continuum. High-order
harmonic generation (HHG) has become a tool for atomic physicists that provides insight into
the fundamental physics of the interaction between an atom and a strong ﬁeld. In addition,
the generated extreme ultraviolet light inherits the driving laser’s desirable properties, such as
ultrashort duration, spatial and temporal coherence, directionality and high intensity over a very
broad spectrum, enabling thus a wide range of applications in physical, chemical or biological
sciences. It was realised shortly after the discovery of HHG, that the broad frequency range of
the plateau harmonics would support pulses of sub-femtosecond duration. The periodic structure
of the spectrum – when translated to the time domain – suggests, that a train of attosecond
bursts, rather than a single pulse, might be produced, reﬂecting the process occurring in every
half-cycle of the laser pulse (Fig. 2.30).

Figure 2.30: Train of asec pulses.

Isolating a single attosecond pulse from this pulse train is a challenge, as well as a necessity for
clean analysis of pump-probe experiments. There are two methods proposed and demonstrated
to meet this aim, i.e., to conﬁne harmonic emission to a single half-cycle of the driving laser
pulse. The ﬁrst method is based on driving the process with a few-cycle driving pulse, and hence
generation of the highest harmonics is naturally conﬁned to the peak half-cycle. By spectral
selection of these highest harmonics a single attosecond pulse is produced (Fig. 2.31). The other
solution to the problem utilizes the fact that the eﬃciency of harmonic generation rapidly drops
with increasing ellipticity of the driving ﬁeld. Therefore the use a longer driving pulse with
varying ellipticity in a way that the pulse is linearly polarized only during the central half-cycle
may lead to the production of single attosecond pulses (Fig. 2.32). To increase the amount of
the emitted high order harmonic radiation, one can turn on the generating laser intensity, or
attempt an improvement of the generating eﬃciency. In both methods the stabilization of the
relative phase between the driving carrier wave and its envelope, known as CEP (carrier-envelope
phase) becomes an important issue. CEP stabilized pulses, through automated feed-back based
technologies, have been recently achieved even for ampliﬁed pulses, albeit for few-cycle duration
pulses only.
There is a limit to which the generating intensity can be increased imposed by ionization
of the medium: beyond an intensity level there will be no atoms left to participate in the
harmonic generation process. The eﬃciency of high order harmonic generation is to a large
extent determined by whether phase matching can be achieved in the medium or not. Phase
matching can be greatly enhanced either by making the phase variation in the medium low, or by
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Figure 2.31: Spectral selection of the cut-oﬀ continuum region: Emission of isolated pulses.

Figure 2.32: Polarization modulated pulse used in the
polarization gating technique.

making diﬀerent phase-variations balance each other. Both of these issues proﬁt by applying a
loose focusing geometry, the advantage of which was realised early. In case of loose focusing the
ionization rate is strongly reduced, and both the geometrical phase shift and intensity (together
with the dipole phase and the electron density) vary more slowly across the focus. Since the
increase of the confocal parameter leads to a reduction in peak intensity and an increase of the
number of the coherent emitters, the method can eﬀectively be applied only, if an ample amount
of laser energy is available.
Applying the above described approach, isolated pulses of limited power but of ultra-short
duration (about 100 asec) have been synthesized utilizing few cycle CEP stabilized driving
laser pulses [10, 14]. At somewhat longer durations (400–700 asec) trains of asec pulses, with
substantial power have been generated, utilizing high peak power, many-cycle driving lasers.
The focused XUV intensities of these trains reached 1014 W/cm2 and have been successfully
used in inducing two-XUV-photon processes.
2.7.2

Recent results

While the above discussed techniques are applied successfully in many laboratories, their scope
of applications is limited mainly because the maximum achievable XUV energy is limited. Especially for XUV-pump and XUV-probe type experiments and imaging of single molecules [15]
a higher photon ﬂux is needed. The generation of coherent high harmonics from the interaction
of an ultra-intense laser pulse with a solid density plasma surface has the potential of overcoming this limitation and producing attosecond pulses of unprecedented intensities [7] that
could be applied to a wide range of experiments. Two distinct mechanisms for plasma surface
high harmonic generation (SHHG) have been identiﬁed. For relativistic laser intensities, i.e.,
when Iλ2 > 1.38 × 1018 W/cm−2 µm2 , the dominant process is the frequency up-shifting of
the incident laser light due to the reﬂection from the relativistically oscillating electron density
surface, termed as the relativistic oscillating mirror (ROM). This process is explained in detail
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by the theory of relativistic spikes of Baeva et al. [16]. For sub- and moderately relativistic intensities the dominant mechanism is the coherent wake emission (CWE) described by Quéré et
al. [8]. Both these mechanisms are expected to generate coherent harmonics leading to temporal
bunching and the generation of attosecond bursts of XUV radiation. Many recent experiments
have increased our understanding for both SHHG mechanisms. In a series of measurements
Dromey et al. have shown harmonic spectra extending up to the keV photon energy range
(approximately the 2800th order of the fundamental laser frequency) [17], and the generation of
diﬀraction limited harmonic beams at 40 nm wavelength [18].

Figure 2.33: 1D PIC simulations elucidating
the CWE generation The color plot shows current component Jx perpendicular to the target.
From [25].

Figure 2.34: Measured non-linear volume AC
traces for the harmonic composition comprising
the 8th to 14th harmonic. A train of 900 asec
pulses has revealed phase locking of SHHG.

Experiments have led to new insights into the CWE mechanism, proving that the spectrum
has a sharp cut-oﬀ related to the maximum density of the target and the unequal temporal
spacing of the individual emitted attosecond bursts [8, 19, 20]. In a very recent experiment, an
order of magnitude higher conversion eﬃciency in SHHG than in gas HOHG was demonstrated.
In this experiment it was further shown that the harmonic emission emanating from the interaction of intense laser pulses with solid surfaces indeed possesses the necessary properties
to give rise to attosecond temporal bunching. Using the technique of the second-order volume
autocorrelation [21,22], a sub-femtosecond temporal structure has been observed [23]. Although
all these experiments have led to a wealth of new insights into the generation mechanisms of
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high harmonics from plasma surfaces, they have all, up to now, focused on characterizing the
generated harmonics. If one wants to take surface harmonics to the next level, i.e., to use the
generated radiation in a variety of applications, it becomes important to study issues such as
transporting the beam, ﬁltering the spectrum, suppressing the reﬂected infrared (IR) light from
the target and increase the repetition rate to allow accumulation of many shots.
In the front of intense isolated attosecond pulses a recent development is the Interferometric
Polarization Gating technique [24]. This technique allows for the application of the approach
to many cycle pulses and thus to high peak power lasers. Through an interferometrically controlled ellipticity modulation of 50 fs long driving pulses we demonstrate broad continuum XUV
emission [24]. Coherent broadband radiation down to 15 nm, capable to support synthesis of
single pulses of 120 asec duration, and energy content in the sub-100 nJ range has been lately
measured [25]. The present results open up excellent perspectives for intense asec pulse generation, either from gas targets or from relativistic laser–surface plasma interactions, for several
existing high peak power many cycle laser installations.
2.7.3

Predicted evolution

Current and future eﬀorts in attosecond pulse engineering are focusing on the progress in laser
technology. Systems emitting pulses of few 100 of mJ and sub-10 fs durations are operational
(e.g. the LWS 10 beam line at MPQ). The under construction PFS system at MPQ and the
forefront laser system at ELI are challenging the few cycle pulse PW range (5 fs, 1-5 J). Utilizing
such systems at intensities exceeding 1020 W/cm2 , intense attosecond pulses are predicted to
reach the water window and beyond, while in the XUV region focused intensities of 1023 W/cm2
may become achievable. Developments in the generation process are following two directions:
I) Use of gas targets and highly loose focusing geometries (sub-20 m focal lengths) and II)
Use of solid targets and ultra-high contrast laser beams. Such an evolution is subject to profound developments in short wavelength optics and ﬁlters mentioned in the previous section.
Table 2.3 summarizes some speciﬁcations of current and future, including ELI, attosecond radiation sources.
Table 2.3: Speciﬁcations of current and future laser-based attosecond radiation sources.

Source

ηω

τ

E
(@ the source)

Imax
(@ the target)

Gas HOHG
single pulse

20–100 eV

∼ 100 asec

≤ 1 nJ

<1011 W/cm2

Gas HOHG
pulse trains

10–100 eV

≥ 300 asec
≥ 10 fs envelope

≤ 1 µJ

<1014 W/cm2

Surface HOHG
(current)

10 s of eV
–few keV

∼ 900 asec
∼ 40 fs envelope

≤ 1 µJ

<1012 W/cm2

Surface HOHG
(future, i.e., ELI)

10 s of eV –
few keV

100–5 asec

≤

<1023 W/cm2 **

100 mJ**

** Predictions based on PIC simulations.
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2.7.4

Tested applications

There are diﬀerent options for probing electron dynamics with sub-femtosecond temporal resolution. An attosecond XUV pulse can trigger the electronic motion in an atom or molecule by
exciting a valence or a core electron; the subsequent relaxation dynamics could be probed using
the conventional pump-probe techniques, i.e., by a second attosecond XUV probe pulse. So far,
such an experimental approach is not technically feasible due to the low energy of the currently
available isolated attosecond pulses (limited to the nanojoule level) and to the low two-photon
transition probability in the XUV and soft-X ray spectral region. It has been demonstrated that
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a few-cycle infrared (IR) or visible pulse with controlled electric ﬁeld, in combination with a
highly nonlinear process, can replace the attosecond pulse either in probing or starting electron
dynamics. Indeed, the electric ﬁeld of an IR pulse, which changes its amplitude from zero to
the maximum value in about 600 asec in the case of 750 nm pulses, can be used to probe, with
attosecond resolution, the temporal evolution of electronic processes initiated by an attosecond
pulse. It is worth pointing out that the harmonic generation process automatically leads to the
production of attosecond pulses perfectly synchronized with the electric ﬁeld of the IR driving
pulse. This characteristic enables one to use attosecond pulses in combination with the driving pulses to investigate, with sub-femtosecond accuracy, the electron dynamics in atoms and
molecules.
The ﬁrst remarkable demonstration of such an experimental approach was oﬀered by the
introduction of the streak-camera technique for temporal characterization of attosecond pulses
[1]. The basic idea of the measurement is the following: the attosecond pulse ionizes a gas,
by single-photon absorption, thus generating an attosecond electron pulse, which, far from any
resonance, is a perfect replica of the optical pulse. The conversion of the XUV pulse into an
electron wavepacket occurs in the presence of a streaking IR pulse, whose electric ﬁeld acts as
an ultrafast phase modulator on the generated electron wavepacket. The evolution of the photoionization spectra as a function of the delay between the attosecond and the IR pulses allows
one to retrieve the temporal intensity proﬁle and phase of the XUV pulses and the electric ﬁeld
of the IR pulse. The presence of the streaking ﬁeld maps the temporal proﬁle of the electron
emission, and therefore the temporal proﬁle of the XUV pulse, into a distribution of ﬁnal electron
energies, from which it is possible to retrieve the XUV pulse duration.
The ﬁrst experimental application of the streak-camera concept to the measurement of the
duration of isolated XUV pulses was reported in 2001 by Hentschel et al. [2]. Isolated attosecond
pulses have been produced by spectrally selecting the cutoﬀ region of the harmonic spectrum
generated in neon by 7 fs driving pulses. The XUV beam transmitted by a circular Zr ﬁlter, with
a size matching the diameter of the harmonic beam, and the co-propagating annular IR beam
were focused onto a second gas jet (krypton) by a concentric piezo-controlled double mirror unit.
The central part of the mirror unit was a Mo/Si multilayer acting as a bandpass ﬁlter centered
at 90 eV (bandwidth ∼ 5 eV). Upon measuring the evolution of the width of the photoelectron
spectrum as a function of the delay between the XUV and IR pulses it was possible to deduce an
XUV pulse duration of ∼ 650 asec. Using the same technique, pulses as short as 250 asec have
been measured in 2004 [3]. Complete temporal characterization of isolated attosecond pulses
has been reported in 2006 by Sansone et al. [4] and in 2008 by Goulielmakis et al. [5].
In the last few years, ﬁrst experiments have been performed where attosecond laser pulses
have been used to study time-resolved electron dynamics. The streaking technique can be used
for probing inner atomic relaxation dynamics with sub-femtosecond resolution. In 2002 Drescher
et al. [6] reported on the real-time observation of an atomic inner-shell process with attosecond
accuracy, using a pump-probe experimental apparatus. In the experiment 0.9 fs soft-X-ray pulses
have been used to excite krypton atoms and sub-7-fs IR pulses to probe electron emission. In
this case the attosecond pulse creates a core hole, which is not stable; the system tends to
minimize its energy by ﬁlling the vacancy with an electron from an outer shell. The excess
energy is either carried away by ﬂuorescence (emission of an XUV photon) or it is transferred
via electrostatic forces to another (Auger) electron, which subsequently escapes from the atom,
in the presence of a few-cycle IR streaking ﬁeld. Upon measuring the temporal evolution of
the spectrum of the Auger electrons as a function of the delay between the XUV and IR pulses
it was possible to characterize the relaxation dynamics of the core hole. An Auger lifetime of
7.9 fs has been determined. In general, when the lifetime is much shorter than the period of the
streaking ﬁeld, the Auger electron maps out the oscillation of the IR ﬁeld (as in the case of the
photoelectrons directly generated by the attosecond pulse). In the case of lifetimes exceeding
the optical period of the IR ﬁeld, the energy spectrum shows the generation of sidebands spaced
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by the IR photon energy. In this case the measurement of the core-hole dynamics does not rely
on time-energy mapping. Rather, the sideband area as a function of pump-probe delay gives
the temporal evolution of the Auger electrons.
More recently, the attosecond streaking technique has been extended to the investigation of
electronic processes in condensed-matter systems [7]. Photoelectron emission from single-crystal
tungsten has been probed, with attosecond resolution, revealing a 100 asec delay between the
emission of photoelectrons that originate from localized core states of the metal and those that
are freed from delocalized conduction-band states.
Another technique, which has been used so far to investigate electron dynamics with subfemtosecond resolution, is based on XUV excitation of bound states followed by ionization by
an intense IR ﬁeld [8]. Energetic photo-excitations are commonly accompanied by electron
transitions to unoccupied states via shake-up. A few-cycle, phase-stabilized IR pulse can now
ionise the shake-up states in sub-femtosecond steps: this oﬀers the possibility to probe the
population of the shake-up states by measuring the number of ions resulting from the XUV
pump, IR probe process. At the same time it is possible to investigate the temporal dynamics
of strong-ﬁeld ionization.
A very important aspect of attosecond technology is related to the fact that attosecond
optical pulses produced by harmonic generation in gases are always associated with attosecond
electron pulses. Indeed, XUV radiation is emitted by the oscillating dipole generated by the
interference between the electron wavepacket (WP) bound to the atom (or molecule) and the
electron WP freed in the continuum by tunnel ionization (the so called recollision electron
wavepacket). Such attosecond electron pulses give access to spatial resolution. Indeed, the interatomic separation in matter and the typical structure size of valence electron orbitals are ∼ 1 Å,
which almost exactly matches the de Broglie wavelength of a typical recollision electron. Thus
attosecond science can simultaneously control and measure structure and dynamics. Various
techniques for molecular imaging have been proposed and partly experimentally implemented.
(i) Laser-induced electron diﬀraction: the recollision electron wave can diﬀract from its parent
ion; by measuring the 3-D electron momentum of the scattered electrons it is possible to gain
information required to reconstruct atomic positions within the molecule. In 2008 Meckel et
al. [9] reported ﬁrst experimental evidences of laser-induced electron diﬀraction from aligned
O2 and N2 molecules. In order to obtain electron diﬀraction the de Broglie wavelength of the
electron has to be of the order of the molecular size. Small diatomic molecules have a bond length
of the order of 1 Å: an electron kinetic energy of 150 eV is required, which is easily obtainable.
It has been demonstrated that the measured momentum distribution of the electrons extracted
from the O2 and N2 molecules "carries the ﬁngerprint of the highest occupied molecular orbital,
whereas the elastically scattered electrons reveal the position of the nuclear components of the
molecule. Thus the photoelectrons give detailed information about the electronic orbital and
the position of the nuclei." [9].
(ii) Tomographic imaging of molecular orbitals. Since the harmonic emission is produced by
the interference between the recolliding electron WP and the parent orbital, the harmonic spectrum contains the one-dimensional Fourier transform of the bound state orbital wave function.
If we rotate the molecule in space we can take projections of the orbital shape from diﬀerent
directions and then build up its 3-D structure, as demonstrated by P. Corkum, D. Villeneuve
and co-workers in the case of nitrogen molecule [10].
Trains of attosecond pulses, in combination with the use of ponderomotive streaking, have
been used for complete characterization of electronic wavepackets [11]. The basic idea of the
method is the following. If two attosecond pulses, separated by half optical cycle, are focused
on a gas medium, two electron wavepackets are created in the continuum. Under the inﬂuence
of a strong IR ﬁeld, it is possible to modify the phase and/or the velocity of such electron
wavepackets, thus allowing for the observation of interference patterns that contain information
about the IR ﬁeld and the electron wavepackets [12]. The proof-of-principle experiment has
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been performed by using a train of attosecond pulses focused on Argon [11]. An interference
pattern in the electron momentum space has been measured, whose characteristics depends on
the temporal delay between the IR streaking ﬁeld and the train of attosecond pulses. Although
the reported measurements do not allow the recovery of the full momentum wave function, the
experiment showed a promising new avenue for reconstructing the wavefunctions of atoms and
molecules and for following the ultrafast dynamics of electronic wave packets.
A diﬀerent class of applications of attosecond pulses to metrology and spectroscopy is based
on the use of nonlinear eﬀects, as in the case of femtosecond visible or near-infrared pulses. The
extension of nonlinear optics to the XUV spectral region by using attosecond pulses, in the form
of a train of pulses or of isolated pulses, has been so far limited by the low photon yield of the
available attosecond sources and by the low nonlinear cross-section in the XUV spectral region.
Various nonlinear processes have been used so far for the measurement of ultrashort XUV pulse
duration: (i) two-photon above threshold ionization (ATI); (ii) two-photon absorption in atoms;
(iii) two-photon double ionization; (iv) Coulomb explosion of diatomic molecules via two-photon
double ionization [13].
In 2004 Sekikawa et al. reported on the temporal characterization of the ninth harmonic of
sub-10 fs, 3.1 eV pulses by the autocorrelation technique, employing two-photon above-threshold
ionization of helium [14, 15]. Upon measuring the number of photoelectrons with energy corresponding to the two-photon ATI peak (at 31.2 eV) as a function of the time delay between the
two ninth-harmonic pulses, it was possible to measure the autocorrelation trace, with a minimum
pulse duration of 950 ± 90 asec. More recently the temporal phase and intensity proﬁle of the
ninth harmonic pulses at 27.9 eV have been measured by using the Frequency Resolved Optical
Gating (FROG) technique, based on two-photon ATI in He [16]. The measured shortest pulse
duration was 860 asec implied by a ﬂat spectral phase. In 2003, by using two-photon absorption
(TPA) ionization of helium, Tzallas et al. demonstrated the ﬁrst autocorrelation measurement
of a train of attosecond pulses [17]. The He+ yield induced by TPA was measured by a time-ofﬂight mass spectrometer as a function of the delay between two attosecond pulse train replicas,
and provided the second-order autocorrelation signal. The measured ion yield exhibits a clear
attosecond structure, with a periodicity twice that of the driving laser ﬁeld, from which it was
possible to obtain an estimate of 780 ± 80 asec for the average duration of the attosecond pulses
in the train. The approach is extendable to shorter wavelengths utilizing an alternative non
linear process in the XUV region, such as two-photon direct double ionization. Observation of
the processes induced by a superposition of harmonics has been demonstrated in Kr and Ar
atoms [18]. Coulomb explosion of diatomic molecules via two-photon double ionization has been
recently proposed and used for the measurement of the interferometric autocorrelation of an
attosecond pulse train [19], due to the larger nonlinear cross section with respect to rare-gas
atoms. The integrated ion yield as a function of the temporal delay between the two XUV pulses
displays clear bunches with a periodicity twice that of the driving laser ﬁeld, which correspond
to the interferometric autocorrelation trace of the train of attosecond pulses, with an estimated
duration of the pulse bursts of 320 asec in full width at half maximum. Two-photon ATI is an
additional alternative that has been used for an energy resolved autocorrelation measurement of
an attosecond pulse train [20]. Second order autocorrelation applications have been very recently
initiated [21] as well in surface plasma harmonics. Nomura et al. have observed a sub-fs pulse
train of odd and even surface plasma harmonics generated at an increased conversion eﬃciency
of 6 × 10−5 .
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2.7.5

Potential applications

The prospects for attosecond science and for the study of ultrafast electron dynamics in all kinds
of matter are greatly extended if brighter light sources with a wider wavelength range become
available. Current sources of isolated attosecond pulses have restricted brightness (∼ 106 photons per pulse) and so essentially limit us to linear experiments, where there is single photon
excitation by the ultrashort XUV pulse. Higher brightness sources (>109 photons per pulse)
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available from HHG induced by high peak power laser pulses may enable nonlinear coupling
to permit two-photon and higher order processes to be excited. Just as in the optical domain,
where the reach of coherent nonlinear spectroscopy (e.g., four-wave mixing, photon echo, multidimensional approaches) has a greatly extended power over linear spectroscopy, so we would
anticipate a more powerful probe of ultrafast electron dynamics if XUV ultrashort pulse nonlinear spectroscopy were possible. Pump/probe studies with attosecond pump/attosecond probe,
as well as some (nonlinear) coherent control schemes require multiphoton absorption. Intense
attosecond pulses will thus open an enormous range of processes that can be investigated. It
will become possible to probe in a pricise way, with XUV radiation, molecular/cluster fragmentation induced by another ultrashort XUV pulse. More generally, the possibility to induce
nonlinear processes using XUV or soft X-ray radiation opens a vast number of possible processes
such as nonlinear frequency conversion into hard X-rays, wave mixing processes, advanced diagnostics etc. Intense attosecond pulses will be able to drive electros at very high frequencies.
This will make possible electron bunching of interest for free electron laser coherent emission.
The predicted unprecedented photon numbers per pulse (1016 in the VUV to 5·1012 in the xray spectral region) to be emitted through relativistic laser-surface plasma interactions further
boost the application spectrum towards fully unexplored research areas such as multi-photon,
non-perturbative and relativistic inner-shell processes or exotic high XUV/X-ray ﬁeld physics.
On a microscopic level, high ﬁeld physics will be extended to the XUV and X-ray regime.
One can envision to create a wavepacket with an attosecond pulse and to drive it with a second
intense attosecond pulse, inducing a number of interesting new phenomena. One of these is the
stabilization of atoms exposed to intense XUV light. Spatially coherent and intense attosecond
pulses will also be of interest for temporally-resolved microscopic studies. This includes the very
interesting topic of single molecule imaging by coherent diﬀraction techniques.
Multiple ionization/excitation of atoms and ions in XUV short ﬁelds
Strong ﬁeld multiple ionization/excitation with several active electrons is a fundamental problem in atomic physics and a challenge for both experiment and theory. Because of the canonical
importance of multiphoton processes in helium, a large number of theoretical studies have focused on two-photon excitation of auto-ionizing states (AIS) and two-photon double ionization
(TPDI) in helium. Concerning auto-ionizing states, the lower 1 Se and 1 De AIS series of He are
excited from fundamental state through two-photon absorption with hω ∼
= 30 eV [1, 2]. TPDI
channel opens for photon energy close to 40 eV, a considerable amount of works have focused on
this problem these last years, with large discrepancies between theoretical results. The diﬃculty
of this problem is that the highly nonlinear ﬁeld interaction is entangled with the few-body
correlated dynamics. For photon energies ranging from 40 eV to 54.4 eV the two-photon double
ionization process is direct, in this range there exists two clusters of results, separated by more
than one order of magnitude (see [3], and references therein). One reason for such a discrepancy
might be the diﬀerent treatment of electron interaction in the ﬁnal double continuum state.
However, this clustering of theoretical data cannot be explained by categorizing them with respect to accounting or neglecting the electron interaction in ﬁnal state. With photon energies
larger than 54.4 eV and ultrashort pulses, TPDI electron spectrum reveals electron dynamics
at the attosecond scale [4]. Morishita et al. have theoretically investigated the possibility to
obtain a complete characterization of the time-dependent correlated motion of two electrons in
helium by using attosecond-pump/attosecond-probe measurements [5]. In this case a broadband
attosecond pump pulse generates an electron wavepacket by coherent superposition of states.
A second attosecond pulse is used to doubly ionize the atom and the momentum vectors of
the two ejected electrons must be measured in coincidence. As pointed out in Ref. [5], “for
simple wave packets the stretching, the rotational, and the bending vibrational motion of the
two electrons can be extracted from the measured momentum spectra when they are analyzed
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in special coordinates".
The ELI project opens the perspective to pursue these studies with heavier atoms or ions and
to explore the tunneling regime. Indeed, if we consider that the photon energy, time duration
and intensity scale like ωZ2 , TZ−2 and IZ6 , respectively, with the nuclear charge Z, attosecond
intense XUV ﬁelds are ideal to explore multielectron processes in heavy atoms and ions [6]. At
contrast with femtosecond pulses, the atom or ion submitted to attosecond intense radiation
will experience the maximum ﬁeld intensity before it fully ionizes. This paves the way to studies
of the relativistic eﬀects and multiple ionization/excitation in the tunneling regime, which has
received very little attention up to now [7].
Inner-shell processes are highly correlated processes than have only been studied in the
linear regime. The ELI project will uniquely enable the study of multiphoton inner-shell eﬀects.
Utilizing any other “long pulse” source non-linear inner-shell processes will be overwhelmed by
linear outer (or inner) shell interactions at any intensity below saturation. It has been estimated
that due to the ultrashort duration of attosecond pulses there exist intensity regions prior to the
depletion of the target in which two-photon inner shell processes become the dominant process
of the interaction. Thus ELI will be a unique installation for the study of non-linear inner shell
processes.
Attosecond nanoplasmonics
Synchronized waveform-controlled few-cycle visible and attosecond XUV pulses can be used
to study collective electron dynamics (plasmons) in nanoscopic systems. Collective electron
dynamics are of particular importance for the optical response of nanoparticles. Nano-structured
materials, nanoparticles and clusters (with sizes between 1 and 1000 nm) are ideally suited to
study collective electronic phenomena. These materials bridge the gap between atoms and
molecules and the bulk materials. The motivation for studies on these materials is related to
the possibility of tailoring their dynamical behavior on the basis of size and shape. They are of
fundamental interest and have wide applications ranging from markers in medicine and biology
over catalysts in chemistry to quantum computers. In a number of the important physical
phenomena, the excitation and relaxation of electrons play a key role and collective electron
excitations (Mie-plasmons) are typical signatures in the optical response of nanoparticles. While
the spectral positions of plasmon excitations as a function of particle size, shape and dielectric
properties are well understood, the ultrafast dynamics of collective electronic excitations, i.e.,
how they are formed and how the phase coherence is lost, is an open research ﬁeld that can only
now be explored in detail with attosecond spectroscopic tools.
In 2007 Stockman et al. proposed a new experimental method to measure the temporal
dynamics of the collective electron oscillations in nanostructures with attosecond temporal resolution and nanometer-scale spatial resolution [8]. The proposed attosecond nanoplasmonic ﬁeld
(ANPF) microscope combines the temporal resolution of attosecond pulses with the spatial resolution of a photoelectron emission microscope (PEEM). The approach is based on the attosecond
streak-camera method. The achievable temporal resolution of the proposed ANPF microscope
is limited so far to ∼ 100 asec, by the pulse duration of the available attosecond sources, not by
the proposed measurement method. Spatial information can be obtained by imaging the excited
nanoplasmonic system in a PEEM with energy resolution. The achievable spatial resolution is
determined by the electron optics of the PEEM, and can be on the order of nanometers.
The ELI project opens the perspective to explore electron dynamics in isolated nanoparticles and nanoparticles on surfaces with sub-femtosecond time resolution. While ﬁrst proof-ofprinciple studies on nanoparticles on surfaces with ultrahigh spatial (few tens of nanometer) and
temporal (sub-100 asec) resolution may be implemented within the next years with state-of-the
art table top attosecond setups, the studies on isolated nanoparticles are a great challenge as
the expected count rate with current table-top sources is too low (estimated to be 0.1/s). An
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ultrabright source can increase the count rate by several orders of magnitude and thus facilitate
such explorations for the ﬁrst time. The aim is to gain information on the collective electronic
properties of nanostructured materials on a timescale on which they occur in nature. The work
can have a huge impact on the development of nanoplasmonic devices, which may exceed the
current speed of electronics by several orders of magnitude.
Plasma physics
In the ﬁeld of dense plasma physics, in particular plasmas close to solid densities originating
from the sudden heating of solid matter, the time scale of all plasma oscillations is 
set by the
plasma frequency ωp = 2π/Tp . The period of these oscillations is given by Tp /TL = ncrit /ne ,
where the critical density is about ncrit ≈ 1021 cm−3 for light of period TL ≈ 3 fs and the actual
electron density ne ≈ 1023 –1024 cm−3 . This implies oscillation periods of 100–300 as, and timeresolved measurements will depend on even shorter attosecond pulses. Detailed investigations of
plasma dynamics on these time scales will be crucial for a number of applications, such as laserdriven ion acceleration from thin solid targets and high harmonics generation from solid surfaces.
Here Rayleigh-Taylor-type instability of laser-driven electron fronts may play a major role and
need to be controlled. For fast ignition of inertial conﬁnement fusion (ICF) targets, densities
up to 1000 time solid density are required and the crucial question of electron energy transport
to the highly compressed fuel core involves time scales down to a few attoseconds [9]. Here the
beam transport involves currents of up to 1 GA, and ﬁlamentation instability on attosecond time
scale needs to be resolved. All applications to high-ﬁeld physics that are now discussed within
the ELI project for even higher intensities (e.g. reaching the Schwinger limit, pair creation,
generation of Unruh radiation, etc.) will depend on focusing the attosecond pulses. This will
require curved plasma sheets, and time resolved control of how they form and propagate will be
crucial for success.
Attosecond science in condensed matter
Beyond a broad range of electron dynamics in isolated atoms and molecules, a rich variety of
ultrafast electronic motion, important for many ongoing and future developments, occur on
surfaces and in solids.
(i) Strongly-correlated electron systems. Many condensed matter systems of current
interest are characterized by electronic interactions with energy scales that exceed 1 eV. These
are the so called strongly-correlated electron systems, where interaction between charge carriers
greatly exceeds their kinetic energy. The response of these systems to external perturbations,
such as a photo-excitation event, can teach us a great deal about the elementary interactions
taking place. Furthermore, photo-control of such strongly-correlated electron solids may lead to
new applications in ultrafast data processing and storage. Because the energy scale is so high,
the rearrangements in the electronic system can only be followed by pulses of commensurate
duration. In the copper oxides, that give rise to high-temperature superconductivity, the electron
correlation energy is of order 2 eV, giving rise to important dynamics occurring in the attosecond
regime.
(ii) Photo-electron spectroscopy. Elementary photo-electron spectroscopy rely on the assumption that the emission of the photo-electron is a prompt process. This "sudden approximation" underpins our ability to learn about the solid by looking at the energy distribution
of the photo-electron. However, the exact escape time of photo-emitted electrons is ﬁnite and
being able to follow the dynamics of the photo-emission process would revolutionize this kind
of spectroscopy.
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(iii) Electron diﬀraction. The ability to use UV radiation for photo-electron diﬀraction, in
which the angular distribution of the photo-electrons carries information on the surface atomic
and electronic structure, is one of the most interesting probes of surfaces. These are demanding
experiments that may become possible with intense attosecond pulses. These probes, which are
ideally understood as an "inverse LEED" technique, may give us structural information on a
timescale that is faster than any internal rearrangement of a solid state system. Even geometric
charge distributions could be probed in this way.
(iv) 4-dimensional microscopy of electron dynamics with nanometer resolution in
space and attosecond resolution in time. Emphasis in surface science and nanotechnology
is shifting towards complex architectures. These include layers of large organic molecules and
biomolecules, self-assembly of monolayers and of supramolecular structures on surfaces and
nanoparticle formation. In all applications, ranging from functionalized surfaces of nanoparticles
to solar cells based on dyes on surfaces, bio sensors and molecular electronics, insight into
electronic dynamics is a prerequisite for modeling and optimizing surface-based systems. In the
ﬁeld of semiconductor nanostructures, the realization of fully-quantized systems has allowed the
development of optoelectronic devices that have true quantum mechanical functionality. Probing
these systems with attosecond temporal resolution will provide direct access to the processes
responsible for quantum state dephasing, the origin of which is ill-understood. Insight into the
nature of such processes is essential to the development of solid-state coherent quantum devices
such as hardware for utilization in quantum information technologies. Attosecond techniques
will grant access to even the fastest electronic processes on surfaces and in solids, including
those relating to the motion of electrons as well as their spin dynamics. Selecting its radiation
at the highest photon energies (∼ 1 keV) will oﬀer attosecond temporal resolution combined with
nanometer spatial resolution by means of attosecond soft-X-ray diﬀraction. This 4D microscopy
will allow – for the ﬁrst time –recording of movies of electronic dynamics in nanometer-scale
molecular and solid-state structures with truly electronic attosecond time resolution.
Imaging with ultrashort light pulses
Theory predicts that with an extremely intense and ultrashort X-ray pulse, a diﬀraction pattern
can be recorded from an object before it explodes [10]. Experiments performed at the FLASH
soft X-Ray Free Electron Laser in Hamburg at DESY (Deusches Elektronen-Synchroton) have
validated the principle of single-shot “ﬂash diﬀraction imaging” of solid samples [11] and isolated, substrate-free particles in the gas-phase [12]. Femtosecond time-delay holography [13]
and Laser-pump/X-ray probe experiments [14] have allowed the investigation of sample disintegration dynamics in response to energy deposited by X-ray and IR pulses, respectively. The
development of massively parallel holography [15] employing uniformly redundant arrays allows
the ampliﬁcation of diﬀraction signals by several orders of magnitude. These techniques open
novel opportunities for imaging biological samples ranging in size from entire living cells to
viruses and potentially down to individual macromolecules. Bergh et al. have recently modelled
the ideal laser pulse requirements for imaging biological cells [16]. While X-ray pulses of few
tens of fs “kill” the sample, pulses at the few fs level or shorter allow for sharp diﬀraction images.
The availability of ultra-short pulse X-ray lasers will enable these methods to reach their full
potential.
Tailored electron dynamics and application to chemistry
With the development of attosecond pulses in the range of 5 to 15 eV energy per photon it will
become possible to tailor the valence electron motion so as to direct the motion of the nuclei
and chemical reactivity [17]. Examples of possible applications of isolated attosecond pulses in
this energy range are the following: investigation of the electron dynamics in small peptides
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ionized locally by an attosecond pulse [17, 18] and investigation of the electron dynamics of a
coherent superposition of excited electronic states produced by an ultrashort attosecond pulse
in LiH [19–21].
The small number of electrons in LiH makes it possible to use a time-dependent multiconﬁguration method with a large electronic basis set to compute the response of all the electrons
to a few-cycle intense pump ﬁeld followed by a probe pulse. The eﬀect of the pulse is added to
the electronic Hamiltonian of the system so that the treatment of electron correlation during
and after the pulse is essentially exact. The motion of the electrons can be controlled by the
parameters of the ultrashort pulse, i.e., intensity, duration, polarization and the carrier envelope
phase (CEP) [19, 20]. For example, by shifting the CEP phase of the pulse the electrons can
be driven towards the Li nucleus or away from it. The probing of the electronic wave packet
by a probe pulse is included in the Hamiltonian and the resulting frequency dispersed spectrum
computed.
For larger systems like the peptide cations, the almost exact treatment of the electron correlation that is possible in LiH is computationally intractable. An one-electron theory approach can
be used in this case to follow the motion of the hole created by the ultrafast localized ionization.
The formalisms that have been used up to now were developed for ultrashort time such that
the nuclei are de facto frozen in their position. Such a theory could only describe the ultrafast
electron dynamics that takes place before the nuclei start to move. Novel theoretical tools and
concepts must be developed to explore the early time nuclear dynamics that is induced by the
electronic motion. In particular, an understanding is needed on how to tailor the electron-nuclei
coupling with the attosecond pulse in order to control the nuclear motion.

Bibliography
[1] I. Sánchez, H. Bachau, E. Cormier, J. Phys. B 28, 2367 (1995).
[2] R. Hasbani, E. Cormier, H. Bachau, J. Phys. B 33, 2101, (2000).
[3] E. Foumouo, Ph. Antoine, B. Piraux, L. Malegat, H. Bachau, R. Shakeshaft, J. Phys. B
41, 051001 (2008).
[4] E. Foumouo, Ph. Antoine, H. Bachau, B. Piraux, New J. Phys. 10, 025017 (2008).
[5] T. Morishita, S. Watanabe, C.D. Lin, Phys. Rev. Lett. 98, 083003 (2007).
[6] S. Laulan et al., J. of Mod. Optics 50, 353 (2003).
[7] J. Bauer and K. Rzazewski, J. Phys. B 29, 3351 (1996).
[8] M.I. Stockman, M.F. Kling, U. Kleineberg, F. Krausz, Nat. Photon. 1, 539 (2007).
[9] S. Atzeni, J. Meyer-ter-Vehn: The Physics of Inertial Fusion, Oxford University Press, 2004.
[10] R. Neutze, R. Wouts, D. van der Spoel, E. Weckert, J. Hajdu, Nature 406, 752 (2000).
[11] H.N. Chapman, A. Barty, M.J. Bogan, S. Boutet, M. Frank, S.P. Hau-Riege, S. Marchesini,
B.W. Woods, S. Bajt, H. Benner, R.A. London, E. Plonjes, M. Kuhlmann, R. Treusch, S.
Dusterer, T. Tschentscher, J.R. Schneider, E. Spiller, T. Moller, C. Bostedt, M. Hoener,
D.A. Shapiro, K.O. Hodgson, D. Van der Spoel, F. Burmeister, M. Bergh, C. Caleman, G.
Huldt, M.M. Seibert, F. Maia, R.W. Lee, A. Szoke, N. Timneanu, J. Hajdu, Nat. Phys. 2,
839 (2006).
[12] M.J. Bogan, W.H. Benner, S. Boutet, U. Rohner, M. Frank, A. Barty, M.M. Seibert, F.
Maia, S. Marchesini, S. Bajt, B. Woods, V. Riot, S.P. Hau-Riege, M. Svenda, E. Marklund,
E. Spiller, J. Hajdu, H.N. Chapman, Nano Letters 8, 310 (2008).
[13] H.N. Chapman, S.P. Hau-Riege, M.J. Bogan, S. Bajt, A. Barty, S. Boutet, S. Marchesini,
M. Frank, B.W. Woods, W.H. Benner, R.A. London, U. Rohner, A. Szoke, E. Spiller, T.
Moller, C. Bostedt, D.A. Shapiro, M. Kuhlmann, R. Treusch, E. Plonjes, F. Burmeister,
M. Bergh, C. Caleman, G. Huldt, M.M. Seibert, J. Hajdu, Nature 448, 676 (2007).
120

www.extreme-light-infrastructure.eu

2.7 Attophysics

[14] A. Barty, S. Boutet, M.J. Bogan, S. Hau-Riege, S. Marchesini, K. Sokolowski-Tinten, N.
Stojanovic, R. Tobey, H. Ehrke, A. Cavalleri, S. Duesterer, M. Frank, S. Bajt, B.W. Woods,
M.M. Seibert, J. Hajdu, R. Treusch, H.N. Chapman, Nature Photonics 2, 415 (2008).
[15] S. Marchesini, S. Boutet, A. E. Sakdinawat, M.J. Bogan, S. Bajt, A. Barty, H.N. Chapman,
M. Frank, S.P. Hau-Riege, A. Szoke, C. Cui, D.A. Shapiro, M.R. Howells, J.C.H. Spence,
J.W. Shaevitz, J.Y. Lee, J. Hajdu, M.M. Seibert, Nature Photonics 2, 560 (2008).
[16] M. Bergh, G. Huldt, N. Timneanu, F. Maia, J. Hajdu, Quarterly Reviews of Biophysics, in
press.
[17] F. Remacle, R.D. Levine, Proc. Natl. Acad. Sci. USA 103, 6793 (2006).
[18] F. Remacle, R.D. Levine, Z. Phys. Chem. 221, 647 (2007).
[19] M. Nest, F. Remacle, and R. D. Levine, New J. Phys. 10, 025019 (2008).
[20] F. Remacle, M. Nest, and R. D. Levine, Phys. Rev. Lett. 99, 183902 (2007).
[21] F. Remacle, R. Kienberger, F. Krausz, and R. D. Levine, Chem. Phys. 338, 342 (2007).
2.7.6

Requirements from the users

Ionization probability per pulse

Since the source is dedicated to users, its speciﬁcations have to be user oriented. Thus a central
parameter in deﬁning speciﬁcations is the requirements set by users. The spectrum of users
of such a source is very broad and the adjacent requirements rather diverse. On the other
hand resources are limited and thus encompassing tendencies have to be avoided and optimal
compromises have to be made.
User requirements have been identiﬁed during the preparatory phase of ELI through discussions during meetings of the WP7B-1 “attosecond source open for users” as well as through
workshops and conferences that have been organized on attosecond science. These events have
hosted talks by potential users of the Attosecond Light Source of ELI, presenting possible novel
research projects to be conducted in this unique infrastructure giving special emphasis to the
required source parameters Examples of such events are the joined ELI/X-HOMES Workshop
on “Science with novel, user oriented intense attosecond radiation sources”, organized in Heraklion in August 2008 or the International Conference on Non Linear Phenomena in Russia
July, 2008 and the Attosecond workshop organized in Budapest in July 2010. But also in a
number of regular conferences, symposia, schools and other scientiﬁc events examples of what
could be done in the upcoming attosecond sources of the next generation European Research
Infrastructures are more and more frequent part of the presentations.
The source parameters to be deﬁned are the pulse duration, energy, central wavelength and
spatio-tempotral coherence as well as the average power that directly relates to the repetition
rate of the source and the beam divergence. Depending on the speciﬁc application the required
speciﬁcations are diverse and often in partial conﬂict. Some examples that have been provided
by potential users of the source are:
1
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Figure 2.35: Estimated one- and two-photon K-shell and
one-photon L-shell ionization probabilities for Z = 5.
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Figure 2.36: Coincidence measurements with fully diﬀerential data of sequential Two Photon Double Ionization of Ne (left) and correlated angular distribution data (right). In both data statistics
are limited. For such an experiment a tunable source with photon energy 30–50 eV at intensities
1014 –1016 W/cm2 , no strict duration requirements and 1 kHz repetition rate is needed. (From the
presentation of A. Rudenco at the ELI workshop on “XUV-High Order Harmonic Metrology Tools for
Novel Spectroscopic Applications" August 2008, FORTH, Crete, Greece.

1) Many of the applications are based on non-linear and/or relativistic/ultra-relativistic
XUV/x-ray processes for which peak intensity is a crucial parameter. Relativistic multi-photon
inner shell processes, an entirely new research topic, is one representative paradigm of such
applications. Fig. 2.35 shows estimated at FORTH-IESL two-photon K-shell ionization probabilities for Z = 5 (from the presentation of D. Charalambidis at the Paris ELI workshop).
The process becomes dominant against other competing processes at relativistic intensities. In
contrast “complete” experiments requiring coincidence detection of the radiation-matter interaction products seek for high repetition rates of the order of MHz or higher and thus high average
power. Fig. 2.36 shows fully diﬀerential data of coincidence measurements of the sequential
Two Photon Double Ionization (TPDI) of Ne (left) and experimental and theoretical data of
correlated angular distribution data (right). In both experiments the statistics are very low. For
this type of experiments intense (1014 –1016 W/cm2 ) XUV pulses at repetition rates of 1 kHz
are required.
2) Studies of ultra fast electron-electron correlations require ultra-short pulse duration, of
up to some 10 asec, and not necessarily too high photon ﬂuxes. Fig. 2.37 shows photoelectron
spectra of the He atom double ionization in which electron-electron correlation eﬀects may
become visible if the atom is ionized with pulses of 400 asec duration.
In contrast, in diﬀraction experiments, aiming e.g. at the imaging of bio-molecules, the
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required photon ﬂuxes are very important and pulse duration short but not ultra short. Since
the sample is destroyed within few fs upon irradiation (diﬀraction), imaging has to be completed
in a single shot, and pulse duration of 1 fs would be suﬃcient. Fig. 2.38 shows the temporal
evolution of the Coulomb explosion of lysozyme clusters after irradiation with x-rays. The
estimated time for which an exploding protein molecule irradiated by x-rays remains “freezed”
in its initial shape is few fs.
3) Diﬀraction experiments of nm scale objects require x-ray wavelengths, while for a large
number of experiments aiming at the study of attosecond dynamics in all stages of matter XUV
radiation is suﬃcient.

Figure 2.37: Photoelectron spectra obtained through two-photon double ionization of He at two different pulse durations, reviling the electron-electron correlation in the He ground state. The correlation
time becomes time dependene during the ionization process.(From the presentation of H. Bachau at the
ELI workshop on “XUV-High Order Harmonic Metrology Tools for Novel Spectroscopic Applications"
August 2008, FORTH, Crete, Greece. See also Foumouo et al., New J. Phys. 10, 025017 (2008)).

Figure 2.38: Explosion of T4 lysozyme (white, H; grey, C; blue, N; red, O; yellow, S) induced by
radiation damage. The integrated X-ray intensity was 3 × 1012 (12 keV) photons per 100 nm diameter
spot (3.8 × 106 photons per Å2 ) in all cases. A protein exposed to an X-ray pulse with an FWHM of
2 fs, and disintegration followed in time. Atomic positions in the ﬁrst two structures (before and after
the pulse) are practically identical at this pulse length because of an inertial delay in the explosion.
Rnucl = 3%, Relec = 11%. From [1].

4) High repetition rates are beneﬁcial for attosecond material processing, while single shot
radiography requires high photon ﬂuxes.
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An assessment of the user requirements in conjunction with the available technologies and
the infrastructure scale has led to the following speciﬁcations:
Table 2.4: Attosecond source speciﬁcations.

Source target

1. Solid density plasma
2. Gas jet

Photon energy
Pulse duration
Photon ﬂux
Repetition rate
M2

10 eV–5 KeV
300–10 asec
1016 - 1012 Photons/pulse
1 kHz
1.5
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2.8

ELI Nuclear Physics

Introduction
For ELI-NP the extreme light is realized in a twofold way: by very high optical laser intensities
of high power laser and by the very short wavelength beams with very high brilliance. This
combination allows for three types of experiments: stand-alone high power laser experiments,
stand-alone γ beam experiments and combined experiments of both facilities. Here the low
repetition rate (1/min) of the high power laser requires the same low repetition rate for the
γ beam in combined experiments. While the stand-alone γ beam will be used with typically
12 kHz the low repetition mode requires few very intense γ pulses.
2.8.1

Stand-alone High Power Laser Experiments

With the high power laser we do not plan to interact with nuclear dynamics directly, but we
use the laser for ion acceleration or to produce relativistic electron mirrors by laser acceleration
followed by a coherent reﬂection of a second laser beam in order to generate very brilliant X-ray
or γ beams. We plan to use these beams later to produce exotic nuclei or to perform new γ
spectroscopy experiments in the energy or time domain.
A Laser-Accelerated Th Beam is used to produce Neutron-Rich Nuclei around the
N = 126 Waiting Point of the r-Process via the Fission-Fusion Reaction Mechanism
The origin of the heaviest elements (e.g. Gold, Platin, Thorium, Uranium) remains one of the
11 greatest unanswered questions of modern physics, according to a recent report by the US
National Research Council of the National Academy of Science [1]. A recent paper accepted
in Appl. Phys. B by D. Habs et al. [2] outlines in detail, how the dense laser-accelerated ion
beams open up a new access to very neutron-rich nuclei, relevant to this element production.
In this proposal we introduce the new ’ﬁssion-fusion’ nuclear reaction process, which allows to
produce the decisive extremely neutron-rich nuclei in the range of the astrophysical R-process
(the rapid neutron-capture process) around the waiting point N =126 [3–5] by ﬁssioning a dense
laser-accelerated thorium ion bunch in a thorium target (covered by a polyethylene layer, CH2 ),
where the light ﬁssion fragments of the beam fuse with the light ﬁssion fragments of the target.
So far the astrophysically relevant nuclei are about 15 neutrons away from the last known
isotope and nothing is known about their nuclear properties. Via the ’hole-boring’ (HB) mode
of laser Radiation Pressure Acceleration (RPA) [6, 7] using a high-intensity, short pulse laser,
very eﬃciently bunches of 232 Th with solid-state density can be generated from a Th layer (ca.
0.5 µm thick), placed on a deuterated diamond-like carbon foil (CD2 with ca. 0.5 µm), forming
the production target. Laser-accelerated Th ions with about 7 MeV/u will pass through a thin
CH2 layer placed in front of a thicker second Th foil (both forming the reaction target) closely
behind the production target and disintegrate into light and heavy ﬁssion fragments. In addition,
light ions (d,C) from the CD2 backing of the Th layer will be accelerated as well, inducing the
ﬁssion process of 232 Th also in the second Th layer. The laser-accelerated ion bunches with solidstate density, which are about 1014 times more dense than classically accelerated ion bunches,
allow for a high probability that generated ﬁssion products can fuse again when the fragments
from the thorium beam strike the Th layer of the reaction target.
In contrast to classical radioactive beam facilities, where intense but low-density radioactive
beams of one ion species are merged with stable targets, the novel ﬁssion-fusion process draws on
the fusion between neutron-rich, short-lived, light ﬁssion fragments both from beam and target.
Moreover, the high ion beam density may lead to a strong collective modiﬁcation of the stopping
power in the target by ’snowplough-like’ removal of target electrons, leading to signiﬁcant range
enhancement, thus allowing to use rather thick targets.
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Figure 2.39: Nuclidic chart, showing the diﬀerent nucleosynthesis processes like the R-process, the
S-Process or the fusion processes in stars together with conture lines of the new ﬁssion-fusion process
for producing very neutron-rich nuclei close to N = 126 waiting point of the R-process.

Using a high-intensity laser with 300 J and 32 fs pulse length, as, e.g., envisaged for the
ELI-Nuclear Physics project in Bucharest (ELI-NP), order-of-magnitude estimates promise a
fusion yield of about 103 ions per laser pulse in the mass range of A = 180–190, thus enabling to
approach the R-process waiting point at N = 126. The produced nuclei from the ﬁssion-fusion
process will be injected into a Penning trap (see Fig. 2.40) to measure their nuclear binding
energy, a measure for shell quenching, with high accuracy. This information will narrow down
possible sites for the astrophysical R-process decisively.
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From Radiation Pressure Acceleration (RPA) and Laser-Driven Ion Pistons to Direct Laser Acceleration of Protons at Intensities up to 1024 W/cm2
Since the pioneering work that was carried out 10 years ago [1–4], the generation of highly
energetic ion beams from laser-plasma interactions has been investigated in much detail in the
regime of target normal sheath acceleration (TNSA) [5]. Creation of ion beams with small
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Figure 2.40: Experimental setup to produce the neutron-rich nuclei by laser acceleration, to separate
them in a gas-ﬁlled separator and ﬁnally to measure their masses very accurately in a Penning trap.

longitudinal and transverse emittance and energies extending up to tens of MeV fueled visions
of compact, laser-driven ion sources for applications such as ion beam therapy of tumors, fast
ignition inertial conﬁnement fusion or the generation of neutron-rich nuclei. However, new
pathways are of crucial importance to push the current limits of laser-generated ion beams
further towards parameters necessary for those applications.
To overcome the limitations of TNSA, a novel mechanism, which is referred to as Radiation Pressure Acceleration (RPA) was proposed [6–9]. Here, much thinner foil targets of only
nanometers are used so that the laser transfers energy to all electrons located within the focal
volume. While for TNSA the accelerating electric ﬁeld that is generated by hot electrons is
stationary and ion acceleration is spatially separated from laser absorption into electrons, in
RPA a localized longitudinal ﬁeld enhancement is present that co-propagates with the ions as
the accompanying laser pulse pushes the electrons forward. By changing the laser polarization
to circular, electron heating and expansion are eﬃciently suppressed, resulting in a phase-stable
acceleration that is dominated by the laser radiation pressure and is maintained for an extended
time. Thus, the whole target is accelerated ballistically as a quasi-neutral, dense plasma bunch
like a light sail. Just recently, this novel acceleration process has been observed for the ﬁrst
time in an experiment at intensities of 5 × 1019 W/cm2 [10, 11] and pulse energies below 1 J,
generating a peaked spectrum of C6+ ions. Compared to quasi-monoenergetic ion beam generation within the TNSA regime [12], a more than 40 times increase in conversion eﬃciency was
achieved.
A large number of theoretical studies lately predicted further improvement of the ion beam
characteristics in terms of conversion eﬃciency as well as peak energy and monochromaticity
when signiﬁcantly higher laser pulse energies and intensities are used [13–17]. In particular,
it is expected that the RPA process progresses much more stably when ions reach relativistic
velocities already in the initial hole-boring phase before the whole target is set in motion (i.e.,
before the light sail stage). At intensities around 1023 W/cm2 , simulations show that protons
become relativistic within one half-cycle of the laser pulse and acceleration by the laser radiation
pressure is dominant even for linear polarization in what is referred to as the laser-piston regime
[18, 19]. Here, the target can be viewed as a relativistic plasma mirror with Lorentz factor γ
being propelled by the reﬂected laser and the laser-to-ion conversion eﬃciency η = 1 − 1/4γ 2
approaches unity in the ultrarelativistic limit.
In all ion acceleration mechanisms discussed so far, the laser energy was not directly transwww.extreme-light-infrastructure.eu
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fered to ions but mediated by electrons instead. For even higher laser intensities of 5 ×
1024 W/cm2 at a wavelength of 1 µm, protons can be driven to relativistic velocities directly by
the laser ﬁeld. This regime of direct ion acceleration has not been studied in simulations so far,
since the new phenomenon of radiation damping strongly changes the laser-plasma interaction
and is also expected to occur at 1024 W/cm2 , hence preventing the straightforward application
of existing PIC codes [20,21]. Basically all theories of radiation damping suﬀer from more or less
severe intrinsic inconsistencies [22] and only by comparison with experiment the proper theory
can be established (see project 5.3: Radiation Damping at 1024 W/cm2 ).
Employing the high power laser, unprecedented intensities on the order of 1024 W/cm2
become available for experiments, allowing for improved RPA and for the ﬁrst time study of the
laser-piston regime as well as direct proton acceleration. According to theory, mono-energetic
solid density ion bunches are expected at laser-to-ion conversion eﬃciencies approaching unity.
Such a novel compact ion source could serve a wealth of experiments and applications, with an
example being given by the production of neutron-rich nuclei around the N = 126 waiting point
as described in project 4.1.
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Deceleration of Very Dense Electron and Ion Beams
In nuclear physics the Bethe-Bloch formula [2] is used to calculate the atomic stopping of
energetic individual electrons [1] by ionization and atomic excitation:
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where I is the ionization potential, ne the density of the electrons, me the mass of the electron,
v is the ion velocity, β = v/c, Tmax is the maximum kinetic energy which can be imparted to a
single electron in a single collision, and Zef f is the eﬀective charge of the ions.
For relativistic electrons the other important energy loss is bremsstrahlung with:
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The approximate ratio of the two loss processes [1] is:
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Thus radiation loss is dominant for high energy electrons e.g. E ≥ 100 MeV and Z = 10.
If, however (see below), the atomic stopping becomes orders of magnitude larger by collective
eﬀects, the radiation loss can be neglected.
For laser acceleration, the electron and ion bunch densities reach solid state densities, which
are about 14 orders of magnitude larger compared to beams from classical accelerators. Here
collective eﬀects become important. One can decompose the Bethe-Bloch equation according to
Ref. [3] into a ﬁrst contribution describing binary collisions and a second term describing long
range collective contributions:
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Here kD is the Debye wave number and ωp is the plasma frequency of the electrons. Similar to
bubble acceleration [4] but now with opposite phase for deceleration a strong collective ﬁeld is
built up by the blown-out electrons that decelerates them much faster than the processes that
take eﬀect for individual charged particles. Typical electric ﬁelds E are:
E = me ω p · v ·

nb
ne e

(2.28)

where nb is the charge density of the bunch. In Ref. [5] we discuss this mechanism of collective
deceleration of a dense particle bunch in a thin plasma, where the particle bunch ﬁts into part
of the plasma oscillation and is decelerated 105 –106 stronger than predicted by the classical
Bethe-Bloch equation [2] due to the strong collective wakeﬁeld. For ion deceleration we want to
use targets with suitable low density. These new laws of deceleration and stopping of charged
particles have to be established to use them later in experiments in an optimum way.
We may also discuss the opposite eﬀect with a strongly reduced atomic stopping power that
occurs when sending an energetic, solid state density ion bunch into a solid target. For this target
the plasma wavelength (λp ≈ 1 nm) is much smaller than the ion bunch length (≈ 100 nm) and
collective acceleration and deceleration eﬀects cancel each other. Only the binary collisions are
important. Hence, we may consider the dense ion bunch as consisting of 300 layers with Å
distances. Here the ﬁrst layers of the bunch will attract the electrons from the target and – like
a snow plough – will take up the decelerating electron momenta. The predominant part of the
ion bunch is screened from electrons and we expect a ≈ 102 fold reduction in stopping power.
The electron density ne is strongly reduced in the channel, because many electrons are driven
out by the ion bunch and the laser. Again all these eﬀects have to be studied in detail.
www.extreme-light-infrastructure.eu
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A Relativistic Ultra-thin Electron Sheet used as a Relativistic Mirror for the Production of Brilliant, Intense Coherent γ-Rays
In Ref. [1] we have proposed the use of an intense laser to drive a very dense electron sheet out
of an ultra-thin Diamond-Like-Carbon (DLC) foil. The sheet then surfs on the half-wave of the
laser pulse and gains a relativistic energy characterized by γ = √ 1 2 with the total velocity
1
2
1−βx

β = v/c. We also introduce γx = √

1−β

with the velocity βx = vx /c normal to the electron

sheet. This relativistic electron mirror is expected to allow the reﬂection of a second laser beam
for very brilliant, very intense, coherent X ray and γ beams with many unique applications.
Kulagin et al. [2, 3] showed that the produced ﬂat electron sheet stays together for some
µm, having energies of γ ≈ a, where a is the dimensionless laser intensity parameter. This γ is
diﬀerent from the γ = 1 + a2 /2 calculated for a single electron, which probably is too high for
a dense electron sheet. We have experimentally observed this production of electron sheets for
the ﬁrst time at the Trident laser in Los Alamos for 500 fs laser pulses [4] and also at the laser
of the Max-Born-Institute in Berlin with their 35 fs laser pulses [5].
If one would reﬂect optical photons of energy E0 = 1 eV normally from this electron sheet
with an energy characterized by γx , one naively would expect to obtain reﬂected γ photons of
energy Eγ = 4 · γx2 · E0 . However, Wu et al. [6, 7] showed that the electron sheet also acquires
a transverse velocity component vx from the transverse laser E-ﬁeld. Only later the v × B
force leads to the dominant forward acceleration. The transverse velocity causes a much smaller
Doppler boost of the reﬂected γ photons of Eγ = 4 · γx2 · E0 = 2 · γ · E0 , where γ is the total
γ. However, recently Wu et al. [8] showed that one should place a second foil of about 2 times
the skin depth (15 nm) in a 1–2 µm distance behind the ﬁrst target foil, where the accelerating
laser pulse is reﬂected. The reﬂected laser pulse completely cancels the transverse velocity
component vx , but basically leaves the longitudinal velocity component unchanged. In this way
the originally expected full Doppler boost of the γ photons with Eγ = 4 · γ 2 · E0 is recovered.
While the preliminary simulations of Wu et al. [8] are very impressive, more realistic ultrathin
foils with much larger ne /nc for 1 nm foils are required. The present simulations correspond to
independent individual electrons, while then collective eﬀects like expansion of the foil become
important.
We invented a special target design with ultra-thin DLC foils and a very low-density carbon
nanotube target as a spacer inbetween, in order to realize such a target for a perfectly reﬂecting
electron sheet. The dense electron sheet then traverses the reﬂector target and shortly behind
the reﬂector is bombarded with the second laser pulse (split oﬀ from the high power laser with
wavelength λ0 ) to produce the γ photons with λγ = λ0 /4γ 2 . The thickness d of the electron
sheet determines up to which γ energy a coherent reﬂection occurs. In the inner rest frame of the
electron sheet the photons have the wavelength λi = λ0 /2γ before reﬂection. The requirement is
λi / ≤ d. Possibly the electron sheet is compressed during acceleration and also by the interaction
with the reﬂected laser, reducing the thickness d. It may even induce structured multilayers with
much smaller thickness d. If we use d = 1 nm, λ0 = 1 µm and γ = 250, we obtain reﬂected
γ photons of ≈ 250 keV. These γ pulses would be coherent and would have a pulse length of a
few zeptoseconds. Since we will have about N ≈ 109 –1010 coherently reﬂecting electrons, the
130
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reﬂected amplitude is increased by N . If we assume a spot diameter of the reﬂected laser pulse
of 3 µm, we obtain a large reﬂectivity (1%) and expect ≈ 1016 γ/shot with (6 µm)2 , (≈ 5 mrad)2 ,
1020 s and 0.1% BW. Thus a rough estimate of the peak brilliance is 1039 /[s (mm mrad)2 0.1%
BW]. With the high power laser we easily can realize a = 250, but require in addition a very high
contrast of 1016 for the survival of ultrathin foils during the prepulse. In this context careful
experimental studies have to be performed, aiming to characterize potential eﬀects of reﬂectivity
modiﬁcations by distortions of the reﬂecting mirror foil during the laser interactions.
In Ref. [9] we showed that a much larger reﬂecting force should occur, since the transition
from the Lorentz force to the radiation damping force is strongly enhanced. While the Lorentz
force scales with charge e, the radiation damping force or Landau-Lifshitz term scales with
2 e3
[10] and thus, if N electrons act coherently, the Lorentz force is proportional to N ,
3 mc3

while the Landau-Lifshitz force scales with N 2 and thus one obtains an acceleration due to
radiation damping which is N fold enhanced. Thus 102 larger γ-energies may be reﬂected,
reaching energies in the 25 MeV range. Here the ensemble of all electrons reﬂects like one
macro-particle, which then takes up the recoil momentum as a whole. The electron sheet is
trapped between the potential of the strongly reﬂecting laser and the Coulomb potential of the
more backward layers of the electron sheet and may even be structured. This binding together
of the electrons to a macroparticle is essential to result in a Mössbauer-like reﬂection scenario.
If the Landau-Lifshitz force becomes dominant and higher order terms of the Landau-Lifshitz
expansion series become important, even higher orders of N become relevant.
If these coherent intense γ pulses become available, many proposed experiments of ELINP with the incoherent γ beam like pair creation from the vacuum or excited multiple nuclear
excitons will give orders of magnitude better results. Furthermore pump-probe experiments with
two consecutive excitations of nuclei will become possible, which open a new ﬁeld of studying
highly excited states described by random matrix theory [11].
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Nuclear Lifetime Measurements by Streaking Conversion Electrons with a Laser
Field.
Nuclear levels have lifetimes down to the zeptosecond range once one reaches excitation energies
beyond the particle emission threshold, while nuclear levels have lifetimes longer than typically
10 fs below the particle threshold [1]. We plan to study this drastic change in lifetime and
predicted changes in decay laws for the ﬁrst time. We modulate the energy of emitted conversion
electrons in a phase-locked laser ﬁeld and carry over the technique used to measure as lifetimes
of atomic levels [2] to nuclear systems. Only for heavier nuclei we will get suﬃciently large
conversion coeﬃcients. We will follow the modulated energies of the accompanying conversion
www.extreme-light-infrastructure.eu
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electrons of the particle decay. We induce the particle decay by the γ beam, which is locked
to the high power laser or the γ’s from the relativistiv mirror. Since we do not require the
maximum laser ﬁelds, we may use laser light from an earlier ampliﬁer state, which is delivered
with higher repetition rate like 10 Hz. We want to induce the particle decay with very short
γ-pulses, where we hopefully reach times below 1 as for the relativistic mirror. The emitted
conversion electrons have energies, where the K binding energy is subtracted from the γ beam
energy (typically 6–8 MeV). They can be observed in an electron spectrometer under angles
where laser accelerated electrons from the target do not contribute.

Figure 2.41: Correlation between nuclear lifetime and energy. The curve in green corresponds to
atomic levels with oscillator strength f = 1, the red curves represent single particle estimates for
nuclear E1 and M1 γ transitions, while the blue line denotes the limit given by the uncertainty relation
for a single-cycle laser pulse. The dashed black lines indicate lifetimes of nuclear levels after particle
emission for diﬀerent mass numbers A.

Fig. 2.41 shows some nuclear lifetimes as a function of the excitation energy above the ground
state for E1 and M1 transitions. In comparison also typical atomic lifetimes as a function of
level energy are shown. Until now only time integrated particle spectra have been measured and
it was not possible to measure the particle spectra as a function of the emission time. Typical
particle emission times in the range of 10−20 s are obtained from statistical model calculations
for higher excitation energies [4]. If it were possible to follow the emission spectra as a function
of time, e.g. a much better understanding of dissipation and damping processes in the energy
region of overlapping resonances above 15 MeV excitation energy could be obtained.
Experimental access to these ultrashort sub-attosecond lifetimes can be gained by exploiting the production technique for brilliant photon beams, where laser pulses are Comptonbackscattered from a relativistic electron mirror, thus resulting in an energy boost by a factor
of 4γ 2 , while the corresponding pulse duration is reduced by a factor 1/(4γ 2 ). For a single
cycle pulse the energy versus time relation would be described by the uncertainty principle.
This demonstrates that excitations with γ pulses much shorter than the expected lifetimes are
possible. Though many experimental methods have been developed in diﬀerent time ranges for
diﬀerent decay modes, transfering the well-established streaking technique of atomic physics to
the regime of even shorter lifetimes in nuclear physics will enable to disentangle diﬀerent chan132
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nels of nuclear decay processes, where complex energy spectra could be followed as a function
of time.
Properties of the Decay in Time of the Compound Nucleus
Ultrashort light pulses oﬀer the possibility to study photonuclear reactions up to 10 or 15 MeV
from a diﬀerent and completely new perspective. The band width ∆E = h/∆t deﬁned by the
length (in time) ∆t of the pulse may be large compared to the mean spacing d between adjacent
levels of the same spin and parity. For medium-weight and heavy nuclei, d is typically 100 keV
near the ground state and decreases exponentially with excitation energy, so that typically
d = 10 eV at the neutron threshold, i.e. there are about 106 levels above the ground state.
Below the neutron threshold, the average decay width Γ of nuclear levels is due to γ emission
and has typical values of 10 meV. Right above the neutron threshold, particle decay increases
Γ to typical values of about 1 eV. From here on Γ increases monotonically with excitation
energy, until it reaches typical values of 50 or 100 keV (corresponding to a lifetime of 10−21 s)
at the upper end of the energy interval here considered. Until now, photonuclear reactions were
investigated with continuous beams of fairly poor energy resolution (measured in terms of the
values of Γ and d discussed above) and have yielded only gross features of nuclear excitation
functions, with the exception of the study of individual levels in the ground state domain. In
particular, spectroscopic properties of levels in the energy range between several 100 keV of
excitation energy and the neutron threshold are unknown. Neutron time-of-ﬂight spectroscopy
has oﬀered a window to study spacing distributions and other statistical properties of levels (i.e.
neutron resonances) right above the neutron threshold. The outstanding feature of that gross
structure is the emergence of giant resonances, especially the giant dipole resonance, that were
investigated in considerable detail.
With a band width ∆E > d, several or even many nuclear states will be simultaneously
excited. In that case, meaningful theoretical statements can be made only if ∆E  d or,
if Γ  d, for ∆E  Γ. Then the decay in time of the excited nucleus is determined by
the Fourier transform of the photonuclear autocorrelation function. With Sab (E) being the
scattering amplitude leading from the incident photon channel to the ﬁnal channel b, that
function is deﬁned as





1
1
2
∗
Sab = |g (E)| Sab E +
E−
· Sab
.
(2.29)
2ε
2ε
Here |g (E)|2 describes the distribution in energy of the photon intensity and is centered at
energy E0 with width ∆E. The autocorrelation function is a running average over energy of the
two scattering amplitudes with arguments separated by the energy ε. For the energy average
to be representative, we must have ∆E  d, Γ. At the same time, ∆E should be small in
comparison with the characteristic energy scale of gross features of photonuclear excitations.
For the giant dipole resonance that is the resonance width with typical values around several
MeV. The numbers given above for d and Γ then deﬁne the desirable band width for short
light pulses. It is given by ∆E = Nmax (d, Γ), where N determines the relative statistical
accuracy √1N of the energy average. The spectroscopic data taken with neutron time-of-ﬂight
spectroscopy are consistent with a random matrix description and suggest that the compound
nucleus is chaotic. It is probable that this feature prevails at lower excitation energies. The
hallmark of that description is a non-exponential decay in time of the compound nucleus when
few channels are open. Only for many open channels is the expected exponential decay attained
(mean lifetimes are always deﬁned in terms of the values of Γ that pertains to the energy
interval of interest). Measurements on the decay in time of nuclei excited by short light pulses
could conﬁrm this theoretical expectation. In particular such data could cast light on hitherto
unexplored properties of excited nuclear states above the neutron threshold.
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H.A. Weidenmüller et al. [5] are studying the decay of such compound nuclear resonances
within random-matrix theory [3] and ﬁnd an exponential decay below the particle threshold,
while they predict an exponential decay folded by a power law above the particle threshold.
Weidenmüller et al. state that such measurements “comprise information on amplitude correlations in compound nucleus resonances, which cannot be obtained from other observables and
that they would establish a new unambigous test of random-matrix theory for nuclear physics”.
Streaking of Electrons
Experimental access to sub-attosecond nuclear lifetimes can be expected from an adaptation of
the well-established streaking technique of atomic physics [5, 6] to decay processes in excited
nuclei. Nuclear levels below the particle emission threshold (∼ 6–8 MeV) not only decay by γ
emission, but also are accompanied by prompt conversion electrons with a fraction given by
the conversion coeﬃcient. The dominant peaks in the conversion electron spectrum are the Kconversion lines. Now we excite a level of a stable nucleus with a γ beam of suitable energy. In
parallel we superimpose a laser ﬁeld to the nucleus with a tunable delay between the photonuclear
excitation and the streaking ﬁeld for the conversion electron. The energy modulation of the
conversion electron should be in the range of 5 keV, requiring only moderate laser intensities of
about 1014 /cm2 . With a magnetic transport and ﬁlter system (‘Mini-Orange’ spectrometer [7])
for conversion electrons we can choose the transmission curve to select a narrow range of the
conversion electron spectrum with high eﬃciency, while fully suppressing all electrons being
directly accelerated from atomic shells. By varying the delay of the streaking ﬁeld, lifetimes in
the range of 1–100 fs can be measured. For the release of the conversion electrons we need γ
beams of 10 keV–5 MeV. Metallized tapes with stable target nuclei would be ideal targets. The
measurements would allow to determine the spins and parities of the excited levels. From the
transition matrix elements many properties of their wave functions could be deduced.
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2.8.2

Stand-alone γ/e− Facility for Nuclear Spectroscopy

Measuring Narrow Doorway States, embedded in Regions of High Level Density in
the First Nuclear Minimum, which are identiﬁed by speciﬁc (γ, f ), (γ, α), (γ, p),
(γ, n) Reactions and allow to map out the Nuclear Potential Landscape
We want to make use of the unique high resolution of the γ beam to selectively identify doorway
states with a small damping width via the (γ, x) reaction. A prototype example are states in
the second or third potential minimum of actinide nuclei, which due to their tunneling through
the inner barrier, show a small damping width. These transmission resonances can be uniquely
identiﬁed by their ﬁssion decay. Due to the high level density in the ﬁrst minimum, there are
always states in the ﬁrst minimum which completely mix with the states in the second and third
minimum and can be nicely excited via the γ beam. This concept of weakly coupled doorway
states in ﬁssion can be carried over to p,n or α decays, where strongly deformed halo states
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again are particle unstable and we can identify them as rather sharp resonances in photonuclear
reactions. We prefer to use odd target nuclei, because then we can populate several members of
a rotational band with E1,M1 or E2 transitions.
The present photon energy resolution of the HIγS facility at 6–8 MeV with 300 keV does not
allow to identify these resonances, while a few keV are equivalent to the resolution of particleinduced reactions, where we identiﬁed such resonances [1]. In this way vibrational and rotational
bands in the second and third minimum can be identiﬁed [2]. From the rotational bands the
moments of inertia can be determined for the states in the diﬀerent minima.
We plan to employ multi-layer actinide targets, which allow to measure the ﬁssion fragment
angular distributions for rather thick overall targets. From the rotational and vibrational states
the potential landscape of the nuclei can de deduced. At higher excitation energies a reasonable
transmission through the barrier exists and good yields can be expected. The spin and parity
selectivity of the γ excitation is important. Also the damping width is an important parameter.
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Precision Tests of Fluctuating Quantities in Nuclear Physics of Highly Excited
Nuclear Levels in Comparison to Random-Matrix-Theory and Quantum Chaos
A very detailed theory of highly excited compound nuclear states has been developed over the
last 70 years. It started with the compound nucleus picture of Bohr [1], where a nucleon collides
with a nucleus and shares its energy with many nucleons and after many collisions the energy is
concentrated again in a nucleon, which then is reemitted. This started the random-matrix theory
by Wigner and Dyson [2] and ﬁnally led to the recent reviews on random matrices and chaos in
nuclear physics [3, 4]. The theory represents a prototype for quantum chaos and leads to many
generic predictions for ﬂuctuating quantities, like Porter-Thomas distributions for decay widths
or nearest-neighbor-spacing (NNS) level distributions of the Gaussian Orthogonal Ensemble
(GOE). The phenomena of quantum chaos predominantly occur for systems with short range
forces like in nuclear physics but do not occur for systems with long range Coulomb forces like
in atomic and molecular physics. A special case with quantum chaos were hydrogen atoms in
ultrahigh magnetic ﬁeld.
The study of quantum chaos in nuclear physics requires a new type of spectroscopy: We
have to measure a large number of nuclear levels very accurate including their spin and parity.
Thus we have to use a largely automated computer appraoch to handle this big amount a data.
For the spin and parity determination of neutron resonances we have to study the angular
distribution to descriminate between weak s wave and strong p wave resonances. We want to
carefully the ﬂuctations around average values. Until now only smaller ensembles of quantities
have been studied experimentally and seem to conﬁrm this theory. Here we want to perform
precision measurements for levels above the particle threshold with the new intense, brilliant γ
facility. One example are precise measurements of the energy levels and their strength of (γ, n)
resonances via a longer neutron ﬂight path setup (≈ 100 m). Here the high intensity of the γ
beam, the very precise start signal (3 ps), the larger Breit-Wigner cross section and the good
band width of the γ beam allow precision measurements with several orders of magnitude larger
ensembles than obtained in earlier measurements.
It turned out that the Wigner-Dyson distrbutions of nearest neighbour level spacings are a
much less sensitive measure for the occurance of quantum chaos than the ∆3 (L) statistics. With
new measurements the question of the best measures to observe deviation from quantum chaos
can be addressed. The pressent experimental data with about 50 levels were too small. Also new
measures like autocorrelation functions between neighbouring energy regions as a function of
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energy distance or S-matrix correlation functions may be studied [9]. If one Fourier transforms
larger spectral regions one expects for quantum chaos that still large range periodic motion
persists, a phenomena which has not been studied in nuclear physics until now. Furthermore
we expect that other global parameters like nuclear deformation will have a strong inﬂuence on
the occurance of quantum chaos. For spherical nuclei the transition to chaos should occur at
lower excitation energies [10]. Other ﬂuctuation measures, e.g. [8] may be used to describe this
transition. Here the world of quantum chaos is somehow similar to classical thermodynamics,
where general generic laws are predicted from a few general principles.
Thus we can test the generic predictions and perhaps additional reﬁnements become necessary. E.g. deviations from the GOE description are expected, when the spreading time or
equilibration time becomes comparable to the compound nucleus decay time [4]. At the same
time many new predictions are being developped in much more detail within random-matrix
theory and they can be tested in high resolution experiments in the energy or time domain.
The former studies of the double excitation of the giant dipole resonance [6, 7, 12] can be
regarded as a ﬁrst prototype of new pump-probe experiments with γ beams, exploring the
interference of diﬀerent amplitudes of states, populated by damping into other compound states
and then excited a second time. If the expected higher ﬂux for γ beams can be realized with the
relativistic mirror approach, such pump-probe experiments become possible for the given BreitWigner resonance cross sections and more detailed time dependent studies of developments in
quantum chaos.
Also the decay of these compound nucleur states in time frequently are not simple exponentials, but show power law components [5, 8]. Here new precision measurements in the as and zs
time range (see project 5.4) will allow to test a rich new world of predictable decay patterns.
Another area of research are special doorway states, which are damped by their damping
width Γ↓ into the compound levels. Here very weakly bound halo states with energies just
below the binding energy may be of special interest, because their large spatial extensions may
lead to new features like long lifetimes or low rotational excitation energies. Also new collective
excitations, e.g. having more complex structures than the scissors mode may be explored at
higher excitation energies. All these new doorway states at excitations energies below the particle
binding energy can be addressed much better with the new γ beam facility.
A fourth class of experiments may explore the violation of symmetries and invariances [4].
An example are parity violating amplitudes in E1/M1 mixing (see also project 6.4), where close
lying parity doublets will increase these amplitudes with increasing excitation energy, because
more levels of opposite parity move closer and closer together.
Thus these precision experiments will lead to a deeper understanding of higher-lying nuclear
levels and quantum chaos. We will be able to predict the strong component of the many
very weak, unobservable transitions of the pygmy dipole resonance more accurately via the
random matrix theory of this ﬂuctuation strength, and obtain better predictions for the element
production in astrophysics.
The measurement of the (γ,n) resonances also can have a large impact on the improved
operation of the γ beam facility. Here we can measure the γ beam energy above ≈ 7 MeV with
an accuracy of better than 10−7 by measuring the Time-Of-Flight (TOF) of the neutrons. By
subtracting the large ﬁxed neutron binding energy, by obtaining rather slow neutrons and having
a very good start signal for the TOF, we get a very high resolution. Here the development of
keV neutron TOF systems with good eﬃciency and resolution here is a major task. Thus we can
measure the average γ energy and the width of the γ beam within ≈ 100 µs without perturbing
the γ facility. This signal can be used in a feedback loop to stabilize the electron beam energy
very accurately in the last cavity. In several measurements one wants to perform a controlled
variation of the γ beam energy, which again becomes very easy.
For an improved γ beam band width other quantities have to be adjusted: One probably
has to reduce the bunch charge to 1 pC and increase the repetition rate. It should not be a
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problem to improve the band width of the super cavity, as we know from LIGO cavities. Thus
the photons have more periods N and smaller angular divergence. It is clear that the emittance
of the γ beam is a convolution of the emittance of the electron beam and the photon beam.
Thus we need the best normalized emittance from the photo cathode of the electrons. One will
use a larger spot size within the diﬀraction limit to get the best γ beam band width. Presently
the high voltage ripple of the clystrons limits the achievable stability to 2 · 10−5 of the cavities,
and this is the area where further improvements have to focus on [11].
By using diﬀerent photon energies in the super cavities for γ energy stabilization and for the
γ experiments in parallel, the high resolution energy range can be extended signiﬁcantly in γ
energy.
This will open up a complete spectroscopy of 1− and 1+ levels up to 8 MeV excitation energy.
In this way the vision in nuclear physics becomes possible, to study the transition from regular
nuclear motion to chaotic motion for many nuclear species in detail. The change in nearest
neighbour spacing of levels or changes in the γ strength distribution and its ﬂuctuations can be
studied with high accuracy.
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Nuclear Transitions and Parity-violating Meson-Nucleon Coupling
In Ref. [1] light nuclei with known highly excited parity doublets in 14 C, 14 N, 15 O, 16 O, 18 F and
Ne are investigated theoretically for the enhancement of parity-mixing amplitudes of E1/M1
or E2/M2 transitions. According to ﬁrst order perturbation theory calculations, the mixing is
strongly enhanced, because the parity violating matrix element is divided by the small energy
diﬀerence of the two levels of opposite parity. The doublet levels are at excitation energies
between 5 MeV and 12 MeV and can be nicely reached with the high resolution γ beam facility,
where ∆Eγ /Eγ ≤ 10−3 is expected to be realized, but even extensions to 10−5 appear possible.
Until now many nuclei with a possible E1/M1 mixing have been investigated like 19 F (1080 keV);
19
F (109.9 keV); 21 Ne (2789 keV); 175 Lu (396 keV); however, experimental accuracies were insuﬃcient. With the ultra brilliant, tunable, polarized and monochromatic γ beams, the eﬀect
of parity non-conservation (PNC) will be studied at higher excitation energies. For circularly
polarized γ beams a forward-backward asymmetry can be used to measure mixed parity transitions, where a high sensivity is reached by switching the sign of the circular polarisation. The
experiments will allow to understand the fundamental role of the exchange processes of weakly
interacting bosons in the nucleon-nucleon interaction [3–5]. Fig. 2.42 illustrates this exchange
process.
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Figure 2.42: Parity-violating nucleon-nucleon interaction.

The results can also be compared with chiral perturbation theory, furthering the development
of eﬀective couplings between Z0 and π, ρ and ω mesons.
Table 2.5: Candidate for PNC asymmetry in light nuclei.

Nucleus

Transition

Ef 1

Ef 1

Amplif. fac.

14

(0+, 1) → (2− , 1)
(1+ , 0) → (1+ , 0)
(1+ , 0) → (0+ , 1)
(1+ , 0) → (2− , 1)
(1/2−, 1/2) → (1/2− , 1/2)
(0+ , 0) → (2− , 0)
(1+ , 0) → (1− , 0 + 1)
(0+ , 0) → (1− , 0)

7340 keV
6203 keV
8624 keV
9509 keV
11025 keV
8879 keV
5605 keV
11270 keV

7010 keV
5691 keV
8776 keV
9172 keV
10938 keV
6917 keV
5603 keV
11262 keV

31 ± 6
7.0 ±2.0
40 ±5
45 ±5
37 ± 7
18 ±2
590 ± 110
670 ± 7000

C
14
N

15

O
O
18
F
20
Ne
16

20

Ne seems to be most interesting case with largest enhancement. The two highly excited
parity doublet levels where observed in particle-induced reactions and not in a (γ, γ  ) reaction.
Their energies are quoted in the Nuclear Data Sheets as 11262.3(19) keV for the 1+ state
and 11270(5) keV for the 1− state. Both states are assigned to be T=1 states and thus the
isospin quantum number does not prevent their mixing. Their excitation energy diﬀerence is
thus ∆E = 7.7(5.7) keV. If their total widths are comparable to their energy diﬀerence, then
mixing due to the eﬀects of the maximum parity-violating weak interaction must be expected.
Observation of such a mixing eﬀect would represent a rare precision test of the weak interaction
on nuclear structure. Unfortunately, the current accuracy of the energy diﬀerence is insuﬃcient
for an estimate of the amount of parity mixing. The width of the 1− is known to be smaller
than 0.3 keV. The total width of the 1+ state is unknown. Its ground state M1 decay width
is Γ0 = 11 ± 2 eV. Direct investigations in high-resolution (γ, γ  ) reactions with large-volume
Germanium detectors are highly desirable. One would move the γ-energy across the 1+ and 1−
and measure the E1/M1 mixing ratio. Hopefully the step upper energy edge of the γ beam will
allow a better separation of the contributions from the two levels. Also the purity of the circular
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polarisation of the γ beam has to be determined.
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The Pygmy Dipole Resonance (PDR) of deformed nuclei
Phenomena in nuclear physics which have recently attracted great interest of experimentalists
as well as theoreticians are collective electric dipole modes below the Giant Dipole Resonance,
frequently denoted as Pygmy Dipole Resonances (PDR) [1, 2]. Evidence for such excitation
modes has been found in many stable spherical nuclei below the particle separation energies [3–5].
In addition, above threshold energies a similar observation has been made recently in exotic
nuclei with a large neutron excess [8,9]. The experiments are accompanied by intense theoretical
investigations to explain the nature of this nuclear phenomenon, see e.g. [10] and references
therein. Understanding the nature of the low-lying E1 strength will, e.g., help to constrain the
symmetry energy in atomic nuclei [2, 8] and has an impact on reaction rates of astrophysical
interest [12, 13] as well as on the photodisintegration of ultra-high-energy cosmic rays [14].
However, the experimental database is still scarce, especially for non-magic nuclei. Consequently
the inﬂuence of deformation on the PDR strength has yet not been investigated experimentally,
while recently ﬁrst relativistic Random Phase Approximation (RPA) calculations of low-lying
E1 strength in deformed nuclei became available [15, 16]. It is thus of mandatory importance to
extend the experimental investigations towards deformed nuclei in order to provide the necessary
test grounds for these modern calculations.
The method of choice for the investigation of low-lying E1 strength below the particle threshold in stable nuclei is the method of real photon scattering [1, 17]. It assures a clean excitation
mechanism and allows a model independent extraction of quantum numbers such as multipolarities, absolute strengths, decay branching ratios, and parities. Up to now, nearly exclusively
bremsstrahlung has been used as high energy photon source. However, the investigation of
the E1 strength close to the particle thresholds in deformed nuclei has been hindered by the extremely high level densities. In addition, the determination of parities is mandatory for the clean
identiﬁcation of E1 strength in deformed nuclei, which is diﬃcult to achieve with unpolarized
bremsstrahlung. These drawbacks can be overcome by using Linear Compton Backscattered
(LCB) photons, as has partly been shown in [5, 18]. The beneﬁts of using a monoenergetic
polarized LCB source is two-fold:
• The monoenergetic character of the beam will allow a energy dependent determination of the
photon absorbtion cross sections even in the vicinity of very high level densities.
• The polarized character of the beam will allow for an unambiguous disentanglement of E1,
M1 and E2 contributions to the photon absorption cross section.
Compared to the experiments using LCB photons performed in [7, 18], the superior properties
of ELI will improve the sensitivity of the experiments by at least one order of magnitude and
thus will allow the investigation of the PDR also in deformed nuclei.
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Fine-structure of Photo-response above the Particle Threshold
The excitation energy region around the particle separation threshold is of particular importance
for nuclear physics. On one hand side this energy region is of interest for theoretical reasons
because the coupling of bound quantum states to the continuum of unbound states requires
an extended formalism, the mastering of which becomes extremely important for exotic nuclei
near the drip-lines, where all structures are weakly bound [1]. Examples are the famous halonuclei like e.g. 11 Li [2]. On the other hand, this energy region covers the Gamow-window of
thermally driven reactions of nucleons with heavy nuclei. Its understanding is a prerequisite for
the modelling of nuclear reaction cascades in hot cosmic objects and thus for nucleosynthesis.
Below the threshold all excited resonances must decay by γ emission. They can be studied
with the typical high energy resolution of semiconductor-detector technology (e.g., 5 keV at
8 MeV). The photo-response below the particle separation energy is currently investigated in
nuclear resonance ﬂuorescence experiments [1] at existing γ-beam facilities such as the bremsstrahlung facilities at the S-DALINAC electron accelerator in Darmstadt, Germany, [4] or at
the High Intensity γ-ray Source (HIγS) at Duke Univ., Durham, NC, U.S.A [5].
Above the threshold the particle-decay channel opens up. Either no γ rays can be observed
at all or their intensity cannot be used as a measure for the total electromagnetic excitation
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strength to the resonance due to the unknown particle-decay branching ratio. Neutrons cannot
be measured with a competitive energy resolution at acceptable solid-angle coverage.
An intense and high-energy resolving γ-ray beam from ELI-NP will open up new horizons
for the investigation of the nuclear photo-response at and above the separation threshold. Alternatively to nuclear ﬂuorescence, a photo-transmission experiment could be performed. A
reduction in the photo transmission is directly proportional to the photo-excitation cross section. A measurement of the transmitted intensity is sensitive to the ﬁne-structure in the energy
window of the photon beam. A high-resolution γ-ray beam with energy width dE/E ≤ 10−3
will allow for the performance of transmission experiments with semiconductor-detector resolution even in the regime of unbound resonances. We expect a tremendous increase of insight
into nuclear structure in the continuum and a deepened understanding of the structure of the
nuclear Gamow-window.
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Nuclear Resonance Fluorescence on Rare Isotopes and Isomers
Nuclear studies with the powerful experimental method of Resonance Fluorescence have been
possible up to now only if suﬃcient amounts of (preferably isotopically enriched) target material
on the order of about 1 g has been available. The production of such an amount of target material
is not always possible at a reasonable cost (e.g., the worlds rarest naturally occuring isotope
180
Ta costs about $ 10,000 per mg at an enrichment of 5%). The advances in γ-ray beam
brilliance at ELI will increase the sensitivity of NRF experiments by the same factor and thus
it oﬀers the opportunity to perform NRF studies on small target samples, whose amounts could
be reduced with respect to todays NRF experiments by the same factor. This opens up an
entire new area of applicability of the NRF method to materials that may be available only in
quantities of a few mg.
The dipole response of the long-lived radioactive isotope 14 C, the basis of the radio-carbon
dating method, will be accessible. These experiments will shed light on the neutron-spectroscopic
factors for the p- and sd-shell orbitals in that mass region that nowadays is accessible to ab initio
no-core shell models calculations.
Nuclear high-spin K isomers are known to be examples of highly-deformed nuclear structures.
Due to their simple Nilsson-model wave function, they oﬀer a unique laboratory for the study
of very deformed nuclear systems. Nuclear spectroscopy experiments with hadronic probes have
previously been performed on the long-lived K-isomer of 178 Hf. An investigation of the E1 and
M1 response of the highly-deformed isomer using NRF on an enriched isomeric sample of a few
mg will enable us to study the phenomenon of quadrupole-octupole coupling (E1) or the nuclear
scissors mode (M1) at a nuclear deformation that has not been accessible for these types of
investigations before.
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2.8.3

Stand-alone γ/e− Facility for Astrophysics

The production of heavy elements in the Universe, a central question of astrophysics, will be
studied within ELI-NP in several experiments. While we want to address the s-process and
p-process with the γ beam, we also plan to study the r-process at the N = 126 waiting point by
producing these neutron-rich nuclei via ﬁssion-fusion reactions with the high power laser. This
close interaction between nuclear physics and astropyhisics will be very productive.
Neutron Capture Cross Section of s-Process Branching Nuclei with Inverse Reactions
The heavy elements above the so-called iron peak are mainly produced in neutron capture
processes: the r process (r: rapid neutron capture) deals with high neutron densities well above
1020 cm−3 and temperatures in the order of 2–3 · 109 K. It is thought to occur in explosive
scenarios like e. g. supernovae [1, 2]. In contrast, the average neutron densities during s-process
nucleosynthesis (s: slow neutron capture) are rather small (nn ≈ 108 cm−3 ), i. e. the neutron
capture rate λn is normally well below the β-decay rate λβ and the reaction path is close to
the valley of β stability [3–5]. However, during the peak neutron densities branchings occur at
unstable isotopes with half-lives as low as several days. While the half-lives of these branching
points are normally known with high accuracy at least under laboratory conditions and rely only
on theory for the extrapolation to stellar temperatures [6], the neutron capture cross sections
are only in special cases accessible to direct experiments. Besides the production of a suﬃcient
amount of target material, the intrinsic activity of the target mainly hinders the experimental
access especially in the case of the short-lived branching points.
However, the predictions in the Hauser-Feshbach model yield diﬀerent results due to the
underlying parameter sets. Additionally, the single studies on long-lived branching points (e. g.
147
Pm [7], 151 Sm [8. 9], 155 Eu [10]) showed that the recommended values of neutron capture cross
sections in the Hauser-Feshbach statistical model [11] diﬀer by up to 50% from the experimentally
determined values. Thus, any experimental constraints on the theoretical predictions of these
crucial values are welcome. Therefore, the inverse (γ, n) reaction could be used to decide for
the most suitable parameter set and to predict a more reliable neutron capture cross section
using these input values. This method has been applied to the branching nuclei 185 W and
95
Zr using a continuous-energy bremsstrahlung spectrum [12] and Laser-Compton backscattered
photons [13].
In addition, data of the inverse (γ, n) reaction is also supposed to yield information for the
calculation of Stellar Enhancement Factors (SEF) in some special cases like e. g. 151 Sm [14].
The inverse 152 Sm(γ, n) reaction only populates excited states in 151 Sm for energies close to the
reaction threshold. Using the high resolution of ELI would allow measuring the matrix elements
of the transitions to the particular states and, hence, measure the SEF which is the main source
of uncertainty for the stellar cross section of 151 Sm(n, γ).
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Measurements of (γ, p) and (γ, α) Reaction Cross Sections for p-Process Nucleosynthesis
Photodesintegration rates – like (γ, n), (γ, p), and (γ, α) – play an important role in the nucleosynthesis of the so-called p nuclei. These proton-rich, in general very low-abundant isotopes
cannot be produced by neutron capture reactions. Complete network calculations on p-process
nucleosynthesis include several hundred isotopes and the corresponding reaction rates. Therefore, theoretical predictions of the rates, normally in the framework of the Hauser-Feshbach
theory, are necessary for the modelling. The reliability of these calculations should be tested
experimentally for selected isotopes.
Diﬀerent approaches are available and necessary to improve the experimental data base for
the p process. While the (γ, n) cross sections in the energy regime of the Giant Dipole Resonance
around 15 MeV have already been measured extensively several decades ago (see e. g. [1]),
many eﬀorts using continuous bremsstrahlung spectra have been made at the S–DALINAC
at Darmstadt [2, 3] and the ELBE setup at Forschungszentrum Dresden [4] to determine the
reaction rates without any assumptions on the shape of the cross section’s energy dependence in
the astrophysically relevant energy region close above the reaction threshold. A determination of
the reaction rates by an absolute cross section measurement is also possible using monoenergetic
photon beams produced by Laser Compton Backscattering [5].
In contrast, the experimental knowledge about the (γ, p) and (γ, α) reactions in the corresponding Gamow window is worse. In fact, the experimental data is based on the observation
of the time reversal (p, γ) and (α, γ) cross sections, respectively [6–10] for the proton-rich nuclei
with mass numbers around 100. Due to the diﬃculties concerning the experimental accessibility
of the (γ, α) reaction rates a method using elastic α scattering has been established [11, 12].
Therefore, it would be a tremendous advance to measure these rates directly. However, the
impact on the understanding of p-process nucleosynthesis would not be the measurement of one
or two selected reactions but the development of a broad database. This is only possible if the
time needed for one experiment is kept very short as it will be provided by the high intense γ
beam of ELI.
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2.9
2.9.1

Physics of dense plasmas
Introduction

The “Extreme Light Infrastructure” (ELI) will open a possibility to study previously inaccessible
states of matter and interaction regimes of laser, X-ray and charged particle beams with various
targets. The basic advantages of the ELI will be the unprecedented focused laser intensity and
the synergy of laser and secondary sources. Additionally, repetition rate will be superior to the
present high-power installations, as the ELI is proposed as a high repetition facility. On the
other hand, relatively low laser energy due to a very short pulse may present a limitation for
some types of experiments.
In the initial phase, the ELI will be built to the second stage which assumes 50 J laser pulses
of the duration going down to 15 fs. The focused intensity may reach as high as 1023 W/cm2
in an ideal case, while a focused intensity of a few times 1022 W/cm2 seems to be realistic. At
least 2 beamlines should run at the 10 Hz repetition rate. Later, when the third, high intensity
stage is completed, ELI will achieve 3–5 kJ and over 200 PW. The focused intensity will reach
1024 W/cm2 opening the era of new exotic physics experiments.
ELI will be a unique user facility and the experimental studies of plasma and interaction
physics and of high energy density physics will be proposed and guided by user teams. Consequently, the research topics proposed here cannot be complete by any means, and they are not
intended for setting any limitations on the future research. They can only serve as guidelines
setting an insight that is required for the design conceptions of the interaction and diagnostic
complex. The infrastructure ELI must provide very ﬂexible environment that will enable very
broad range of experimental set-ups.
Though studies of dense plasma physics on the ELI will be oriented mainly to gaining
the knowledge of the interaction and properties of the studied systems, the results will ﬁnd
applications in various ﬁelds of science. First, the development of the secondary sources (X-ray
and charged particle beams) of ELI will beneﬁt from the research of laser-target interactions.
There is still a vast space for an improvement of the existing schemes for X-ray sources and
charged particle acceleration, and innovative schemes will be proposed based on the laser-plasma
interaction research. Second, plasma is a suitable medium for parametric ampliﬁcation and
compression of laser pulses. It can sustain much higher intensities than any other medium
and applications of stimulated Raman (SRS) and Brillouin (SBS) scattering are currently being
explored experimentally. Third, the envisioned research will have impact on many other physics
and science ﬁelds. For example, novel fusion schemes will be proposed and explored. High
energy density systems will be formed with parameters near to or scalable to those important for
astrophysics and thus the basic data for modeling certain astrophysical systems will be obtained.
Laser-produced plasmas may be also utilized in the technology of the classical accelerators as
ultraintense electric or magnetic lenses focusing intense particle beams (e.g. Large Hadron
Collider) to a focal spot signiﬁcantly narrower than via classical technology.
2.9.2

State of the art

Interactions of high-intensity lasers with targets have been studied since the early 1960ies, immediately after the invention of laser. The driving idea behind the largest lasers was the inertial
conﬁnement fusion (ICF). Nanosecond laser pulses were used and the interaction was nonrelativistic, the maximum laser intensities were up to 1016 W/cm2 . Warm dense matter was
produced near to the ablation surface and also by intense shock waves inside solid targets. Solid
matter was compressed several times and temperature behind the shock wave reached up to
10 eV. The interaction physics was summarized in Ref. [1], the physics of laser-produced warm
dense matter is described in Ref. [2]. With the invention of chirped pulse ampliﬁcation (CPA),
the studies of interactions of much shorter, femtosecond laser pulses with targets started in 1989
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and the physical description of this new interaction regime was published soon together with an
overview of its prospective applications [3].
Relativistic intensities were ﬁrst reached at Los Alamos CO2 laser Helios in 1978 [4]. Due
to the long wavelength (10.6 µm) of the CO2 laser, intensity of 1016 W/cm2 was suﬃcient for
the electrons to oscillate relativistically. However, the program of fusion with CO2 lasers was
abandoned soon, because the laser energy was predominantly transformed into fast electrons
that preheat the fuel making fuel compression unfeasible. Relativistic intensities were reached
again in the end of 1990ies by femtosecond solid state lasers, relativistic γ ≈ 25 was achieved
in 1999 in LLNL where one of the NOVA laser beams was converted to CPA femtosecond
laser [5]. High-power femtosecond lasers are either high-energy, long-pulse (∼ 500 fs), lowrepetition rate (10−3 –10−4 Hz) Nd-glass-based lasers (Vulcan-PW, RAL, UK; FIREX-I, Osaka,
Japan and Omega-EP, Rochester, USA), or lower-energy, short-pulse (∼ 30 fs), higher repetition
rate Ti:Sapphire lasers (Astra Gemini, UK; Texas Petawatt, USA). Extremely sharp focusing
led to the record laser intensity of 2 × 1022 W/cm2 at 300 TW-Ti:Sapphire laser Hercules at
Univ. Michigan, USA. ELI will fully exploit the existing laser technologies and at the same
time explore the emerging novel approaches such as diode-pumped solid-state lasers (DPSSL)
to generate the extreme laser power and intensity.
Research of relativistic laser interactions with various targets is driven mainly by prospective
applications. Laser propagation in long underdense plasmas is examined in connection with
laser wakeﬁeld acceleration of electrons [6]. Laser interaction with thin foils is investigated in
order to improve the ion acceleration process [7]. Limited-mass targets are used to diminish the
undesirable lateral energy spread out of the focal spot [8], and thus to enhance the energy density.
Cluster targets are used for the initialization of various nuclear reactions [9] as the reaction rate is
increased due to the ion energy enhancement via Coulomb explosion. Strong shock and radiative
blast waves in cluster media can also be scaled to astrophysical conditions [10]. Isochoric heating
of thin foils by laser-accelerated protons was studied experimentally [11]. We have mentioned
only a few important examples, as compilation and presentation of a complete list is beyond the
scope of this text.
2.9.3

Directions of plasma, HEDP and interaction studies at ELI

We shall discuss here several important directions of plasma and high energy physics research
at ELI. This list is far from being complete and even new topics may become more important
in the forthcoming years. At present, it is impossible to foresee the evolution of this booming
ﬁeld in the next 5 years fully; and moreover the research topics will be selected from the user
proposals. The research topics are organized into seven following subsections.
Nonlinear optics of plasmas and laser interactions with underdense plasmas
The propagation of high-intensity, coherent, electromagnetic radiation in plasmas, and the resulting modiﬁcations of the plasma state, is the subject of the nonlinear optics of plasmas.
Coherent radiation can scatter from and decay into collective plasma modes and it can create
radiation at new frequencies. Plasma oscillations may become self-organized, nonlinear, kinetic
states. Simple modes that have linear and ﬂuid limits can be strongly inﬂuenced by nonlinear
kinetic modes, such kinetic electrostatic electron (KEEN) and ion (KEIN) non-linear waves.
This subject is very exciting from theoretical, computational, and experimental points of view
because of the myriad states made possible by the interaction of multimode ﬁelds, together
with the wave-particle resonances and the non-locality of the self-consistent plasma-particle
dynamics [12].
This topic includes wake formation behind the laser pulse and studies of the wake properties [13] that are important for electron acceleration. Presently, the interest is concentrated
on the bubble regime [14] that leads to the formation of a monoenergetic beam of electrons
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accelerated up to GeV energies. However, the limits of electron, positron and ion acceleration
in the wakeﬁelds are not clear yet. Wakeﬁelds are multidimensional and the electron density
in the wake may reach values orders of magnitude higher than the background density. The
intensity of the ELI laser will be so high that ions could be trapped and accelerated in the
wake. The optimum conﬁguration of laser beams for a stable propagation over long distances
in tenuous plasmas is not known now yet. The optimum regime for the electron acceleration at
ultra-relativistic intensities may diﬀer substantially from the present situation.
Parametric instabilities like SRS and SBS can inﬂuence propagation of laser beams and
at high intensities they could create the conditions for trapping laser light and formation of
relatively long-lived electromagnetic solitons [15]. These solitons have been observed in threedimensional PIC simulations and more recently in the nonlinear stage of SBS evolution [16].
They can stay in the same place for a suﬃciently long time (of about tens of ps) or slowly drift
if the ambient plasma is inhomogeneous. Laser intensity can be even increased due to laser
beam self-focusing and ﬁlamentation. SRS-induced non-linear KEEN wave has been observed
in Vlasov simulations [17]. ELI will allow such structures to be manipulated, and used for the
studies of long-term eﬀects of extremely high electric and magnetic ﬁelds on isolated nuclei.
Backward Raman and Brillouin scattering can also lead to laser pulse ampliﬁcation and compression [18] that could be used in the interaction experiments or in the laser technology. ELI
will allow studying this process at much higher intensities.
Relativistic HED plasmas
ELI will create plasmas with electron thermal energy signiﬁcantly exceeding 100 keV. In these
plasmas bremsstrahlung photons will have energy suﬃcient for creation of electron-positron
pairs in a two-step process when the γ photon, generated in electron-ion collision, creates an e-p
pair during its impact on an ion. This – already observed – process [19] is particularly eﬃcient
with high-Z target materials like gold. Creation of plasma with positron density comparable to
the ion density will become possible with the next generation lasers like ELI. Understanding
how these plasmas behave when either their directed ﬂow or their average energy is relativistic
is a fascinating area for research. This includes understanding how to create useful electronpositron plasmas in the laboratory. This topic is important in high energy astrophysics, in the
development of compact photon and energetic-particle sources, and in extending the boundaries
within which high energy density systems have been explored.
Laser interaction with solid targets and dense matter
When an intense laser as ELI is incident on a solid-density target, a complicated suite of phenomena occurs. The electric ﬁeld in such lasers is orders of magnitude larger than the ﬁelds
that bind the electrons to the atoms, single free electrons can oscillate with energies in excess
of 100 MeV, and the radiation pressure can exceed 1 Tbar. The absorption of an intense laser
at a dense plasma boundary is not completely understood because of the complexity of the
electron-distribution function and ﬁelds (both electric and magnetic) at the interface. Investigation of radiation pressure eﬀects on density steepening and consequently on electron spectrum
and temperature is important. Research of laser interaction with solid foils is needed for the
optimization of proton and ion acceleration for various applications, i.e. for the optimization of
fast ion source at the ELI. One can use either portions of the few-cycle laser pulse itself as a
probe beam or secondary electron, ion, or X-ray pulses of similar time duration or even much
shorter, attosecond XUV pulses that can be generated by means of laser harmonics. Attosecond
time scales govern electron motion not only in atoms and molecules, but also in metals and
solid-density plasmas.
When the ELI laser will interact with the corona produced by a laser prepulse incident on a
solid target, the laser beam will penetrate to the dense plasma region via relativistic transparency
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and channel boring by the ponderomotive force. A recent theoretical paper [20] demonstrates
that pulses with intensities exceeding 1022 W/cm2 may penetrate deeply into the plasma as a
result of eﬃcient ponderomotive acceleration of ions in the forward direction. The penetration
depth as big as hundreds of microns depends on the laser ﬂuence, which has to exceed a few
tens of GJ/cm2 . The fast ions, accelerated at the bottom of the channel with an eﬃciency
of more than 20%, show a high directionality and may heat the precompressed target core to
fusion conditions. With the ELI laser, the physics of channel boring and ion acceleration can
be investigated in duration signiﬁcantly shorter than in the fusion case.
Laser interactions with clusters and limited-mass targets
Atomic clusters have been shown to be very eﬃcient absorbers of intense laser radiation. During
Coulomb explosion of laser-heated clusters, high energy ions and hard X-rays are produced. New
possibilities arose of applying clusters for various applications, such as tabletop nuclear fusion
from exploding deuterium clusters and synchrotron radiation. Clusters were recently used to
create high energy density plasmas that drive strong shocks (Mach >50) and radiative blast
waves [10]. The plasma states generated can be described by magnetohydrodynamic equations
that have a number of similarities. Careful application of these equations and similarities allow
experiments to be scaled to astrophysical phenomena that have spatial and temporal scales that
are greater by as much as 15–20 orders of magnitude. In this way, the radiative blast waves
in the laboratory have been scaled to those experienced in supernova remnants and the physics
governing their dynamics investigated under controlled conditions.
Limited-mass targets are used to limit the undesirable energy spread out of the laser focal
spot. Thus, high energy density deposition is achieved. For example, the deposition of 1 J
in a droplet of 10 µm in diameter would correspond to the deposition of about 10 keV for
each particle. Since the expansion time of such a droplet is greater than 1 ps, one can study
matter in a quite unusual state of very high density and temperature during this time period.
The limited-mass targets made from transparent materials allow one to avoid negative eﬀects
associated with pre-pulses and they could be used in many applications, in particular for eﬃcient
ion acceleration to high energies [8].
Warm dense matter studies
With the ELI it will be possible to heat macroscopic amounts of solid density matter up to
keV temperatures either directly by the laser or by the secondary sources. While direct heating
by the laser uses heating by the hot electrons conﬁned by self-generated electric and magnetic
ﬁelds and shock waves launched at material interfaces [21], using ion or proton beam is very
straightforward. Isochoric heating of 15 µm-thick Al foils by laser-accelerated protons up to
80 eV has already been demonstrated at the Gekko petawatt laser [22]. Equation of state,
opacities and transport properties of warm dense matter are the key data for astrophysics that
will be well measurable with ELI.
The proton beam generated by the ELI will unite the properties unreached so far by any
laser generated proton beams: high energy combined with high intensity and focusability. This
makes it an ideal instrument for a plasma generation. Since the ELI performance covers a
broad interval of energies and intensities of the generated proton beam, it will be possible to
generate plasmas ranging from a deeply non-ideal state (warm dense matter) to plasmas with
high energy content, close to that formed in the tempers meant for the ion-driven inertial fusion.
The warm dense matter is an object of physical interest in its own right, not to speak about
the astrophysical relevance. Any relevant quantity, e.g. the optical properties like the opacity
coeﬃcient in the optical and X-ray region, emission spectra, measured on this exotic state of
matter will be of interest for astrophysical purposes. On the high energy end, we are likely to
obtain proton-beam-generated plasma in a high power density regime. If such a regime is reached
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with the laser-generated proton beam of suﬃciently high power density, the hot dense matter
beam plasma would become available to the physical research and, moreover, a very interesting
transition from a highly non-ideal to the ideal state could be traced by simply varying the
properties of the ELI generated proton beam.
With the ELI, it will be possible to create high energy density plasmas and probe it with the
secondary hard X-ray source. Thus, extremely important plasma opacities will be measured in
this regime.
Stopping of proton beams in a pre-generated plasma
Plasma heating by proton beams is of interest for the fundamental research as well as for the
particle beam driven fusion experiments. Experiments of this kind have been carried out for a
long time using combined equipment of lasers to provide the stopping plasma and of accelerators
to supply the proton beam. Unfortunately, just a very few laboratories can host experiments
of this kind and they are mostly located on the accelerator sites. ELI will be the ﬁrst purely
laser laboratory, where the necessary proton beam could be generated by the ELI main laser
beam. The stopping of charged particles in plasmas is a complex physical process [23], which
can hardly be reduced to binary Coulomb collisions governed simply by the Coulomb logarithm.
Even then, the Coulomb logarithm is a somewhat vaguely deﬁned quantity and its determination
is often provided by a hand-waving argument. Its measurement would thus shed more light on
hitherto badly clariﬁed questions of plasma kinetics, especially in non-ideal plasmas. But even
in rareﬁed plasmas the stopping power is determined by other processes than binary collisions.
The onset of collective phenomena is to be expected under the eﬀect of the impinging proton
beam, whose spontaneously created electric ﬁelds will add to the plasma stopping power. This
phenomenon might show a resonant behavior, anomalous dependences on the beam energy and
the plasma parameters. The expected ﬂexibility of the ELI performance might help to map out
broad regions of both the stopping plasma and the proton beam parameters not yet explored
in the classical way. For the purpose of pre-forming the stopping plasma, a part of the ELI
pumping beams will have to be diverted on the ps or even ns level.
Testing of advanced nuclear fusion schemes
ELI is not designed for complex inertial conﬁnement fusion (ICF) experiments. However, many
physical issues of advanced ICF schemes, such as fast ignition or shock ignition can be addressed
at ELI.
First, the transport of high-current electron beams in dense plasmas is crucial for fast ignition
via fuel heating by electrons (both for schemes using or avoiding a cone). The ELI laser pulses
will drive relativistic electron currents of the order of gigaamperes in overdense plasma targets
[24]. In vacuum, electron current transport is limited by IA = 17βγ kA due to magnetic selfinteraction. But in the plasma the return current tends to suppress B-ﬁelds. The system
of counter-propagating beam and plasma currents is, however, unstable and leads to beam
ﬁlamentation and a host of secondary ﬁlament dynamics and merging events [25]. At present,
it is unclear to what extent the beam energy can be transported to the compressed cores of
fusion targets. The ﬁlamentation instability may be reduced by transverse beam heating and
other eﬀects. Again, the present predictions are based only on 3D simulations [26] and require
experimental veriﬁcation. The ﬁlamentary structures at the Extreme Light infrastructure evolve
and change on the microscopic plasma time scale, which is in the attosecond regime at these
densities.
Second, ELI will supply many important data for fast ignition by ion beams. Ion stopping
data in dense plasma will be measured as described in the previous subsection, ion acceleration
in channel formed by laser will be studied as described previously when laser interactions with
solid targets were discussed.
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Third, it will be possible to study the shock-ignition-relevant strong shock propagation in
dense plasmas and the shock collision with a counter-propagating shock wave at ELI. The
temporal visualization of this process is obviously important for the shock ignition feasibility
and optimization. The vital temporal visualization of the colliding shocks inside the compressed
fuel can be done with a hard X-ray or γ-ray imaging coming from the ELI main beam.
2.9.4

Potential for Applications and Technology Transfer

Experimental research in the plasma and high energy density physics at the ELI infrastructure
will be mainly oriented to fundamental science. This will accumulate scientiﬁc knowledge of new
regimes of laser and secondary sources interactions with targets and investigate unique states of
matter that can be prepared only with the ELI infrastructure.
However, there is also a large application potential of the plasma and interaction physics
investigated at ELI. First, the basic physics of laser-target interactions is essential for the optimization of the secondary sources. Generation of quasi-monoenergetic electron and ion beams is
particularly novel in which ﬁeld a fundamental breakthrough was achieved in 2004 for electrons
and in 2006 for ions. New acceleration mechanisms are still being proposed and the acceleration
process has not yet been optimized even for the intensities existing at present. Numerical simulations and the theory predict a possibility of signiﬁcant improvements of the acceleration process
at intensities achievable at the ELI but an extensive search for suitable experimental set-ups
will be inevitable. The possible improvements in the parameters of the secondary sources would
signiﬁcantly enhance their application potential that is discussed in detail in the descriptions of
the particular activities.
Interaction experiments will be directly used in the material science, for example for understanding the aging process in construction materials of nuclear power plants. One can carry out
experiments when ultrafast processes induced in a material by the laser-accelerated ion beam
will be detected by a synchronized ultrafast laser or X-ray probe. Indeed, the mechanisms leading to defect creation or phase transformation in materials subjected to low or high-energy ions
involve as initial steps ultrafast processes whose elucidation is still a challenge: in the case of
elastic scattering, collision cascades – at present observed only through atomistic simulations
– or intense and short-lived electronic excitation in the case of high-energy ions – for which
essentially two models were proposed long ago; and there is no clear answer yet concerning
their respective validity. It is essential in both cases to obtain observations of the state of the
target in the ﬁrst few picoseconds after the passage of the particles, and only laser-based sources
can make such observations possible. Additionally, ELI laser-target interactions will become an
intense source of ultrashort neutron and γ-ray pulses, thus ultrafast response of materials on
radiation damage could be probed by synchronized laser and X-ray pulses. Such experiments
could bring essential progress to radiation physics that is vital for many major technologies.
By focusing the ELI laser on a high-Z material we shall be able to produce an intense pulse
of γ-rays that can be used for nuclear transmutation of long-lived radioactive isotopes into less
radioactive or short-lived products. This concept is being developed in the world for nuclear
waste management. The primary risk isotope is long-lived iodine-129 with high radiotoxicity and
mobility, and this may be transformed to iodine-128 that decays with a half-life of 25 minutes
to stable inert xenon-128. The experiments may demonstrate the feasibility of the laser-induced
transmutation process.
Laser produced plasmas can be used in the classical accelerator technology. Laser-ion accelerator can serve as an intense ion source for classical accelerators. Additionally, laser-produced
plasmas may serve as ultrastrong lenses for the focusing of a classical accelerator beam as they
can sustain quasistatic electric and magnetic ﬁelds higher than any other system. Recently, a
micro-lens for focusing and energy selection of laser-accelerated MeV protons has been demonstrated [27]. It is anticipated that with a laser of the ELI scale it could be possible to develop
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ultrastrong lenses that could narrow the focus of large accelerators like LHC (Large Hadron
Collider) signiﬁcantly, thus the beam intensity and the collision probabilities will be enhanced.
The above discussed technologies could be potentially transferred to industry in the future
and could bring an important (incl. commercial) proﬁt for the whole society.
2.9.5

Conclusions

In summary, ELI will be a versatile facility for dense plasma studies. It oﬀers an unprecedented
range of laser intensities together with a variety of secondary sources that can enable a variety
of interaction and diagnostics set-ups. We have mentioned here only a few important research
ﬁelds, but many others will be proposed by the facility users. It is worth to note that the
facility with its unique variability in the parameter range given by the optional diﬀerent laser
beam parameters will not be exclusively used for basic science studies, but it will also allow
accomplishing more technically relevant applications, which are already in the focus of present
day activities.
Bibliography
[1] M.N. Rosenbluth, R.Z. Sagdeev, A. Rubenchik, S. Witkowski (eds.), Handbook of Plasma
Physics vol 3 Physics of Laser Plasma (North-Holland, Amsterdam 1991).
[2] S. Eliezer, A. Ghatak, H. Hora, E. Teller, Fundamentals of Equations of State (World
Scientiﬁc Singapore 2002).
[3] P. Gibbon, E. Förster, Plasma Phys. Control. Fusion 38 (1996) 769.
[4] R.L. Carlson et al., IEEE J. Quantum Electronics 17 (1981) 1662.
[5] D.M. Pennington et al., IEEE J. ST in Quantum Electronics 6 (2000) 676.
[6] B. Walton et. al., Plasma Phys. Control. Fusion 48 (2006) 29.
[7] M. Borghesi et al., Laser Part. Beams 20 (2002) 31.
[8] M. Schnürer et al., Laser Part. Beams 23 (2005) 337.
[9] T. Ditmire et al., Nature 398 (1999) 489.
[10] P.A. Norreys et al., Phys. Plasmas 16 (2009) 041002.
[11] P. Antici et al., J. Physique IV 133 (2006) 1077.
[12] Advancing the Science of High Energy Density Laboratory Plasmas, report of the Panel on
High Energy Density Laboratory Plasmas (United States Department of Energy, January
2009).
[13] P. Dong et al., New J. Phys. 12 (2010) 045016.
[14] J. Faure et al., Nature 431 (2004) 541.
[15] G.A. Mourou, T. Tajima, S.V. Bulanov, Rev. Modern Phys. 78 (2006) 309.
[16] S. Weber et al., Phys. Plasmas 12 (2005) 112107.
[17] A. Ghizzo et al., Phys. Rev. E 74 (2006) 046407.
[18] A.A. Andreev et al., Phys. Plasmas 13 (2006) 053110.
[19] H. Chen et al., Phys. Rev. Let. 102 (2009) 105001.
[20] N. Naumova et al., Phys. Rev. Lett. 102 (2009) 025002.
[21] Y. Sentoku et al., Phys. Plasmas 14 (2007) 122701.
[22] R.A. Snavely et al., Phys. Plasmas 14 (2007) 092703.
[23] R. Singleton, Phys. Plasmas 15 (2008) 056302.
[24] G. Mourou et al., Proposal for a European Extreme Light Infrastructure (ELI), Paris 2008.
[25] J. Meyer-ter-Vehn et al., Plasma Phys. Control. Fusion 47 (2005) B807.
[26] J.J. Honrubia, J. Meyer-ter-Vehn, Plasma Phys. Control. Fusion 51 (2009) 014008.
[27] O. Willi et al., Laser Part. Beams 25 (2007) 71.

www.extreme-light-infrastructure.eu

151

2 The quest for extreme light

2.10

Laboratory Astrophysics

We discuss the prospects of using the ELI laser radiation interaction with plasmas in the laboratory relativistic astrophysics context.
2.10.1

Modeling of astrophysics phenomena under the terrestrial laboratory
conditions: general aspects

Typically, in the course of laser irradiation of targets shock waves are generated; the target
compression is accompanied by the Rayleigh–Taylor (RT) and Richtmayer–Meshkov (RM) instability development; collimated plasma jets are observed; the matter equation of state (EOS)
acquires new properties under extreme pressure, density and temperature conditions; the laser
plasma emits high-energy charged-particle beams and high- and low-frequency powerful electromagnetic radiation. Gathering of these facts principal for both space and laboratory physics
has initiated work in laboratory astrophysics [1, 2] with the aim to model the processes of key
importance for the space objects under laboratory conditions.
Interaction of radiation produced by the lasers with a long pulse of pico- and nanosecond
duration was the ﬁrst category developed for the purposes of inertial conﬁnement fusion corresponds to the collisional hydrodynamics phenomena [3]. These are also called the high energydensity plasma (HEDLP) phenomena [4]. In the context of laboratory astrophysics they are
used for experiments on shock waves, including the radiative shocks and RT & RM instability,
the jet formation, the dense plasma optical properties, the nuclear physics, and the EOS studies.
The ultrashort pulse lasers can produce extremely high power and relativistically high-intensity
electromagnetic pulses the interaction of which with matter occurs in the relativistic and highly
nonlinear regime. They can be used for the purposes of relativistic laboratory astrophysics.
If we address the problems of contemporary relativistic astrophysics, ﬁrst questions on the
mechanisms of the cosmic ray acceleration and on the properties of strong EMW interaction
with relativistic plasmas attract our attention [5]. In space plasmas the basic mechanisms
of charged particle acceleration are connected with the reconnection of magnetic-ﬁeld lines,
which is accompanied by the strong and regular electric-ﬁeld generation (it occurs in the planet
magnetospheres, in binary stellar systems, in accretion disks, in the magnetar magnetospheres,
etc.) and with collisionless shock waves, at the fronts of which charged-particle acceleration
occurs (this happens in interplanetary space, during supernova explosions, in colliding galaxies,
etc.) [5, 6].
Tracing a relationship between astrophysics and laser physics, we see a number of publications
devoted to the laboratory modeling of astrophysical processes (see [1, 2] and references therein).
As is known there has been an interest in modeling space physics with laboratory experiments
for many years. The ﬁrst modeling of processes fundamental for space physics in terrestrial
laboratories was done by Kristian Birkeland, who more than 100 years ago conducted the ﬁrst
experiments on studying the auroral regions in the Earth magnetosphere. Later, progress has
been achieved in the laboratory modeling of various processes, including the magnetic-ﬁeld
reconnection, collisionless shock waves, etc., which provide mechanisms for charged-particle
acceleration under various astrophysical conditions.
2.10.2

Principle of qualitative scaling

Laboratory experiments for studying astrophysical phenomena are of two types. The ﬁrst type
of experiments can be referred to as conﬁguration modeling, which is aiming at simulating the
actual conﬁguration of a system, e.g. the whole Earth’s magnetosphere or the solar active
region. The second type of experiments corresponds to process simulation, i.e. they are aimed
at studying the properties of physical processes relevant to astrophysical phenomena. There are
a number of nonlinear plasma physical processes in space plasmas that require clariﬁcation.
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Physical systems obey scaling laws, which can also be presented as similarity rules. In
the theory of similarity and modeling the key role is played by dimensionless parameters that
characterize the phenomena under consideration [7]. The principle requirement of the laboratory
modeling is the equality of the key dimensionless parameters in the modeled processes. In cases of
modeling astrophysical phenomena where this equality can hardly be respected, the principle of
limited similarity (PLS) or principle of qualitative scaling has been formulated in [8]. According
to the PLS those dimensionless parameters that are relevant in a certain context and that are
much larger or smaller than unity under astrophysical conditions must retain this property (i.e.
be much larger or smaller than unity) in the laboratory experiments modeling the astrophysical
process. The dimensionless parameters that characterize the high-intensity electromagnetic
wave (EMW) interaction with matter can be found in [2]. The key in the extreme ﬁeld limit
parameters are as follows:
1. Mach number, M = u/vs , is the local velocity of plasma (in our case a velocity of a shock
wave or soliton) divided by the speed of sound (the speed of ion acoustic waves). It is a
measure of the shock-wave amplitude.
2. Reynolds number, Re = uL/ν, is a ratio of the inertial force ρu2 /L to the viscous force µu/L2
with L being the scale length and kinematic viscousity ν = µ/ρ.
3. Lundquist number, Rm = vA L/ηm , gives a measure of dissipative eﬀects in magnetohydrodynamics. It is important in studying the magnetic reconnection [9]. Here, vA = B/(4πnmp )1/2
is the Alfven speed in a plasma with the magnetic ﬁeld B and ηm = c2 /4πσ is the magnetic
diﬀusivity with σ being the electric conductivity.
4. The ratio of the pulse length, llas = cτlas , to the radiation wavelength, λ0 . This ratio,
Np = lp /λ0 , is equal to the number of wavelengths per pulse, and is Lorentz invariant.
5. Normalized dimensionless EM wave amplitude, a0 = eE0 /me ω0 c = eE0λ̄0 /me c2 , where λ̄0 =
c/ω0 . At a0 = 1 corresponding to the intensity 1.37 × 1018 (1 µm/λ0 )2 W/cm2 , the laser
electric ﬁeld E0 acting on the electric charge e produces a work equal to me c2 over the
distance λ̄0 . The quiver electron energy becomes relativistic.
6. The parameter characterizing the electromagnetic emission by an electron is 2/3 of the ratio between the classical electron radius and the electromagnetic wavelength, 2re /3λ̄0 =
e2 ω02 /3πme c3 . The radiation eﬀects are dominant at a0 > (3λ̄0 /2re )1/3 , i.e. in the limit
I > 1023 (1 µm/λ0 )2 W/cm2 .
7. Quantum electrodynamics (QED) eﬀects become important, when the energy of the photon
generated by Compton scattering is of the order of the electron energy, i.e. ωm = γe me c2 .
An electron with energy γe me c2 rotating with frequency ω0 in a circularly polarized wave
emits photons with energy ωm = ω0 γe3 . The quantum eﬀects come into play when γe >

1/2
γQ = me c2 /ω0
≈ 600 (λ0 /1 µm)1/2 , i.e. when the laser normalized amplitude equals
2
2
aQ = 2e me c/3 ω0 = (2re /3λ̄C )(me c2 /ω0 ), where λ̄C = /me c.
8. The limit of the critical QED ﬁeld, also called the Schwinger ﬁeld, ES = m2e c3 /e = me c2 /eλ̄C
corresponding to the intensity of 1029 W/cm2 , is characterized by the normalized laser amplitude aS = me c2 /ω0 ≈ 5.1 × 105 (λ0 /1 µm). The electric ﬁeld ES acting on the electric
charge e produces a work equal to me c2 over the distance equal to the Compton wavelength
λ̄C .
9. In QED the charged-particle interaction with EM ﬁelds is determined by relativistically and

2 1/2
gauge invariant parameter χe = (F µν pν )
/me cES , where Fµν is the EM ﬁeld tensor. The
parameter χe characterizes the probability of the gamma-photon emission by the electron
with Lorentz factor γe . It is of the order of the ratio E/ES in the electron rest frame of

2 1/2
reference. Another parameter, χγ =  (Fµν kν )
/me cES , is similar to χe with the photon
4-momentum, kν , instead of the electron 4-momentum, pν . It characterizes the probability
of the electron-positron pair creation due to the collision between the high-energy photon
and the EM ﬁeld.
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2.10.3

Cosmic-ray acceleration mechanisms

Shock waves in supernova remnants
The origin of cosmic rays (CR) is one of the most interesting problems in astroparticle physics [5].
The observation of ultrahigh-energy cosmic rays indicates that cosmic rays exist beyond 1019 eV
energies about the GZK cutoﬀ for the extragalactic sources due to the pionization loss of protons
that decay by collision with cosmic microwave background photons. The Greizin, Zatsepin,
Kuzmin (GZK) cutoﬀ occurs due to the proton interaction with the 3 K cosmic background
radiation [10]. The reactions p + γCBR → p + π 0 and p + γCBR → n + π + have the cross section
σπ ≈ 100 µbn. For the cosmic background radiation photon density, nCBR ≈ 550, this yields the
mean path associated with this interaction about 50 Mpc at CR energy 5 × 1019 eV, i.e. CR
with larger energy cannot be observed on the Earth.
The galactic CR spectra in the energy range above a few GeV and below E ≈ 107 GeV are
power-laws with the total cosmic ray spectrum being ICR = 1.8 × E −k particles/cm2 s st GeV in
the energy range from a few GeV to 100 TeV with k ≈ 2.7. Around 1015 eV (the knee), the slope
steepens from k ≈ 2.7 to k ≈ 3. The energies 1018 eV correspond to the ultrahigh-energy cosmic
rays (UHECR), the sources of which are associated with active galactic nuclei (AGNs) [11].
For the most advanced theoretical models of galactic cosmic-ray acceleration with the energy
below 1017 eV the shock waves formed in the supernova explosions are most important. This
process is related to the nature of collisionless shock waves [12].
During explosions of type-II supernovae an energy ESN of the order of 1051 erg is released.
The frequency of supernova explosions is about 1/30 per year. Estimates [5] show that approximately 2% of the energy of a supernova should be transferred into the cosmic-ray energy.
In the initial stage of the evolution of a supernova envelope a system of shocks is formed
(Fig. 2.43). The matter ejected from a star is decelerated and compressed in the inner shock
wave. Through the circumstellar gas a second shock wave propagates. The matter ejected from
a star is separated from the circumstellar gas by a contact discontinuity, which is unstable with
respect to a Rayleigh–Taylor instability. The RT instability leads to the relatively long-scale
modulations of the gas density inside the supernova shells.

Figure 2.43: Schematic of magnetic reconnection the Earth
magnetosphere. Schematic view of the shock waves and contact
discontinuity in a supernova remnant. In the inset: X-ray and
optical image of supernova remnant SNR 1987A [13].

When the mass of the swept interstellar gas becomes larger than the mass ejected from the
star, the propagation of the outer shock in Fig. 2.43 is described by the Sedov–Taylor selfsimilar solution [7]. The radius of the shock, RSW , as a function of time is related to the
energy, ESN , released in the explosion and to the gas density ρ0 by the expression RSW (t) =
1.51(ESN /ρ0 )1/5 t2/5 = (5/2)uSWt. The shock wave velocity, uSW (t) ∼ t−3/5 , decreases with
time. At a later time, when the radiation losses become important, the law of the supernova
envelope expansion changes. The asymptotic time dependence of the SN envelope radius is given
by RSW (t) ∼ t2/7 (see [5] and references therein).
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Diﬀusive acceleration of cosmic rays at the shock wavefront
The charged-particle interaction with ﬂuctuations of the electric and magnetic ﬁeld in a turbulent plasma may result in particle scattering and diﬀusion. When the shock wave propagates in a turbulent medium, an average velocity of electromagnetic ﬂuctuations is diﬀerent in the regions ahead of and behind the shock front. The particle appears to move eﬃciently between semitransparent (due to diﬀusion) walls with a decreasing distance between
them. A transport equation describing the particle convection,
diﬀusion and

 acceleration has
a form [5, 14, 15]: ∂t f + ∇ · (uf − D∇f ) = p−2 ∂p p3 f ∇ · u/3 − p2 K(p)f , where f (p, x, t)
is the fast particle-distribution function, p, x and t the particle momentum, coordinate and
time, u being the speed of the shock-wave propagation, and D is the diﬀusion coeﬃcient. A
term in the right-hand side describes regular acceleration or deceleration of the charged particles: ṗ = −K(p) − p∇ · u/3. The function K(p) corresponds to the energy losses. For
the cosmic-ray electron component the Compton and synchrotron losses are important with
K(p) = −βB me c2 p2 , where βB = 8 × 10−25 (B 2 /8π + wph )me c2 p2 eV−1 s−1 . An average change
of the particle momentum proportional to p∇ · u occurs due to the particle bouncing between
converging, ∇ · u < 0, or diverging, ∇ · u > 0, scattering centers.
The average particle bouncing between two reﬂecting plates with distance l as a function
of time provides a simple example of a dynamic system with conservation of the longitudinal
adiabatic invariant, J|| = pl. The phase plane shown in the inset to Fig. 2.44, illustrates
the Fermi acceleration mechanism of the ﬁrst type (type A according to [16]). By virtue of
the longitudinal adiabatic invariant conservation, for decreasing distance between the plates,
dl/dt < 0, the particle momentum grows, i.e. the particle acquires energy.

Figure 2.44: Particle diﬀusion at the front of a shock wave propagating in a turbulent plasma. Inset:
the phase plane of the particle bouncing between two plates.

The velocity distribution in the vicinity of the front of an inﬁnitely thin shock wave, propagating from left to right, has the form: u(X) = u1 in the region X < 0, and u(X) = u2 for
X > 0. Here, X = x − uSW t. The velocities ahead of the shock front and behind it are related to
each other as u2 = u1 (κ−1)/(κ+1). Here, κ is the polytropic index. For an inﬁnitely thin shock
wavefront the divergence of the velocity is equal to ∇ · u = (u2 − u1 )δ(X). Using this expression
we can obtain that in the limit, when the energy losses are negligibly small, the distribution
function describes a power-law dependence f ∼ p−k with the index k = 3u2 /(u2 − u1 ) [14]. For
κ = 5/3 the index equals κ = 4, i.e. f ∼ p−4 , or the energy spectrum dNCR (E)/dE ∼ E −3 is
close to the power-law index observed in the galactic cosmic-ray energy spectrum.
For the cosmic-ray electron component in the high-energy limit, at the energy when we
cannot neglect the Compton and synchrotron losses, there is a cut oﬀ in the spectrum [15]. For
typical parameters in supernova remnants, D = 1025 cm2 s−1 , B = 10−4 G, u2 = 108 cm s−1 , the
radiation losses limit the energy of ultrarelativistic electrons by values of the order of 10 TeV.
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Under the conditions of typical timescales of the laser plasmas the synchrotron losses of
ultrarelativistic electrons interacting with the self-generated magnetic ﬁeld is of the order of


2
τB = 5 103 /γe 109 /B fs.
2.10.4

Collisionless shock waves

Phenomena taking place at shock-wavefronts play a key role in various astrophysical conditions.
The characteristic dimensionless parameters that determine the shock- wave propagation are the
Mach number, MA = uSW /vA , deﬁned here as the ratio of the shock wavefront velocity, uSW , to
the Alfven velocity, vA , the ratio of the gas pressure to the magnetic pressure, βB = 8πnT /B 2 ,
and θ, the angle between the normal to the front and the magnetic ﬁeld.
If the shock wave has a relatively small amplitude, MA < M1 ≈ 1.5 (the precise value depends
on βB and θ), then the front proﬁle is laminar in structure and it is determined by a joint action
of the dispersion and dissipation on the nonlinear wave propagation. These eﬀects are described
in the framework of the Korteweg–de Vries–Burgers equation: ∂t u + u∂x u − ν∂xxu + β∂xxx u = 0.
The stationary wave propagating with constant velocity is described by a solution that shows the
change of the amplitude of the wave from zero far ahead of the shock wavefront, to u2 = 2uSW
far behind the shock wavefront. The collisionless shock wavefront has typically an oscillatory
structure – the chain of solitons. The decay of the oscillation amplitude, with the coeﬃcient
equal to ν/β, results in the decrease of the amplitude of solitons, as shown in Fig. 2.45.

Figure 2.45: Structure of collisionless shock wavefront for β > 0 (a) and for β < 0 (b).

If dissipation eﬀects are more important than the eﬀects of dispersion, ν  (4βu2 )1/2 , there
are no oscillations at the shock wavefront and the wave has a monotonous structure. In the case
of ν  β, the dispersion eﬀects are dominant and there are many well-seen solitons near the
front. For β > 0 the oscillations are localized behind the front (Fig. 2.45a), while for β < 0 they
are ahead of the front (Fig. 2.45b).
Dissipation, which determines the distance of the oscillation decay, can be due to anomalous
resistance and anomalous viscosity arising from an excitation of the plasma instability, i.e. the
Weibel instability of counterpenetrating plasmas. If the amplitude of the shock wave is large,
MA > 3, a high level of turbulent ﬂuctuations of electric and magnetic ﬁelds are excited ahead
of and behind the wavefront.
In the laser-plasma physics context, the observation of collisionless shocks was reported by
several authors [17,18], aiming to reproduce astrophysical phenomena in small-scale laboratories.
In [18] the propagation in a rareﬁed plasma (ne < 1015 cm−3 ) of collisionless shock waves
being excited following the interaction of a long τlas = 470 ps) and intense (I = 1015 W/cm2 )
laser pulse with solid targets, has been investigated via proton-probing techniques [19]. The
shocks’ structures and related electric ﬁeld distributions were reconstructed with high spatial
and temporal resolution. The experimental results are described within the framework of the
nonlinear wave description based on the Korteweg–deVries–Burgers equation (see Fig. 2.46).
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Figure 2.46: Collisionless shock waves observed in the laser–plasma interaction [18]. (a) Typical
proton imaging data. The arrow indicates the laser beam direction. (b) and (c) Detail and RCF optical
density lineout corresponding to the region II showing modulations associated with a train of solitons.
(d)–(k) Details of the region III and correspondent lineouts of the probe proton density reconstructed
electric ﬁeld, and reconstructed normalized ion velocity in the case of an ion acoustic soliton (d)–(g) and
of a collisionless shock wave (h)–(k). Inset: Theoretical ion velocity (purple and blue lines), electric ﬁeld
(red lines) and expected probe proton density modulation (black lines) for (a) an ion-acoustic soliton
and (b) a collisionless shock wave.

2.10.5

Reconnection of magnetic-ﬁeld lines and vortex patterns in laser plasmas

The term magnetic-ﬁeld line reconnection refers to a broad range of problems that are of interest
for space and laboratory plasmas with high Lundquist number, Rm  1, [5, 9] (Fig. 2.47). As
it concerns relativistic laser plasmas, earlier a conclusion was made in [20] about the important
role of the generation of magnetic ﬁelds by fast electron currents and their reconnection in
the relativistic laser–matter interaction regime. The experiments conducted in [21] revealed
magnetic reconnection phenomena in laser plasmas, when two high-power laser beams irradiated
a thin foil target (Fig. 2.48).
Processes of reconnection are accompanied by an ultrafast magnetic energy release, which is
transformed into diﬀerent forms, such as internal plasma energy, radiation and fast particles.

Figure 2.47: (left) Solar ﬂare [Solar ﬂare/12.09.2001(12:18:51]. (right) Schematic of magnetic reconnection of/to the Earth magnetosphere.
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Figure 2.48: (left) Schematic of the experiment with two laser beams irradiating thin foil; target [21].
The current sheet observed with the proton imaging.

Current sheet
In a simple 2D conﬁguration the current sheet is formed in the magnetic ﬁeld described by a
complex function B(x, y) = Bx − iBy = hζ of a complex variable ζ = x + iy. The magnetic ﬁeld
vanishes at the coordinate origin. The magnetic-ﬁeld lines lie on the surfaces of constant vector
potential, A(x, y) = e{hζ 2 }/2. They are hyperbolas, as can be seen in Fig. 2.49a). Under
ﬁnite-amplitude perturbations the magnetic null-line evolves to the magnetic conﬁgurations of
the form B(x, y) = h(ζ 2 −b2 )1/2 , which describes the magnetic ﬁeld created by thin current sheet
between two points ±b [22]. The magnetic ﬁeld is shown in Fig. 2.49b. The width of the current
layer b is determined by the total electric current J inside, and by the magnetic ﬁeld gradient, h.
It is equal to b = (4J/hc)1/2 . The current sheet thickness is determined by the dissipation [23].
Within the Parker–Sweet model is equal to (ηm /ΩA )1/2 with ΩA = h/(4πnmp )1/2 [5].

Figure 2.49: (left) Magnetic ﬁeld pattern in the vicinity of the X-line (a). Current sheet formed in
the vicinity of the X-line (b). (right) Electric current-density distribution inside the current sheet [24].

In the strongly nonlinear stage of the magnetic ﬁeld and plasma evolution a quite complex
pattern in the MHD ﬂow in the nonadiabatic region near the critical point can be formed,
with shock waves and current sheets. In Fig. 2.49 we show the results of the dissipative MHD
simulations of the current sheet formation near the X-line [24].
Magnetic reconnection in collisionless plasmas
When the Hall eﬀect is dominant, i.e. the electron inertia determines the relationship between
the electric ﬁeld and the electric current density carried by the electron component, the magnetic158
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ﬁeld evolution is described by the equation (see [2] and references therein) ∂t (B − ∆B) = ∇ ×
[(∇×B)×(B −∆B)], which corresponds to the condition of generalized vorticity, Ω = B −∆B,
being frozen into the electron component motion with the velocity ve = c∇ × B/4πne. Here
the space scale is chosen to be equal to the collisionless electron skin-depth, c/ωpe, and the time
−1
unit is ωBe
= me c/eB. In the linear approximation this equation describes the propagation
of whistler waves, for which the relationship between the wave frequency and the wavevector,
is ω = |k|(k · B0 )/(1 + k 2 ). From this relationship it follows that in a weakly inhomogeneous
magnetic ﬁeld the critical points are the points and lines where |B0 | = 0 or/and (k · B0 ) = 0.
The electron-inertia eﬀects make the reversed magnetic ﬁeld conﬁguration unstable against
tearing modes, which result in magnetic-ﬁeld-line reconnection. The slab equilibrium conﬁguration with a magnetic ﬁeld given by B0 = B0z ez + B0x (y/L)ex , where B0x (y/L) is the function
that gives the current sheet magnetic ﬁeld, is unstable with respect to perturbations of the form
f (y) exp(γt + ikx) with kL < 1. For this conﬁguration one has (k · B0 ) = 0 at the surface y = 0.
The growth rate of the tearing mode instability is γ ≈ (1 − kL)2 ∆2 /kL2 .
In Fig. 2.50 the results of a numerical solution of equation for generalized vorticity in a 2D
geometry with magnetic ﬁeld (∇ × α) × e⊥ + βe|| are shown. The unperturbed conﬁguration is
chosen to be a current sheet, inﬁnite in the x-direction, that separates two regions with opposite
magnetic ﬁeld. Both the line pattern of generalized vorticity, Ω = α − ∆α, and of the magnetic
ﬁeld show the formation of quasi-one-dimensional singular distributions in the electric-current
density and in the distribution of the generalized vorticity. The magnetic-ﬁeld topology changes,
as is seen from Fig. 2.50.

Figure 2.50: Nonlinear stage of the tearing mode development in a current sheet in collisonless plasma:
(a) the magnetic ﬁeld and (b) the generalized vorticity distribution at t = 0. The same functions at
t = 8 in (c) and (d) [25].

Charged-particle acceleration
A fully developed tearing mode results in a current sheet break up into parts separated by a
distance 2a(t), as is illustrated in Fig. 2.51a. Under the magnetic-ﬁeld line tension the plasma
is thrown out. The model magnetic ﬁeld describing this conﬁguration is given by the complex
variable function B(x, y, t) = B0 ζ/(a2 (t) − ζ 2 )1/2 . The magnetic-ﬁeld lines lie on the surfaces
of constant vector potential, A(x, y, t) = e{B0 (a2 (t) − ζ 2 )1/2 }. Due to a dependence of the
function a(t) on time the electric ﬁeld parallel to the zzz-axis arises. It is given by E(x, y, t) =
−c−1 ∂t A = −c−1 B0 a(t)ȧ(t)/(a2 (t)− ζ 2 )1/2 . In the vicinity of the null line we have a quadrupole
structure of the magnetic B(x, y, t) ≈ B0 ζ/a(t) ﬁeld and a locally homogeneous electric ﬁeld,
E ≈ B0 ȧ(t)/c.
In the vicinity of critical points of magnetic conﬁgurations the standard approximations adopted
to describe the plasma dynamics are no longer valid. In such regions the drift approximation,
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Figure 2.51: (a) The current sheet break up into two parts separated by the distance 2a(t). (b) The
projections of the trajectory of charged particle accelerating in the vicinity of the magnetic X-line. Inset:
The solar ﬂare (YOHKOH image).

i.e. the assumption that the adiabatic invariants are constant, can no longer be applied. On the
other hand, the particle spends only a ﬁnite time interval in the nonadiabatic region, since there
its motion is unstable. After a ﬁnite time interval it gets out of the nonadiabatic region, and
gets into the drift region as is seen in Fig. 2.51b. Matching the solution described by the particle
trajectories in diﬀerent regions, we can describe the particle motion and hence the acceleration
near critical points of the magnetic conﬁgurations.
Under the conditions of space plasmas, the radiation losses during the charged particle
acceleration in the magnetic reconnection processes are caused by the inverse Compton scattering
and by synchrotron losses. A characteristic time of the synchrotron losses for the electron with
energy me c2 γe is τB = 3m3e c5 /2e4 B 2 γe . During solar ﬂares this eﬀect limits the ultrarelativistic
electron energy to a value of about several tens of GeV [26].
Electron vortices in collisionless plasmas
The vortical ﬂuid motion is well known to be widely present under Earth and space conditions. In
laser plasmas, when an ultrashort and high-intensity EMW pulse propagates in the collisionless
plasmas, it accelerates a copious number of relativistic electrons. The electric current of fast
electrons produces a quasistatic magnetic ﬁeld, whose evolution results in the formation of
electron vortex structures. They naturally take the form of the vortex rows [27], as is shown
in the LHS inset to Fig. 2.52. A strong magnetic ﬁeld in the relativistic laser plasma has been
detected experimentally [28].
The interacting vortices can be described within the framework of a two-dimensional theoretical
model. By taking the B ﬁeld to be along the z-axis (B = Bez ), and assuming all the quantities
to depend on the x, y coordinates, we obtain from vector equations for generalized vorticity
one equation ∂t (B − ∆B) + {B, (B − ∆B)} = 0 for a scalar function B(x, y, t), where {f, g} =
∂x f ∂y g − ∂x g∂y f are the Poisson brackets. This equation is known as the Charney equation or
the Hasegawa–Mima (HM) equation in the limit of zero drift velocity. Linear mode with the
dispersion equation ω = |k|(k · B0 )/(1 + k 2 ) corresponds to the Rossby waves, the drift waves
or to the whistler waves, respectively.
The equation for B(x, y, t) has a discrete vortex solution, for which the magnetic ﬁeld is
a superposition of the
 magnetic ﬁelds created at isolated vortices localized at the coordinates
xα (t): B(x, t) = − α (κα /2π)K0 (|x − xα (t)|) with Kn (x) being the modiﬁed Bessel function.
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Figure 2.52: Instability growth rate on s and ϕ plane for the vortex row described within the framework
of the Euler (a) and Hasegawa–Mima (b) approximations [27]. Left inset: The vortex row seen in the
magnetic ﬁeld patch distribution in a plasma behind the laser pulse. Right inset: The Mouse pulsar
(NASA/CXC/SAO, Chandra image of G359.23-0.82 pulsar).

The curves xα (t) are determined by the Hamiltonian equations

β
β 2
β
α
α
κα κβ xα
κα ẋα
i = −Jij
i − xj /2π|xi − xj | K1 (|xi − xj |),
β=α

where Jij is the antisymmetric unit matrix.
In the case of Euler hydrodynamics, a point vortex is described by (κα /2π) ln(|x − xα (t)|),
instead of the expression which involves the Bessel function K0 (|x − xα (t)|). The latter results
in the shielding of the interaction between vortices at large distances. A typical scale length of
the problem under consideration is equal to the collisionless electron skin depth, de = c/ωpe.
Considering the problem of the stability of a double vortex chain we assume that the opposite
vortices with intensity κα = ±1 have coordinates: x0j = js + U t, yj0 = q/2, −∞ < j <
+∞, κα = −1 for the upper chain, and x0j = (k +σ)s+U t, yj0 = −q/2, −∞ < k < +∞, κα =
+1, for the lower chain. The symmetric row (σ = 0) is always unstable. As noted in Lamb’s
monograph [29], in Euler hydrodynamics the antisymmetrical von Karman’s vortex row is stable
for q/s ≈ 0.281, where s and q give a distance between the vortices in the unperturbed vortex
row along the x and y coordinates. A dependence of the instability growth rate on s and q for the
vortex row described within the framework of the Euler hydrodynamics approximation is shown
in Fig. 2.52a, where the perturbation wavelength is expressed via ϕ as 2πs/ϕ. For large distance
between neighboring vortices the antisymmetric vortex row is stable for 3s2 /4 > q > s/2 (see
Fig. 2.52b) [27]. We note here that in this domain the antisymmetric row is stable nonlinearly
(in terms of the Lyapunov stability).
These results shed light on typical patterns in the self-generated magnetic ﬁeld left in a wake
behind the laser pulse propagating in underdense plasmas.
2.10.6

Mechanisms of magnetic-ﬁeld generation in relativistic plasmas

As was above discussed the quasistatic magnetic-ﬁeld generation in relativistic laser plasmas
occurs due to the fast electron-beam interaction with the background plasma. It can also be
understood in terms of the Weibel instability or in the generic case, in terms of the electromagnetic ﬁlamentation instability. When the fast electron beam propagates in the plasma, its
electric current is compensated by the current carried by the plasma electrons. A repulsion
of the oppositely directed electric currents results in electron-beam ﬁlamentation and in the
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generation of a strong magnetic ﬁeld [30]. An electromagnetic ﬁlamentation instability leads to
the generation of a quasistatic magnetic ﬁeld and is associated with many small-scale current
ﬁlaments [31, 32]. Each ﬁlament consists of a direct and of a return electric current that repel
each other (see Fig. 2.53). This produces a strong electric ﬁeld, which accelerates the ions in
the radial direction. In the long-term evolution, the successive coalescence of the small-scale
current ﬁlaments forms a large-scale magnetic structure. This process is accompanied by the
reconnection of the magnetic-ﬁeld lines, by the formation of current sheets, and by strong ion
acceleration inside these sheets [33].
The ﬁlamentation phenomena are of great interest for the explanation of the quasistatic
magnetic ﬁeld origin in laser plasmas irradiated by relativistically strong EMW [34]. Counterstreaming electric-current conﬁgurations naturally appear in space at the fronts of colliding
electron–positron and electron–ion plasma clouds [35] as in the cases of the Galactic Gamma
Ray Bursts and in shock waves in supernova remnants. The ﬁlamentation instability generates the magnetic ﬁeld required by the theory of the synchrotron afterglow in GRB [36]. The
Weibel instability has been invoked as a mechanism of the primordial magnetic-ﬁeld generation
by colliding electron clouds in cosmological plasmas [37].

Figure 2.53: 3D PIC simulation of magnetic ﬁeld generation during
the Weibel instability development [32].

The ﬁlamentation instability developing in the vicinity of shock wavefronts together with
other types of instabilities plays the role of the source of strong electromagnetic turbulence
invoked in the theoretical models of the Fermi acceleration of cosmic rays [36, 38].
2.10.7

Modeling of pulsar magnetosphere (oblique magnetic rotator)
with relativistic EM solitons

According to the antenna mechanism of the pulsar radiation emission [39] in the pulsar magnetosphere, which is an obliquely rotating magnetic dipole, the magnetic dipole interaction with a
plasma at the magnetosphere periphery induces strong modulations of the electron density, an
electron density lump. The phase velocity of the electron lump can be arbitrarily close to the
speed of light in vacuum. It is directed along a circle as illustrated in Figure 2.54. As a result
of the curvilinear acceleration, the electron lump emits radiation, the properties of which are
similar to the synchrotron radiation [40].
In the context of relativistic laboratory astrophysics it is remarkable that the relativistic rotating dipole can naturally be formed in the laser plasma [2]: the high-power coherent
synchrotron-like radiation can be generated by the relativistic charge density wave rotating
self-consistently inside an electromagnetic-dipole solitary wave, dwelling in a laser plasma [41].
Figure 2.54 presents the structure of electric and magnetic ﬁelds inside the soliton [41]. The
soliton resembles an oscillating or rotating electric dipole. The toroidal magnetic ﬁeld, shown in
Figure 2.54, indicates that, besides the strong electrostatic ﬁeld, the soliton emits high-frequency
EM radiation, whose frequency is much higher than the Langmuir frequency [41]. This radiation
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Figure 2.54: (left) Schematic pulsar magnetosphere, according to reference [39]. A rotating relativistic
electron lump emits electromagnetic radiation by the antenna mechanism. (right) Structure of electric
(a) and magnetic (b) ﬁelds inside the EM relativistic soliton. Inset: the magnetic and electric-ﬁeld
topology in the TE (with poloidal magnetic ﬁeld and toroidal electric ﬁeld) and in the TM (with
poloidal electric ﬁeld and toroidal magnetic ﬁeld) solitons [41].

is emanated from the electron-density hump rotating in the wall of the soliton cavity, similar to
coherent synchrotron-like emission. This radiation has the characteristics of a well-pronounced
outgoing spiral EM wave, Fig. 2.55a. The emission of the spiral wave correlates to the rotation
of the electron-density hump in the cavity wall, and it leads to the spiral modulations of the
electron density (see Fig. 2.55b). The density hump gyrates in a circle, and the period of revolution is exactly equal to the soliton period. The polarization of the spiral wave corresponds to
the well-known synchrotron radiation [40] and the density-hump emission is coherent.

Figure 2.55: (a) Cross sections of the magnetic ﬁeld
component eBz = me c in the plane x, y. (b) The
electron-density distribution. Right inset: the EM
ﬁeld of the rotating electric charge. Left inset: a
frequency spectrum of the emitted EM wave.

2.10.8

Conclusion

Finally, we note that the development of superintense lasers with parameters in the ELI range
will provide the necessary conditions for experimental physics where it will become possible to
study ultrarelativistic energy of accelerated charged particles, superhigh-intensity EM wave and
the relativistic plasma dynamics. A fundamental property of the plasma to create nonlinear
coherent structures, such as relativistic solitons and vortices, collisionless shock waves and highenergy particle beams, and to provide the conditions for relativistic regimes of the magnetic-ﬁeld
line reconnection, makes the area of relativistic laser plasmas attractive for modeling of processes
of key importance for relativistic astrophysics.
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3.1

Applications in multidisciplinary sciences
Biomedical imaging with laser-driven brilliant compact
X-ray sources

Since its discovery more than a hundred years ago X-ray radiation has become an indispensable
tool in medical diagnostics. Despite its invaluable contribution to patient care, for example in
imaging bone structure, X-ray diagnostics ultimately reaches its limits in the examination of
soft tissue, such as tumors embedded in healthy tissue. Modern X-ray imaging methods, which
explicitly utilise the wave character of X-ray light, promise a signiﬁcant improvement in image
quality and reduction in patient-delivered dose over conventional, absorption-based approaches.
The requirements on the X-ray beam brilliance mean, however, that presently the applications
of such innovative methods are restricted to large-scale synchrotron facilities.
Introduction
Visible light microscopy is a standard and widely utilized tool with a broad range of applications in science, industry and everyday life. Besides standard bright-ﬁeld imaging, many more
contrast mechanisms have been developed, and dark-ﬁeld imaging, phase-contrast, confocal and
ﬂuorescence microscopy are routine methods in today’s light microscopy applications [1]. It is
not surprising that this development has stimulated a similar progress in imaging applications
with other forms of radiation. In electron microscopy, for example, where the initial electron
microscope image was produced in the early thirties, dark-ﬁeld imaging was introduced in the
late thirties [2], and imaging based on phase contrast in the forties [3].
In X-ray microscopy, or more generally, X-ray imaging, the development of a similar range
of contrast modalities proceeded much more slowly and is still a very active ﬁeld of research.
Despite the early pioneering work on X-ray interferometry by Bonse et al. in the sixties [4], the
majority of phase-contrast imaging [5,6] and dark-ﬁeld imaging [7–10] methods were introduced
in the late nineties. The development of such advanced imaging methods is particularly diﬃcult
for hard X-rays (with energies in the multi-keV range), because of the lack of eﬃcient X-ray
optics. Most existing hard X-ray dark-ﬁeld and phase-contrast imaging methods, for example,
work best with a narrow energy band-width (typically between 0.01 and 1%) and a very small
source size (typically between 10 an 100 µm) of the radiation [4, 7–18], and this eﬀectively
restricts their use to highly brilliant and well-collimated large-scale X-ray synchrotron sources.
Medical imaging applications, on the other hand, would require a more compact and costeﬀective solution, which could be integrated into a clinical environment.
ELI opportunities
A ‘gap of opportunities’ – in terms of novel X-ray sources – is illustrated in Fig. 3.1, which
compares the brilliance (and price tags) of commercially available X-ray sources for medical diagnostics with that of large-scale synchrotron X-ray facilities. While equipment used in medical
device technology typically oﬀers a brilliance of around 108 ph/(sec mm2 mrad2 0.1% BW), largescale synchrotron sources can presently deliver values of 1014 ph/(sec mm2 mrad2 0.1% BW) at
bending magnets and up to 1022 ph/(sec mm2 mrad2 0.1% BW) at dedicated undulator beamlines. In terms of pricing, lab-based X-ray generators typically range in the few ten to hundred
thousand Euro range. Large-scale facilities, on the other hand, usually are priced on the several
hundred million Euro scale, which rules out widespread clinical applications.
If we now consider the requirements X-ray phase-contrast imaging applications, we can
state that a brilliance of 3–4 orders above X-ray generators, i.e. in the range of 1011 to
1013 ph/(sec mm2 mrad2 0.1% BW) would be suﬃcient for most methods to work very well.
Therefore state-of-the-art undulator brilliance values of 1022 ph/(sec mm2 mrad2 0.1% BW)
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are not really required for advanced biomedical phase-contrast imaging applications, as they
typically target only medium resolutions with pixel sizes in the several ten micron range at
minimum.
From this discussion we conclude that there is a need for cost-eﬀective X-ray sources in the
1011 to 1014 ph/(sec mm2 mrad2 0.1% BW) brilliance regime, and that this is currently not
targeted by any existing technology of today. Laser-driven X-ray sources could potentially ﬁll
this gap and provide sources with brilliance values signiﬁcantly above X-ray generators, but
with a price tag signiﬁcantly below large-scale synchrotron research facilities.

Figure 3.1: This viewgraph illustrates the ‘gap of opportunities’ – in terms of brilliance vs. cost ratio
– of novel, laser-driven X-ray sources, with respect to existing low-cost/low-brilliance rotating anodes
and high-cost/high-brilliance large-scale synchrotron X-ray facilities.

Laser-driven compact X-ray sources
A possible solution to this problem are novel compact, but yet brilliant, laser-driven synchrotron
X-ray radiation sources. These sources are presently expected to deliver brilliance values of up to
1011 ph/(sec mm2 mrad2 0.1% BW), and fulﬁll the requirements of most phase-contrast imaging
modalities, while keeping a moderate price envelope. The main concept of such compact, laserdriven synchrotron sources is based on head-on collision of high-power picosecond laser pulses
and relativistic electron bunches circulating in a laser enhancement cavity and electron storage
ring, respectively (see also Fig. 3.2).
Whereas the insertion devices such as undulators and wigglers on third-generation synchrotron radiation facilities are built with permanent magnets, BRIX produces X-rays in the
ﬁeld of an intense laser undulator (through a mechanism called ‘Thomson or inverse Compton
scattering’, see [19]). The characteristic parameters for undulator radiation are γ (electron energy in units of rest mass) and λu (spatial period of the undulator). The fundamental wavelength
of X-rays emitted from a magnetic undulator is λu /2γ 2 , and for magnetic undulators λu is typically a few centimeters, so γ needs to be of the order of 104 to reach a fundamental wavelength
in the Ångström range. The fundamental wavelength for a laser undulator is λu /4γ 2 [20], and
as the laser undulator at BRIX has a wavelength of ∼ 1 µm, we only need γ ∼ 50 to obtain
a fundamental wavelength in the Ångström range. For this reason the electron energy is two
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Figure 3.2: Top: Schematic layout of a compact, laser-driven, synchrotron X-ray source. Bottom:
Photograph of the currently existing prototype at Lyncean Technologies/US. The main components are
a linear electron accelerator, an electron storage ring, and a resonator laser cavity, in which X-rays are
produced by a Thomson (or inverse Compton) scattering process of the electrons with the laser pulses.

orders of magnitude lower than that at large-scale synchrotron facilities. This allows the BRIX
storage ring to be scaled down to a few meters in circumference, making it feasible for use in a
conventional laboratory or for clinical use. The currently existing protoype (see Fig. 3.2) can be
operated at an electron energy of up to 45 MeV, yielding X-ray energies of up to 35 keV with
3% energy bandwidth.
Phase-contrast X-ray imaging
Based on the availability of a ﬁrst prototype source, we have carried several experimental campaigns during the last two years at the prototype test facility installed at Lyncean Techologies
(CA, USA). While there exists a number of diﬀerent phase-contrast imaging techniques (including propagation-based imaging, analyzer-based imaging, and crystal interferometry), we have
focused speciﬁcally on a recently developed approach based on X-ray optical gratings [15–18].
This is mainly because this novel approach is the most promising method for use with both a
www.extreme-light-infrastructure.eu
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large ﬁeld-of-view (> 10 cm) and with an X-ray bandwidth of 3–5%, as expected from compact
synchrotron sources.




Figure 3.3: Top: Setup for diﬀerential phase-contrast imaging with a grating interferometer. Bottom:
Photograph of an actual experiment, carried out at a compact synchrotron light source.

A setup for grating-based phase-contrast imaging essentially consists of a phase grating
G1 and an analyzer absorption grating G2 (Fig. 3.3). The image formation process is similar
to diﬀerential interference contrast (DIC) microscopy used in a visible light microscope. It
essentially relies on the fact that a phase object placed in the X-ray beam path causes a slight
refraction of the beam transmitted through the object. In our setup the measurement of the
small deﬂection angles is achieved by the arrangement formed by G1 and G2 . Most simply, it can
be thought of as a multi-collimator translating the angular deviations into changes of the locally
transmitted intensity, which can be detected with a standard imaging detector. In addition
to phase-contrast images such a grating-based setup can be used to record X-ray dark-ﬁeld
images [18].
For the experiments described further below, we have used a grating system consisting of a
phase grating G1 with 3.96 µm pitch, and an absorption grating G2 with 2.00 µm pitch. We
used a distance of 22 mm between the two gratings, corresponding to the ﬁrst fractional Talbot
distance [21]. The distance of the setup from the source was L = 8.65 m. The protoype compact
synchrotron light source was operated at an X-ray energy of 13.5 keV (Fig. 3.2) and 20 keV, with
an rms energy spread of 2%. The angular divergence of the X-ray beam was limited to ±2 mrad
by a cylindrical aperture. For each data set, nine phase steps were performed over two grating
periods, yielding nine images from which the absorption, diﬀerential phase and dark ﬁeld images
were calculated (see [18] for more details). Each image was recorded with an exposure time of
∼ 5 s, hence the total exposure time was 45 s per data set. All images were recorded on a MAR
CCD detector with square pixels of 78 × 78 µm2 .
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Figure 3.4: The ﬁrst proof-of-principle X-ray images of several small test samples (top row: a bee,
middle row: a moth, bottom row: a ﬂower), recorded with a laser-driven, compact synchrotron prototype
machine during an experiment at Lyncean Technologies/US in 2008. The conventional absorption image
is shown on the left, the phase-contrast image in the centre, and the dark-ﬁeld image on the right (see [21]
for more details).

Experimental results
Figure 3.4 shows three types of images obtained from one raw data set for three diﬀerent test
samples (two insects and a ﬂower): (a) absorption contrast, (b) diﬀerential phase-contrast and
(c) dark-ﬁeld image. We can clearly observe that the three types of contrast supplement each
other well, as each image shows details diﬀerent from the others.
Another example, which particularly highlights the potential of the method for future medical
applications in clinical phase-contrast mammography is shown in Fig. 3.5. An American College
of Radiology (ACR) mammographic accreditation phantom was imaged using absorption, phase
contrast, and dark ﬁeld imaging. The images in Fig. 3.5 show the tumor and spiculation models
comparing absorption contrast to the other contrast mechanisms available using grating-based
phase-contrast and dark-ﬁeld imaging. The phantom consist of mainly three diﬀerent types
of features, namely nylon ﬁbers (to simulate breast ducts), ‘tumor like masses’ (to simulate
compact tumors), and ‘specks’ (to simulate micro-calciﬁcations). While the ‘specs’ are nicely
resolved in the absorption image (upper left panel), we interestingly learned that our darkﬁeld imaging modality (upper right panel) highlights particularly the tumor-like masses. We
hypothesize that this is essentially due to the fact that dark-ﬁeld imaging measures the local
integrated small-angle scattering power of the sample. The phase-contrast image (lower right
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Figure 3.5: Mammography phantom imaged at a compact synchrotron source (GAMMEX 156). Top
left: absorption image, top right: dark-ﬁeld image: showing increased contrast for the so-called ‘tumorlike masses’; lower left: absorption image; lower right: phase-contrast image, showing increased contrast
of the nylon-ﬁbres, simulating ducts in the breast.

panel), on the other hand, is superior to the conventional absorption image (lower left panel),
when it comes to detecting the nylon ﬁbers in the phantom. This can be explained by the
fact that phase-contrast imaging enhances particularly high spatial frequencies, i.e., edges or
boundaries of objects.
Finally, Fig. 3.6 reports the ﬁrst micro-CT results obtained at a compact synchrotron source.
The images show volume rendered images of the reconstructed CT data set, which was aquired

Figure 3.6: Three-dimensional renderings of a ﬁrst reconstructed tomography data set recorded at the
laser-driven compact synchrotron X-ray source.
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by rotating the sample around 360 deg at interval angles of 1 deg. The raw projection images were pre-processed into quantitative projection images of the specimen and subsequently
reconstructed into a 3D volume data set using an optimized ﬁltered back-projection algorithm
developed for grating-based CT [17].
Benchmarking
To further evaluate the potential of biomedical phase-contrast imaging with future compact
sources of increased brilliance, we have performed benchmarking experiments using highly brilliant large-scale synchrotron sources (e.g. ESRF/Grenoble). One such result is displayed in
Figs. 3.7 and 3.8, and concerns experiments on a rat brain bearing a gliosarcoma (see also [16]).
Figure 3.7 shows several three dimensional renderings of the reconstructed phase-contrast volume data set, and cleary demonstrate the improved sensitivity of the method.

Figure 3.7: Phase-contrast micro-tomography images of a rat brain, recorded with a 3rd generation
sycnchrotron source (ESRF/Grenoble). The sample was a formalin-ﬁxated rat brain bearing a 9L
gliosarcoma (see [16] for more details).

Figure 3.8: Comparison between absorption-contrast and phase-contrast micro-tomography results of
a rat brain, recorded with 3rd generation sycnchrotron source (ESRF/Grenoble). (a) Phase-contrast
micro-tomography slice through the rat’s cerebellum showing a clear contrast between the white and gray
brain matter and (b) corresponding slice through the absorption-based reconstruction of the specimen
(see [16] for more details).

Figure 3.8 shows tomographic image slices through the brain region containing the rat’s
cerebellum. In the phase tomography reconstruction (Fig. 3.8a), we can clearly observe good
contrast between the brain’s white and gray matter, whereas this is hardly possible on the
absortion data set (Fig. 3.8b).
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Future
Following the initial exploitation of the exisiting prototype and its optimisation, further developments in the direction of MegaWatt laser resonator cavity systems and higher electron beam
energy (> 100 MeV) in the storage ring could be anticipated in ELI. This would open the door
to clinical diagnostics applications in the X-ray energy range of 80–150 keV and potentially even
allow for advanced radiation treatment procedures, such as micro-beam radiation therapy using
X-ray energies in the range of a few hundred keV.
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Material sciences have come to extremes: while many static material properties are deﬁned by
the collective behaviour of electrons and atoms in a solid, on the ultrafast time scale, highly
non-equilibrium conditions in condensed matter can be achieved. The primary response of
materials to optical excitations is electron dynamics on the attosecond timescale. The subsequent structural response is driven and controlled by this transient, non-equilibrium electronic
structure. The ultrashort and ultraintense light sources that will be available at ELI allow for
unprecedented studies of primary attosecond electron dynamics as well as for the generation
of controlled extremely short-lived states of matter, which will enable us to study the complex
interplay between electronic and structural dynamics. Fundamental processes on these extreme
timescales start to play a role in electronics and other applications of material sciences.
3.2.1

Attosecond electron dynamics

Fundamental electronic eﬀects in condensed matter occur on the attosecond timescale. In the
following, a few examples shall be given where intense attosecond extreme-ultraviolet and X-ray
pulses will enable new insight into ultrafast material phenomena [1, 2].
Time-resolved view of many-body response in condensed matter
When comparing electron binding energies from stationary photoemission experiments on isolated atoms with one-electron energy levels of the unperturbed particle obtained from oneelectron calculations, signiﬁcant diﬀerences appear, in particular for localized initial states. This
eﬀect, known as intraatomic relaxation, is a manifestation of the many-body response to the
creation of the vacancy and is caused by the rearrangement of the ion’s electron distribution.
As a result, the total energy of the ion is decreased and the kinetic energy of the photoelectron
is increased. Coulombic and exchange energy also contribute to the observed increase in kinetic
energy. For incomplete relaxation, part of the excess energy remains in the ion as a bound or
continuum excitation, and additional shake-up or shake-oﬀ satellites are observed besides the
main photoemission peaks. For molecules or solid compounds, this satellite structure can be
very rich due to contributions of local and non-local excitations (e.g., plasmons), and charge
transfer between the atomic constituents of the compound. How fast do these screening processes proceed? Calculations indicate that the dynamics can be divided into two parts: For
short times, i.e., less than one half of a plasma frequency oscillation period, the electrons react
ballistically as independent particles. For long times, collective oscillations with the plasma
frequency are encountered [3]. For all metals these dynamics proceed in the sub-femtosecond
regime due to their corresponding plasma frequencies. So far, time-resolved measurements have
only been possible for semiconductors with very low electron density, small plasma frequency
and correspondingly slow screening dynamics [4]. Intense attosecond light pulses with photon
energies beyond 100 eV will allow direct time-resolved views on these fundamental many-body
eﬀects in condensed matter.
Charge transfer dynamics and resonant photoemission
Lifetimes of inner shell levels can be very short. For those with large binding energies or
those decaying via Coster-Kronig or super-Coster-Kronig processes, lifetimes are well below
one femtosecond. Lifetime-broadened maxima are observed in kinetic energy spectra for the
photoelectrons as well as for the decay electrons. We note, however, that these homogeneous
broadenings are correlated. For all decay processes with a ﬁnal state of well-deﬁned energy, e.g.
the ground state of a doubly charged ion, and no further inelastic channels, energy conservation
can only be violated for the (short) lifetime of the intermediate core-ionized state; it has to
apply between initial (ground) and ﬁnal (doubly ionized) state. In other words, a positive
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energy shift (+∆E) of the photoelectron is compensated by −∆E of the decay electron. It has
been convincingly demonstrated by coincidence experiments that excitation and de-excitation
are coherent processes. Unfortunately, coincidence experiments are very diﬃcult to carry out,
due to the very large background counts from solids. It is much easier to start with a bound
core resonance instead and excite it with narrow-band radiation. If the resonantly excited
electron does not exchange energy with its environment during the lifetime of the core hole, the
energy of the decay electron disperses linearly with the excitation energy. The decay electron
spectrum resembles the oﬀ-resonant photoemission spectrum, with one-hole states and one-hole
two-electron states, however with diﬀerent relative amplitudes [5]. For molecules, which may
be vibrationally excited in the intermediate as well as in the ﬁnal state, this dispersion rule
holds strictly only within one set of vibrational quanta; interesting redistribution processes
among the vibrations are observed by detuning the initial excitation within the resonance. This
coherent process, which is termed Resonant Photoemission or Auger Resonant Raman Eﬀect, is
a very powerful tool for investigations of ultrafast charge delocalization dynamics on surfaces.
Particles bound to surfaces or other molecules are not isolated. They can exchange charge and
energy. If the status of the resonantly excited electron is changed during the lifetime of the core
hole by interaction with the environment, the coherence of excitation and de-excitation noted
above is lost. Particularly, delocalization of the resonance electron into a continuum, e.g., into
unoccupied electronic states of the substrate, converts the shape of the decay spectrum from
resonant into normal Auger (see Fig. 3.9).

Figure 3.9: Principle of measuring charge delocalization by core-hole clock spectroscopy. Inner shell
levels are indicated in red, occupied outer shell/valence levels in blue and unoccupied levels in green.
Core excitons (right) decay via participator or spectator processes if the lifetime of the resonance is
longer than the lifetime of the core hole. If the delocalization of the resonantly excited electron is faster
than core decay, normal Auger is observed as for primary core ionization (left) [from [1]].

In many cases both contributions can be well separated. Combined with the known lifetime
of the core hole, the ratio of the integrated intensities of these two channels yields the charge
delocalization time. So far, the core-hole clock method is the only method making charge delocalization and transfer times in the attosecond range accessible [6], the time range characteristic
for charge transfer between strongly coupled adsorbates and their substrates. However, the corehole clock method has some disadvantages. Most severe is that core levels of appropriate lifetime
may not be available for the surface particles of speciﬁc interest. Moreover, one has to keep in
mind that core ionization increases the eﬀective atomic number from Z to Z + 1 and therefore
changes the chemical behaviour of the atom during the lifetime of the core hole. It should also
be noted that the core-hole clock method provides an atomically localized probe of the dynamics
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of valence electron wavepackets. In case of molecular adsorbates with spatially extended valence
state wavefunctions, the core-hole clock method is not capable to distinguish intramolecular
charge delocalization from heterogeneous electron transfer without further geometrical and/or
energetic information.
Future experiments with attosecond pulses can overcome these limitations and provide direct
information on the attosecond evolution of atomic and molecular charge distribution at surfaces.
Scattering experiments and dynamics of band structure build-up. Atomic and molecular orbitals of particles condensed into the solid state interact, forming energy bands with energy
values depending on the electrons’ momenta. However, as for the collective behaviour in the
screening example, a few scattering events are necessary for the electrons to probe the structure
of their environment in order to form bands. On a very short time scale, we can assume that the
electrons “do not know” about the solid’s structure or the corresponding electronic band structure. Theoretical investigations and experiments on charge transfer during scattering of fast ions
at surfaces conﬁrm this. Neutralization of negative ions probes the unoccupied, that of positive
ions the occupied density of states at the surface. For crystalline materials, the density of states
varies strongly with energy showing maxima, minima and gaps. As a result, charge transfer
rates should vary depending on the energetic positions of the projectiles’ ionization or aﬃnity
levels. Theory and experiment show that the signature of the band structure in the charge
transfer rates vanishes for increasing particles energies, corresponding to decreasing interaction
times. Future experiments with attosecond light pulses promise to provide a time-resolved view
of these fundamental eﬀects.
3.2.2

Materials behaviour at intense electromagnetic ﬁelds

Electromagnetic excitations may be broadly classiﬁed by their ﬁeld strengths or intensity (ﬁeld
strength squared) and time duration and/or frequency. For materials, a useful reference is provided by the bonding “ﬁeld” experienced by valence electrons, which is of the order of 1 V/atom,
corresponding to a ﬁeld strength of ∼ 1010 V/m. Characteristic time scales in solids are set by
nuclear motions (> 100 fs) and valence electron motions (∼ 1 fs). With our present and future
capabilities to create electric ﬁelds that exceed the bonding ﬁelds and span a large frequency
range from terahertz or picosecond ﬁelds to X-ray or attosecond ﬁelds we are entering new
regimes of experiment and theory that go well beyond our present knowledge. This will require
the development of new theoretical approaches that include dynamic ﬁeld eﬀects.
Femtosecond optical excitation of materials coupled with new probe sources capable of
atomic-scale (attosecond) resolution opens up new possibilities for elucidating the fundamental
structural and dynamical properties underlying nanoscale materials at extreme conditions, as
illustrated in Figure 3.10.
Atomic-scale rearrangements and synthesis of new structural forms may be enabled by the
ability to characterize and capture snapshots of the transient states induced by high temperature
and/or high pressure. It is largely unknown how phase diagrams on the nanoscale are modiﬁed.
Techniques are required for traversing and accessing new regions of the phase diagram that are
impossible to reach with present steady-state methods. This may be achieved through direct
optical excitation of materials as well as through the generation of shock waves that rapidly
traverse the material to be studied, both requiring transient techniques to characterize the
structural evolution. Such studies are also critical for discovering new pathways for synthesis
of materials of enhanced stability and strength. Other key questions, with an eye on both
fundamental and applied research, are: “How do complex phases involving spin-orbital-charge
order respond to excitation with light? Why are strongly correlated electron systems so sensitive
to photo-stimulation? How do these dynamic processes evolve in time? Can one put them to
good use?”
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Figure 3.10: Top: Raw X-ray diﬀuse scattering measurements capturing the nucleation of nanoscale
voids in optically excited semiconductors in real time. Bottom: molecular dynamics (MD) simulations
showing the formation of nanoscale voids beneath the surface, supported by the experimental data.
[Source: A. Lindenberg], reproduced from “Science and Technology of Future Light Sources a White
Paper”, 2008 editors Arthur L. Robinson (LBNL) and Brad Plummer (SLAC).

Insight into the fastest processes in materials will have a huge impact on the future developments in material sciences. For investigating and understanding these processes the attosecond
time structure of the ELI light sources is highly desired and needed. Especially, attosecond
pulses at photon energies in the keV range as will be provided by ELI are a key for future
success in material sciences at the extremes.
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Biological imaging with ELI’s intense and ultra-short
X-ray pulses

Theory predicts that with an ultra-short and very bright coherent X-ray pulse, a single diﬀraction
pattern may be recorded from a large macromolecule, a virus, or a cell before the sample
explodes and turns into a plasma. The over-sampled diﬀraction pattern permits phase retrieval
and hence structure determination. The interaction of an intense X-ray pulse with matter is
profoundly diﬀerent from that of an optical pulse. A necessary goal at ELI is to explore photonmaterial interactions in strong X-ray ﬁelds. The aim in structural biology is to step beyond
conventional damage limits and develop the science and technology required to enable highresolution studies of single biological objects near the physical limits of imaging. Eligible targets
include nanocrystals, cells, cell organelles, single virus particles and isolated macromolecules.
The challenges engage an interdisciplinary approach, drawing upon structural sciences, biology,
atomic and plasma physics, optics and mathematics. The potential for breakthrough science is
great with impact not only in biology or physics but wherever dynamic structural information
with high spatial and temporal resolution is valuable. The overall relevance of such a program
at ELI extends beyond basic science, to technologies of essential importance to a future Europe.

Figure 3.11: Diﬀraction pattern from a single
mimivirus particle captured at the Linac Coherent Light Source with a single 60 fs long X-ray
pulse at 2 keV photon energy.

Biological imaging at or near atomic resolution is probably the most challenging of all experiments that have been proposed for X-ray lasers, and it requires a detailed understanding of
photon-material interactions on ultra-short time scales at very high X-ray intensities. Radiation
damage limits the resolution in all imaging experiments. Damage is caused by energy deposited
into the sample during exposure. Cooling can slow sample deterioration, but it cannot eliminate
damage-induced sample movement during measurements. Theoretical studies and simulations
based on molecular dynamics [1–3], hydrodynamic plasma models [4], and particle plasma models [5] agree with each other, and predict that with a very short and very intense coherent X-ray
pulse, a single diﬀraction pattern may be recorded from a large macromolecule, a virus, or a
cell [6, 7] without the need for crystalline periodicity in the sample. A recent algorithm by
Quiney and Nugent [8] derived from optical coherence theory and quantum electrodynamics,
model the damage in the image-forming processes and we can therefore allow the sample to
sustain far more damage and still recover it’s structure.
The coherent diﬀraction pattern of a non-periodic object is continuous, and in principle,
there is a direct way to determine the phases from the pattern for image reconstruction by
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“over-sampling” [9–12]. Figure 3.11 shows diﬀraction from a single mimivirus particle and was
obtained with a single 60 fs-long pulse of 2 keV radiation at the LCLS (the Linac Coherent Light
Source at Stanford). Resolution in single-particle experiments does not depend on sample quality
in the same way as in conventional crystallography, but is a function of radiation intensity, pulse
duration, and wavelength, which are factors controlling ionisation and sample movement during
exposure. A three-dimensional data set can be assembled from such diﬀraction patterns when
copies of a reproducible sample are exposed to the beam one by one in random orientations
[13, 14]. Damage can be distributed over many copies of the sample in a similar manner as in
“single-molecule” electron microscopy or in crystallography. Diﬀraction data from reproducible
objects can be enhanced by merging redundant data, and this should be possible even from
very weak individual shots [15, 16]. Averaging (in a redundant data set) reduces the error in the
signal by the square root of the number of patterns that sample the same pixel. The limiting
factors here are the accuracy of the orientation information and heterogeneity in the sample
population, both of which will blur the reconstructed image [8, 17]. With a non-reproducible
object, there is no chance of repeating the experiment to improve the signal, and this creates a
resolution gap between structures for reproducible and non-reproducible objects. The highest
possible resolution in a single shot is not necessarily at the shortest possible wavelength. For an
analysis see [6]. Experimental strategies are, therefore, diﬀerent for high-resolution studies on
reproducible and non-reproducible objects.
The ﬁrst demonstration of coherent ﬂash diﬀraction with an extremely intense and very
short photon pulse was performed on 1 February 2006 at the VUV-FEL free-electron laser in
Hamburg [18]. The FEL pulse produced an interpretable diﬀraction pattern from a non-periodic
object, before destroying it at 60,000 K. The reconstructed image, obtained directly from the
coherent diﬀraction pattern by phase retrieval through over-sampling (on the spot at the beam
line), shows no measurable damage. Signiﬁcant damage occurred only about 2 ps after the
15 fs long pulse had left the sample [19]. These results validate the general concept of ﬂash
diﬀractive imaging. Over the past few years, experiments at the SPPS (Short Pulse Photon
Source, Stanford), FLASH (Hamburg), ALS (Advanced Light Source, Berkeley), and recently
also at the LCLS at Stanford have allowed us to reﬁne our concepts, and to identify new research
opportunities. We have amassed a great deal of experience on how to acquire low-noise diﬀraction
data with ultra-short pulses from objects in the gas, liquid, and solid phases. For instance, in
our ﬁrst experiments at the LCLS [7,20], background scattering in the vacuum chamber did not
exceed the read-out noise of the detectors nor the noise of the diﬀuse photon background. This
is quite remarkable, considering that the number of photons in the pulse was nearly 100 billion
times higher than this background. We have also developed analysis tools to generate two- and
three-dimensional images from coherent diﬀraction data [17,21], and developed new concepts in
phase retrieval and holography [22]. We have explored the limits of imaging biological materials
under the conditions of long-wavelength X-ray pulses at FLASH [23], and at shorter wavelengths
at the LCLS [7].
Research opportunities at ELI
1. Studies on photon-material interactions. The dominant interaction of hard X-rays
with atoms is through K-shell photoionisation. Relaxation of the resulting hollow ions proceeds
through the emission of Auger electrons in light elements. Shake-up and shake-oﬀ excitations,
initial- and ﬁnal-state conﬁguration interactions and interference between decay channels will
modulate this picture. Electrons ejected from atoms cause further ionisation by eliciting secondary electron cascades in condensed materials. The thermal equilibration of a single 12 keV
photoelectron releases 400–500 cascade electrons over a period of about 10 fs in a macroscopic
sample. Conventional X-ray crystallography lives with this. With very short X-ray pulses
available from ELI, most of these processes will have no time to develop.
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Primary and secondary ionisations: With the advent of high-brightness FELs, instantaneous
heating of uniform targets to well controlled mono-energetic states will become possible. We will
be able to heat and probe a plasma on a time scale faster than the collisional and thermalisation
time-scale. Such studies are important in creating and probing extreme states of matter [24, 25]
and they are also relevant to biology experiments on micron-sized objects, like cells [6]. Experiments will be performed on gases, solids and micron-sized biological objects. No measurement
of this type has been possible so far with hard X-rays. This is new physics that will validate
predictions and guide the development of atomic and molecular sciences in intense photon ﬁelds
and lead to new biology.
Time-dependent X-ray absorption and scattering: Can photoionisation be suppressed? First
experiments with hard X-rays at the LCLS show a signiﬁcant drop in the photoelectric cross
section of hollow atoms [26]. This eﬀect was predicted [1] but it is larger than expected, and
can already be measured with LCLS pulses of 20–80 fs duration. Photo-absorption decreased
20-fold in hollow neon to equal the cross-section of coherent scattering [26]. Ions with double
core holes had extended life times. Ejection of the 1s electrons at the beginning of an intense
and short pulse could practically stop photo-ionisation without signiﬁcantly changing the elastic
cross-sections of outer-shell electrons. We will study this eﬀect and explore this phenomenon to
avoid (or reduce) photoinisation for the duration of an ultra-short X-ray pulse. We expect the
conventional handicap of X-rays over electrons in imaging to be reversed with ultra short pulses
and made into a net gain over a broad range of sample sizes. A further factor to consider in
suppressing photoemission is the expected adiabatic stabilisation of atoms in extremely intense
and very high-frequency photon ﬁelds.
Experiments at ultra high energy densities. In an extremely intense photon ﬁeld, electrons can
be stripped from atoms. At optical frequencies, high-ﬁeld eﬀects become signiﬁcant with power
densities exceeding 1014−15 W/cm2 , where some of the new atomic physics and plasma physics
phenomena have been observed. The high-ﬁeld regime is unexplored at X-ray frequencies. Various estimates suggest that ﬁeld ionisation becomes measurable at around 1022−23 W/cm2 , and
relativistic eﬀects will dominate at around 1026 W/cm2 . Before reaching these extremes, an
adiabatic stabilisation of atoms can be expected [27]. The electron wave function has its maxima at the outer turning points. At high photon frequencies, the electrons quiver, the life-time
of the initial state increases, and the harder one hits the atom the less it will become ionised
– at least in principle. There is no consensus if one can avoid the “valley of death" on the way
to stabilisation (see Figure 1 in [27]. This area is simply unexplored. New focusing optics and
the pulse structure of ELI will allow us to get into this regime. In a recent study, we achieved
better than 1 µm focus at FLASH [25, 28, 29]. A focal spot of 7 nm diameter has recently been
reported with 20 keV X-rays from a synchrotron [30]. Combination of such optics with FELs
would bring us deep into the high-ﬁeld regime with hard X-rays.
An imaging concept for utilizing every scattered photon and emitted particle: We discovered
characteristic signatures in the fragmentation of small protein molecules, suggesting that key
features of the explosion are reproducible. The results show that the smaller the molecule, the
more reproducible the explosion. In very large macromolecules, the anisotropy of the explosion
is washed out by thermal eﬀects and by a transition from Coulomb explosion to hydrodynamic
expansion. Large samples scatter X-rays well but smaller objects have a ‘visibility problem’.
It is in these systems, where the reproducibility of the explosion is high, and this could be
exploited to derive relative sample orientations from fragmentation patterns, e.g. through velocity map imaging with single ion sensitivity. This idea separates the orientation problem from
the problem of a weak scattering signal, and extends photon-based imaging to the smallest of
molecules (perhaps as small as oligopeptides, glyco-conjugates, or water). Some of the necessary
methodology is described in Chapter 3.6. There is a chance to explore the nanoworld beyond
the current horizon by measuring every particle and scattered photon.
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2. Coherent diﬀractive imaging with X-ray lasers.
Sample injection and manipulation. Samples have to be delivered in a controlled manner under
conditions where structural integrity can be preserved for the duration of the experiment. A
highly eﬃcient aerosol injector has been developed in Uppsala. The injector introduces living
cells, viruses or biomolecules at reduced pressure into a beam of X-rays or electrons. In a recent
experiment at the LCLS (Jan/Feb 2011), a hit rate of 43% was achieved with the aerosol injector
giving 1.2 million hits on viruses in 36 hours.
Another type of injector uses a focused liquid jet of micron-submicron dimensions [20, 31].
The liquid jet produced 3 million hits on nanocrystals over ﬁve days of beam time [20]. These
are world records, but the ratio between the number of particles hit over the number of particles
that went between the pulses was only about 1 in 106 in these studies. While this is fantastic
for most studies (consider the Avogadro number), this ratio needs to be improved for studies
on “non-abundant objects" like chromosomes or isolated cell organelles where less than 100,000
copies of the target may be available. While improvements to the injector methods are crucial,
the high repetition rate of ELI alone may bring the current system to within the required
speciﬁcations.
The biological studies will start with large objects (nanocrystals, giant viruses, living cells),
and move on, as the source and the imaging techniques develop to study smaller virus particles, isolated cell organelles, and ultimately, single macromolecules and complexes. Single-shot
diﬀractive imaging with a table-top femtosecond soft X-ray laser-harmonics source has already
been demonstrated [32].
Femtosecond X-ray protein nanocrystallography [20,33] is an area where signiﬁcant advances
can be expected early in the operation of ELI. X-ray crystallography provides the vast majority of macromolecular structures, but the success of the method relies upon growing crystals
of suﬃcient size. Many macromolecules yield poorly diﬀracting crystals, even after extensive
eﬀorts. In conventional measurements, the necessary increase in X-ray dose to record data from
nanocrystals leads to extensive damage before a diﬀraction signal can be recorded. We mitigate
the problem of radiation damage in such measurements by using pulses briefer than the timescale of most damage processes and use this method for the structure determination of target
proteins that form nanocrystals. It is particularly challenging to obtain large well-diﬀracting
crystals of membrane proteins, for which less than 300 unique structures have been determined.

Figure 3.12: Electron density map
of Photosystem I (left) derived from
nanocrystals of this membrane protein
(right). For more detail see text and reference [6].

We developed a method for structure determination where single-crystal X-ray diﬀraction
“snapshots” are collected [20] from a fully hydrated stream of nanocrystals [31] using 70 femtosecond pulses from the LCLS. We tested this concept with nanocrystals of Photosystem I, a
large membrane protein complex. Over 3 million diﬀraction patterns were collected in 5 days
in this study, and a 3D data set was assembled from a subset of these exposures. The resulting
structure is shown above [20]. Each nanocrystal was blown up by the pulse, but the data show
no measurable damage and the structure is fully interpretable.
Structural studies on single non-crystalline objects [1, 23] (Figure 3.13). Mimivirus is one of
the largest viruses and it is visible in an optical microscope. It is too big for a full three182
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Figure 3.13: Diﬀraction patterns and reconstructed exit wave fronts (images) for mimivirus particles.
For more detail see text and ref. [20].

dimensional reconstruction by electron microscopy [34], and its core is surrounded by ﬁbrils,
preventing crystallisation. Figure 3.13 shows diﬀraction patterns and the reconstructed exit
wave front from two mimivirus particles injected into the FEL beam at the LCLS [7]. The
diﬀraction patterns were recorded with 1.8 keV X-rays, 70 fs pulse length, 6.5 × 1015 W/cm2 on
the sample, and the patterns contained about 1.7 million scattered photons. (a,b) Diﬀraction
patterns. (c) EM image. (d) Autocorrelation function for (a). (e) Reconstructions for (a,b).
The reconstructions give a ﬁrst glimpse at the structure of mimivirus in 2D projections [7]. In
36 hours of shooting time at the LCLS, running at 120 Hz, we obtained 1.2 million more hits
on mimivirus recently. Some of the single shot exposures go out to 2 nm resolution. Signal
averaging in a redundant data set will improve resolution further and a 3D reconstruction at
high resolution may become possible.
Non-reproducible objects: Studies on living cells and cell organelles injected into
the FEL beam
A Grand Challenge for the 21st Century is molecular-level structural studies on a living cell, and
a ﬁrst step in this direction is to gain an understanding of key damage processes in micron-sized
biological objects [6]. We have identiﬁed, selected and collected aquatic microorganisms of 0.5–
2.0 micron size. Many of these are photosynthetic species from Arctic and Antarctic waters, and
have the same size as the giant mimivirus. Tests show we can inject live cells into the vacuum
chamber, and the cells remain viable.
We expect to reach sub-nanometer resolution with a pulse shorter than ∼ 10 fs, and ELI
will be able to bring us there. Figure 3.14 shows a raw uncorrected diﬀraction pattern from a
submicron-sized photosynthetic picoplankton injected into the LCLS recently. The middle of
the picture is the pattern on the back-detectors and the left- and right-hand images are from

Figure 3.14: Diﬀraction patterns and reconstructed exit wave fronts (images) for
mimivirus particles. For more detail see text
and ref. [20].
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the two front detectors where the signal extends to about 10–20 Å resolution. The cell was alive
at the time it met the X-ray pulse.
From projection images to (almost) 3d structures Flash diﬀraction methods provide
the highest possible resolution on a cell in a single shot. At X-ray wavelengths and at the
scattering angles considered here, a single diﬀraction pattern contains depth information, and
this information may be retrieved from the diﬀraction pattern by a numerical propagation of the
complex-valued wave front [6,35–37]. Experimental procedures to gain depth information about
the sample fall into two major categories: manipulating the wavelength, and manipulating the
angle of illumination. ELI oﬀers the possibility for both, including setting up simultaneous hits
from two or three diﬀerent directions, and this should be explored. Laser harmonics produce
discrete-wavelength Laue diﬀraction, and this extends sampling.

Figure 3.15: Simultaneaous illumination from three diﬀerent directions. For details, see ref. [6].

Simultaneous illumination from multiple directions could provide a 3D view of the object and
assure that signiﬁcant damage does not develop during data collection. Methods have been
proposed for obtaining three simultaneous projections of a target from a single radiation pulse
[6]. ELI oﬀers new possibilities here. Figure 3.15 shows 3 incident X-ray pulses illuminating
the sample simultaneously. The timing of such pulses is a challenge, but not as critical as
ﬁrst thought: we know from our time-delay holographic measurements on sample explosions
[19] that the explosion of micron-sized samples happens over a period of many picoseconds,
following exposure to a 20 fs FEL pulse of 1014 W/cm2 . Timing of split X-ray pulses has already
been achieved with better than 30 fs accuracy. While challenging, this approach is feasible.
NIF brings together many more pulses onto a single target. In addition, the principal axes
of a compact charge-density distribution can be derived from projections of its autocorrelation
function, which is directly accessible from the individual diﬀraction patterns in this geometry.
ELI oﬀers possibilities for setting up simultaneous hits from three diﬀerent directions. It can
also provide laser harmonics for the extended sampling of the Fourier space.

Figure 3.16:
diﬀraction [6].
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Laser harmonics and discrete-wavelength Laue diﬀraction for extended sampling. An additional avenue that can be explored to enhance the sampling of the reciprocal space is the
possibility of using X-ray laser harmonics to create a “discrete-wavelength” Laue pattern (Figure 3.16). Following the ﬁrst successful use of Laue diﬀraction in protein crystallography [38],
the technique reached certain maturation. Developments in advanced detector technology (e.g.
the pnCCD of [39]) allow the direct measurement of the energy distribution of the scattered
radiation with good spatial- and energy-resolution.
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3.4
3.4.1

Life Sciences
Ion Beam Therapy

Introduction
Besides surgery, radiation therapy is a key method for treating tumour patients with localized
disease. Over the last years, advances in research and technology led to signiﬁcant improvements
in various ﬁelds of radiotherapy, resulting in higher cure rates and less side eﬀects in normal
tissue. The majority of radiation treatments for tumours in humans is currently done by ultrahard X-ray beams generated by clinical linear electron accelerators. Within the last decade, the
clinical interest in high-energy protons or heavier ions as a promising alternative has risen clearly
(see for example [1–3]). Compared to the standard X-ray treatment, this particle or ion- beam
therapy can deliver better dose distributions with less dose burden in normal, healthy tissue.
The therapeutical use of ion beams was proposed by Wilson in 1946, and the ﬁrst patients were
irradiated in the 1950s and 1960s in the USA (Berkeley and Harvard), Sweden (Uppsala) and
the former Soviet Union (Dubna and Moscow). Since then, more than 70 000 tumour patients
have been treated with ions all over the world (85% with protons, 15% with heavier ions,
mainly carbon). The number of ion beam facilities is increasing, and especially in the last few
years several new hospital based ion accelerators started their operation (e. g. the Heidelberg
Ion Beam Therapy Center HIT), while some more are under construction. Rather than the
high energy physics laboratories, where the ﬁrst patients were treated, these new therapy units
are dedicated to medical applications only and provide a patient friendly environment, higher
patient throughput and research facilities in the ﬁelds of oncology and medical physics. Turn-key
solutions are available from several commercial vendors.

Figure 3.17: CT scan of a tumor in the head overlaid by a treatment plan giving the dose in a linear
color-scale: a scanned carbon beam from two entrance ports (left) is compared to X-ray treatment plan
using 9 entrance channels (right). In both cases a high tumor conformity can be achieved but ion beam
treatment spares normal tissue to a larger extend.

Clinically, the main applications for low energy proton therapy are uveal melanoma and for
high energy protons various paediatric tumours, chordomas and chondrosarcomas of the skull
base and prostate tumors. Due to the lower integral dose in normal tissue, one could argue
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that proton therapy (or ion therapy in general) is advantageous compared to photon irradiation
in almost all situations (especially if the modern techniques of Intensity Modulated Particle
Therapy IMPT are applied), although there are only very few clinical studies to conﬁrm this. In
any case, proton therapy has successfully been applied to many other tumour entities like those
mentioned above as well as non-small-cell lung cancer, head-and-neck tumours and meningeomas. Heavier ions like carbon ions have the additional advantage of less lateral scattering and
an increased biological eﬀectiveness in the target volume compared to photons and protons. Up
to now carbon ions were mainly used to treat chordomas and chondrosarcomas of the skull base,
malignant salivary gland tumours and tumours in the lung, prostate, liver and soft tissue [7–9].
A major drawback of ion beam therapy is that the required technologies for ion acceleration
(large scale cyclotrons or synchrotrons) and beam lines are complex and aﬀord an investment of
100 to 200 Mio € for a therapy unit with four treatment rooms. As a consequence, this type of
therapy is still limited to roughly 30 centres worldwide. Currently there are several approaches
how to make this technology more compact and cost-eﬃcient. Some commercial companies
are working on compact, dedicated machines based on conventional accelerator technology, e. g.
superconducting cyclotrons or compact synchrotrons for multi- or single-room therapy units.
Alternative acceleration concepts are the so-called dielectric wall accelerator [10] and laserbased particle sources [11] as pursued by the ELI project. Compact laser-based therapy units
could dramatically increase the availability of high-energy proton and carbon ion beams, and
provide particle therapy to a broader range of patients. One huge advantage of laser based ion
therapy units compared to conventional technology could be a compact gantry that does not
need large and heavy bending magnets to deﬂect the ion beam. Instead, the laser beam would
be guided by mirrors through a compact gantry structure to hit the target in the treatment
room not too far from the patient.
At present, the achievable energies for laser-accelerated particles are not high enough for therapeutic applications, and the detailed properties (repetition-rates, ﬂuxes, energy spectra, divergence etc.) of future beam are not precisely known yet. Therefore there are not even prototypes
of such irradiation units available. Various groups (e. g. at the OncoRay centre in DresdenRossendorf/Germany, at the Munich-Centre for Advanced Photonics in Munich/Germany, and
at the Photo-Medical Research Center in Japan) are currently investigating the required physical, technological and biological basis for laser-based radiation therapy with proton or carbon
ion beams. Advanced treatment planning strategies were already developed to best utilize their
speciﬁc properties (see e. g. [12]). A major milestone towards the therapeutic application of
these new beams has been demonstrated by the ﬁrst cell irradiations using laser-accelerated
protons [13, 14]. With the progress on the physics side (e. g. the realization of the radiation
pressure acceleration regime as an alternative to the target normal sheath acceleration mechanism), we expect higher energies being available soon. Here ELI can play a key role in providing
high power lasers to explore the future potential of laser driven ion beams and their medical
applications.

Ion beam therapy using conventional acceleration
Physical and biological characteristics
The main reason to use ion-beams for tumor therapy instead of photons is the inverse dose
proﬁle i.e. the increase of energy deposition with penetration depth up to a sharp maximum at
the end of the particle range, the Bragg peak.
In the entrance channel corresponding to high energies the interaction of the projectile with
the target atom and consequently the dose deposition is low. The maximum of interaction
between projectile and target occurs near the end of range in the so-called Bragg maximum.
In the Bragg maximum the ions have low energies at around 10–20 MeV/u and are still fully
www.extreme-light-infrastructure.eu
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Figure 3.18: The measured dose as function of penetration depth is compared for photons, protons
and carbon ions (left). The lateral scattering of these beams is given for the same penetration depth
(right) [15, 16].

ionized but have a larger interaction time because of the low velocity. Then many electrons
are liberated from the target atoms by the ions impact forming a very dense track with large
local doses. This behavior is common to all ions but for the heavier ions the local doses in the
Bragg maximum exceeds a level where by one ion track local clusters of double strand breaks are
produced in the DNA. Then the quality of the biological lesion changes: for the heavier ions like
carbon the production of double strand break clusters extends over the complete Bragg peak
region. There the relative biological eﬀectiveness (RBE) increases by a factor of 3–5 compared
to the high energies in the entrance channel. In the clinical application, carbon ions have a
2–3 times greater biological eﬀective dose in the target volume than protons but still a small
eﬀectiveness in the entrance channel. This larger RBE combined with a smaller straggling are
the main reasons to use Carbon ions for therapy [17].
For the clinical application the lateral and longitudinal straggling parameters determine the
overall conformity of the irradiated volume: The range-straggling broadens the individual Bragg
curve and decreases the peak to plateau ratio. With increasing atomic number the Bragg peak
becomes broader (Fig. 3.18), but the intrinsic width of the Bragg maxima is less important than
the lateral scattering which translates into range uncertainties in the usually inhomogeneous
target-volumes which are largest for proton beams [15].
In consequence the heavier beams like carbon produce the best overall conﬁnement of the
treated target volume compared to the planned target volume. Consequently the production
not only of protons but also of the heavier carbon ions is still an important goal for any LDIA.
Passive beam spreading
Essential for the treatment-success is the conformity of the delivered dose to the target volume. The pristine beam from a synchrotron-accelerator has a small energy spread and a small
divergence resulting in a beam spot of a few millimetres in diameter at the isocenter. These
parameters are necessary for acceleration and transport but in order to cover an extended target volume of 100 cm3 or more the beam has to be enlarged, both in lateral and longitudinal
direction. At present, most proton- and heavy ion-facilities use passive beam forming techniques which emerged from the dose shaping systems of the conventional X-ray therapy. In
these techniques, the primary mono-energetic and sharp “pencil" beam is widened laterally by
complex scattering systems that produce a beam having a ﬂat top. Then using apertures the
outer contours are shaped to the projected tumor-contours. In addition, the beam is modulated
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in depth with ridge ﬁlters according to the maximum extension of the target volume: particles penetrating through the valleys between the ridges experience a smaller energy loss than
particles that penetrate through the full ridge. In this way energy spread and consequently
range variations are introduced to cover the target volume in depth with a homogenous dose
distribution for protons or in case of carbon ions with a dose distribution shaped according to
the RBE variation.
The shape of the wanted dose proﬁle determines the shape of the ridge ﬁlter. So each ﬁlter
covers not only a certain range variation but has also an intrinsic RBE acceptance.

Figure 3.19: Principles of passive beam application: the pristine ion beam is widened laterally by a
set of inhomogeneous foils that provide a ﬂat top in the lateral proﬁle. Range modulators produce the
extension in depth. Collimators restrict the outer contours to the largest cross section of the target and
compensators can be used to for the distal contours. A general review of passive beam shaping methods
is given in [18].

Active beam delivery
Active shaping systems use the option of deﬂecting charged particles by applying magnetic
ﬁelds and were introduced into clinical practice at PSI in Villigen for protons [19] and at GSI
in Darmstadt for carbon ions [20].
The principles of active beam shaping are illustrated in Fig. 3.20. The target volume is
dissected into layers of equal particle range: iso-energy layers. Using two deﬂecting magnets
driven by fast power supplies, the “pencil beam” is scanned in a raster-like pattern over each
layer, starting with the most distal one. After one layer has been painted, the energy of the
beam and consequently the range is reduced and the next layer is treated. The beam may
be delivered in discrete “spots” with minimal overlap along the raster path (PSI technique) or
near-continuously in largely overlapping pixels as in a raster scan technique (GSI method). The
intensity of the beam is monitored in 100 µsec intervals and the dose delivered at each location
is controlled by monitors installed directly in front of the patient.
Although each layer has a diﬀerent contour the shape of a target volume can be “ﬁlled” with
high precision. In Fig. 3.21 a complete set of iso-energy slices of a patient treatment is shown:
in the magniﬁed panel the circles represent the calculated positions of the beam that are ﬁlled
with the measured center of the beam. The beam diameter is larger than the circles and overlap
www.extreme-light-infrastructure.eu
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Figure 3.20: Principle of active scanning: the target volume is divided in layers of equal particle range
and each layer is covered by a grid of individual pixels which are treated sequentially.

over many positions yielding a homogeneous distribution. The small slices of high or of low
energy ions in the beginning and at the end of scanning are due to the density inhomogeneities
of the tissue. Small areas of high density like bones have to be treated with higher energies to
account for the small spots of higher energy irradiation. Vice versa, areas behind low density
have to be ﬁlled with low energy particles.
Using cyclotrons, the energy variations have to be performed using passive degraders after
which the beam has to be cleaned from the large energy spread. Then more than 95% of the
primary beam is lost producing a large amount of neutrons. Using synchrotrons the energy can
be requested step by step from the accelerator with the appropriate energy from pulse to pulse.

Figure 3.21: Compilation of the diﬀerent range slices of a treatment volume.
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In addition to accelerate the scanning procedure diﬀerent intensities and beam diameters should
be available pulse by pulse from the accelerator. In practice for an average target volume of
100 ccm 30–60 iso-energy layers are ﬁlled with 30–50 000 pixels which are painted with beam in
3–5 min. New developments at NIRS Japan could improve the total exposure time to t < 20 sec
mainly by increasing the analysis time of the monitors in front of the patient. In the next
step using an energy variable extraction from the synchrotron it seems possible to perform a
complete exposure of one treatment ﬁeld within less than 5 sec. This would be a very important
achievement because it would allow treating targets subjected to motion e.g. from the lung. By
using the usual “breath hold”technique of a few second these tumors could be treated with the
extreme conformity like stationary targets. [36]

Figure 3.22: An optimized plan for a two ﬁeld treatment is shown in three sections. A high conformity
to the target volume is reached and simultaneously critical organs like the eye balls and brainstem are
completely spared.

For this intensity modulated particle therapy (IMPT) the beam delivery, scanning and the
accelerator form an interactive system, separate optimization of the individual components is
not suﬃcient to get the system to the necessary performance; a fast interplay between all
components from ion source to the scanning system has to be reached. Similar an LDIA based
therapy system has to be regarded as one complex and it is not optimal to try to add a LDIA
accelerator to an existing particle therapy unit as injector.
Parameters for a laser driven ion beam therapy unit
Laser accelerated ion beams have a quite diﬀerent time and energy structure than conventional
accelerators. Instead of trying to reproduce the energy and time structures of conventional
www.extreme-light-infrastructure.eu
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accelerators, one has to think of novel irradiation strategies for Laser Driven Ion Accelerators
(LDIA)s. Until now, mainly continuous spectra with many low energetic protons and cut oﬀ
energies up to 60 MeV have been measured. Although there is a very high bunch charge in every
proton pulse, the repetition rate of the individual proton bunches is limited to the maximal laser
pulse repetition rate and typically at most in the range of a few Hertz.
The maximum proton energy in the most established acceleration regime, the Target Normal
Sheeth Acceleration (TNSA) [21] is linked to the laser intensity on target and scales with the
square root of the intensity for laser pulses exceeding ≈ 150 fs (see Fig. 3.23 [23]). Extrapolating
this to higher energies, the next generation of high power lasers exceeding the 1 PW level,
should be capable of producing protons in a therapeutically relevant energy range of up to
200 MeV [22]. Proposed new schemes such as the Radiation Pressure Regime (RPA) [24,25] and
usage of under-dense plasma tragets [26], would boost the energies even higher.

Figure 3.23: Collection of the maximum ion energies reached with diﬀerent laser systems so far. Red
circles correspond to long (ps), large scale (Elas  J), single shot laser pulse irradiating thin foil solid
targets. Blue circles correspond to short (fs), compact, high repetition rate laser pulse irradiating thin
foil solid targets. The orange circle presents the results of a long-pulse, large scale (Elas ≈ J), single
shot laser pulse irradiating a gas target [26]. The green circle presents results of short (fs), compact,
high repetition rate laser pulse irradiating a gas-cluster target [38].

From Fig. 3.23 we see apparent advantage of using short pulse lasers due to their compactness
and high repetition rate and more favourable ion energy versus laser intensity scaling compared
to the long pulse lasers.
It is diﬃcult to summarize the ion beam parameters required for ion beam therapy with
LDIAs because these numbers depend very much on the type of beam application system like
passive or active application. But in all cases the maximal energy should be of 250 MeV for
protons and 430 MeV/u for Carbon ions. In order to treat a tumor of 250 ccm with a dose of
4 Gye particle ﬂuences of 5 × 1010 for protons and 109 for Carbon ions are required.
The required particle ﬂux, the repetition rate and dynamical range of control of the particle
number per bunch depend on the dose delivery scheme: In the case of passive dose delivery, the
repetition rate can be of the order of 0.1 Hz and the dynamical range of the particle number
control of about 10. The energy spread of a 1–2% is suﬃcient because all the beam shaping will
be done by absorbers. But at present, these passive devices produce a dose conformity which
is worse than conventional X-ray IMRT. Because poor conformity increases the occurrence of
severe side eﬀect all the modern ion beam units are equipped with scanning systems.
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For active dose delivery the situation is complex. In general, an energy spread of 1% and
discrete energy steps of <5 MeV are required. The repetition rate is correlated with the extraction length: in the very unlikely case that a slow extraction over 1–10 sec can be achieved
with LDIA , the many voxels of one iso-energy layer can be treated with one extraction pulse
and a pulse rate of approx. 1 Hz would be suﬃcient. But when for each voxel a single beam
pulse has to be requested than the repetition rate would amount to several kHz which seem to
be diﬃcult if not impossible for LDIA. But in any case the particle ﬂuence per voxel has to be
controlled within 3% and the dynamical controls are in a range factor of 10–100 which requires
the appropriate control monitors in front of the patient.
Following the paradigm formulated in [11], application of high power lasers for ion therapy
implies no (or minimum) magnetic systems for acceleration, transportation and manipulation
of the high energy ions beams, using instead all optical schemes, such as the “optical gantries”
are (see Fig. 3.24), and tailoring the targets for providing not only required ion energy but
the energy spectrum, ion beam emittance and shape. To replace all application devices like
scanning magnets not only the beam energy but also the beam direction and ﬁnal location
inside the patient has to be controlled better than 1 mm lateral and longitudinal. Fast beam
controls for intensity and location have to be developed and implemented in order to guarantee
the homogeneity and the conformity of the delivered dose.
In summary ,for the project of LDIA for therapy, the laser technology has to be developed
together with a novel application and control systems as a requested by law with the ﬁnal goal
to produce a medical product.

Figure 3.24: Lay out of the Heidelberg Ion-beam Therapy HIT showing the accelerating part at the
left side and the treatment areas at the right side. The gantry in the right fore-front can rotate around
the patient and deliver the beam from any direction. It has a diameter of 12 m, a length of 24 m and a
weight of approx. 600 t.

New scanning concepts for LDIA
In order to make a laser generated beam useable for therapy lateral scanning seems to be
inappropriate and new scanning concepts have to be investigated. A promising candidate is
depth scanning, a method where the tumor volume is partitioned in several columns instead
www.extreme-light-infrastructure.eu
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of voxels (see Fig. 3.25). Each column could be addressed to by one ion bunch having an
appropriate energy spectrum that reaches from the maximum energy to the minimum with an
appropriate shape. Then one column can be ﬁlled with one laser pulse and hence the number of
laser shots necessary is reduced dramatically: instead of some 10 000 voxels less than hundred
columns are required.
For this technique, it is only necessary to produce a stable energy spectrum with suﬃcient
energy. After the production of the ion beam, a passive beam shaping system would follow
preparing the energy spectrum for every shot. This can be done e.g. by using a combination
of collimators, dipole magnets in order to select diﬀerent proton energies and absorbers which
modify the individual components. In a ﬁrst stage, a collimated beam is produced by passing
the beam through an aperture. The directed beam is sent through a dipole magnet and split
in its diﬀerent energetic components. Now it is possible to attenuate and shift the diﬀerent
parts by an adjustable absorber and thus to produce any desired energy spectrum. After the
absorber, the beam can be recombined by a second dipole magnet and led to the patient [37].

Figure 3.25: Principles of depth scanning: A target volume is not devided into distinct columns which
are irradiated with one single laser pulse having an appropriate energy spectrum [25].

Directly in front of the patient the ions have to pass through a fast dosimetry device because
the local dose has to be as accurate as plus-minus 3%. After an analysis of the actually delivered
dose, the diﬀerences to the planned values can be corrected by a repainting of the volume in a
following fraction.
In the clinical practice in ion-therapy the dose for one treatment fraction is delivery from
two to three entrance ports which are optimized simultaneously. These two ﬁelds are frequently
nearly opposing. The individual ﬁelds do not have to produce a homogeneous dose in the target,
only the ﬁnal superposition yields the planned homogeneous iso-dose. The advantage of this
intensity modulated particle therapy IMPT is that critical targets can be spared to a larger
extend and that the ﬂuence distribution can be more homogenous. Normally high ﬂuences are
needed to ﬁll the most distal edges of the ﬁeld and only smaller ﬂuences to ﬁll the more proximal
parts. This yield energy spectrum of the ions with a maximum at the high energy part which
are quite diﬀerent to the energy spectra obtained from laser acceleration having a pronounced
low energy fraction.
For IMPT the spectrums form is a new parameter widely but not completely independent.
Applying a new strategy of ﬁlling mostly the proximal and not the distal part of a target volume
the energy spectrum can have the characteristics from the LDIA but with a sharp high energy
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cut oﬀ. Such spectra could be generated using the energy ﬁlter system described before. Using
two (or four) opposing ﬁelds it will be possible to achieve a target conform treatment even for
the low repetition rate of LDIA.
Laser ion acceleration for ion beam therapy
As theory predicts, the existing and planned laser systems are potentially able to accelerate ions
to an energy of hundreds of MeV required for ion beam therapy. In in Fig. 7 we see, although
the highest experimentally achieved ion energy has been reached with single-shot multĳoule
picosecond pulse duration lasers, ultra-short pulse (tens of femtoseconds) lasers may prove to
be more advantageous.
Several regimes are considered for ion acceleration from solid and gas targets. In laser
interaction with a thin foil solid density target the ion acceleration occurs: i) due to target
normal sheath acceleration (TNSA), through the sheath of hot electrons produced at the front of
the target [21], ii) Coulomb explosion [30], through the charge separation electric ﬁeld generated
by the exploding ion core after the evacuation of all the electrons, and iii) the laser piston regime
[24], through electromagnetic wave pressure. In recently proposed schemes the electromagnetic
wave pressure is combined with the Coulomb explosion of accelerated ion slab in the so-called
“Directed Coulomb Explosion” regime [31]. Lots of attention have also been paid to an ion
acceleration from near-critical density plasmas which are considered to have an advantage of
higher laser-plasma coupling (see also Fig. 3.23). In this regime the ions are accelerated at
the rear surface of the moderate or near-critical density plasma slab by the sheath ﬁeld [26] or
sheath ﬁeld with its extended lifetime due to a quasistatic magnetic ﬁeld generation [32].
The mechanism of laser acceleration of ions (protons and other ions) is determined by the
electric ﬁeld set up by the space charge separation of hot or energetic electrons and the ions.
Although the exact mechanisms, entering into the energy transfer from the fast electron to the
ion energy, depend on the speciﬁc conditions of the laser-target interaction, the ion generation
is always a direct consequence of an electron acceleration.
The typical energy spectrum of laser accelerated particles observed both in experiments and
in computer simulations can be approximated by a quasi-thermal distribution with a cut-oﬀ at a
maximum energy. There are diﬀerent investigations showing the possibility for LDIA to generate
proton beams with a suﬃciently small energy spread using double-layer targets [11, 34]. This
approach will be interesting for laser driven ion beam therapy with multikilohertz repetition
rate high intensity lasers.
Results of computer simulations of various regimes of small energy spread ion beam generation using double layer targets (see Fig. 3.26)
We note that high quality laser accelerated ion beams with low energy spread can also be
obtained with the use of micro-lens device as has been demonstrated in [35].
Here we discuss the possibility of ion acceleration up to the required for ion beam-therapy
energy above 200 MeV
 with the usage of moderate intensity lasers. The electric ﬁeld of the
laser pulse, Elas = 4πI/c, in order to expel almost all electrons from the focus region must
be larger than the electric ﬁeld that is formed here due to the electric charge separation, E0 =
2πen0 l. Using the expression for the proton energy Ep = eE0 R, where R is the focus radius,
we ﬁnd a relationship between the proton energy and the laser power Plas = πR2 I. From these
relationships we obtain

Ep = 4e2 Plas /c.
(3.1)
As we see, for the proton energy Ep ≈ 200 MeV one needs a Petawatt class laser system. An
optimization of the acceleration regimes and use of the underdense plasma targets could allow
to substantially lowering the power requirements [31, 32].
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Figure 3.26: Proton acceleration driven by a laser pulse with oblique incidence on a double layer
target (a) [39]. (b) Electric ﬁeld distribution; half of the box is removed to reveal the internal structure.
(c) Distribution of gold ions, electrons (yellow), and protons (light blue). (d) Proton energy, normalized
by the maximum, vs the laser pulse incidence angle. In the inset: proton energy spectra, as obtained
in 3D PIC simulation.

Eli contributions
The ELI high energy electron beamline (see Sect. 2.1 and Sect. 6.3) is designed for energies in
the range of 10–15 GeV of the accelerated particles. The planned laser driver for this application
is a 15–20 fs laser with a peak-power of 1 PW. The diode pumped frequency doubled pump laser
will enable repetition rates in the range of 10 Hz–20 Hz depending on the required output energy
or peak-power of the short pulse laser. The estimate given in (3.1) for the necessary driver laser
power to generate protons in the range of 200–250 MeV shows that the laser (approximately
1 PW, 10 Hz) planned for ELI electron acceleration posses the necessary parameters for laser
based ion beam therapy investigations. The high intensity interaction and ion irradiation investigations will be performed with an especially devoted beam line in the same shielded area as the
electron acceleration experiments. Diﬀerent kinds of renewable targets will be developed and
investigated for LDIA at repetition rates between 1–10 Hz in the required therapy energy range.
The short pulse CPA driver laser will allow changing the irradiation conditions of the targets
for an eﬃcient conversion of the laser energy in to ions with the necessary energy spectrum. It
should also be mentioned that for applications in eye tumor therapy much lower proton energies
in the order of 70 MeV are necessary due to the reduced penetration depth (24–25 mm, eye ball
length) of the protons.

Conclusions
LDIA –technology oﬀers a novel technical approach for ion beam therapy. By replacing the
conventional particle accelerators by less spacey and expensive laser units. But the major
challenge that should be addressed in the ELI project is not only to reach the required maximum
energies of 200 MeV for protons and 400 MeV/ u for carbon. In addition the beam application
system like the scanning system and the control monitors have to be adapted to the short beam
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pulses expected by LDIA in order to achieve the required dose homogeneity and distribution.
In the proposal new strategies are discussed for such an approach.
In the realization of the medical application of the ELI proposal several topics should be
treated in parallel:
• Extension of the energy spectrum to 200 MeV for protons and 400 MeV/u for Carbon
• Production of a pencil beam having a deﬁned diameter and direction
• Modulation of the energy spectra to achieve a variable energy cut oﬀs towards higher and
lower energies
• Production of a homogenous intensity between the two cut oﬀ points.
• Development of a fast monitor system to be used before the patient
• Development of new strategies for an adapted treatment planning for LDIA
• Prompt Gamma spectroscopy for range and energy determination of the protons inside the
patient/target
• New concepts for high repetition rate renewable targets and debris handling
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3.4.2

Medical Radioisotopes produced by γ Beams

In [1] about 50 radioisotopes are described, which can be produced much better by γ beams
and are of interest to medicine for diagnostic and/or therapeutic purposes. With the small
band width γ beams for many of the isotopes we will ﬁnd speciﬁc gateway states or groups of
resonant states where the production cross sections can be increases by 2–3 orders of magnitude
compared to [1], making them even more interesting for large-scale industrial applications. Here
we shell focus on some of the most interesting isotopes to give a ﬂavour of the possibilities:
195m

Pt: Determining the eﬃciency of chemotherapy for tumours and the optimum
dose by nuclear imaging
In chemotherapy of tumours most often platinum cytotoxic compounds like cisplatin or carbonplatin are used. We want to label these compounds with 195m Pt for pharmacokinetic studies like
tumour uptake and want to exclude “non-responding” patients from unnecessary chemotherapy
and optimizing the dose of all chemotherapy. For such a diagnostics a large scale market can be
foreseen, but it would also save many people from painful treatments. We estimated in Ref. [1]
that several hundred patient-speciﬁc uptake measurements could be produced with a γ beam
facility. However this probably may be increased to 105 , if optimum gateway states are identiﬁed
by scanning the isomer production with high γ beam resolution. 195m Pt has a high 13/2+ spin
isomer at 259 keV, half-life (T1/2 = 4 d) with SPECT transitions of 130 keV and 99 keV to the
1/2− ground state.
117m

Sn: An emitter of low energy Auger electrons for tumour therapy

Auger electron therapy requires targeting into individual tumour cells, even into the nucleus or
to DNA, due to short range below 1 µm of the Auger electrons; but there it is of high REB due
to the shower of many 5–30 Auger electrons produced. On the other hand Auger radiation is
of low toxicity, while being transported through the body. Thus Auger electron therapy needs
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special tumour speciﬁc transport molecules like antibodies or peptides. Many of the low lying
high spin isomers produced in (γ, γ  ) reactions have strongly converted transitions, which trigger
these large showers of Auger cascades.
A 44 Ti → 44 Sc generator for the γ-PET isotope 44 Sc with much improved resolution
in nuclear imaging
In recent years PET (Positron Emission Tomography) with typical spatial resolution of (3–
10 mm) was supplemented by multi-slice X-ray CT (Computer Tomography) of much better
resolution, leading to the novel technology of PET/CT. The coregistration and the reference
frame of CT are very helpful for the interpretation of PET images. CT and PET require
comparable dose. Looking at such images it is very apparent, that an order of magnitude
improvement in the resolution of PET is highly desirable and might even make accompanying
CT obsolete. 44 Sc is the best candidate to supply the two 511 keV annihilation quanta together
with a strongly populated 1157 keV transition. By measuring the position and direction of this
γ quantum accurately with a Compton spectrometer together with the two 511 keV quanta the
location of the emitting nucleus can be located in 3 dimensions. In conventional PET the two
collinear 511 keV quanta only allow to determine a 2-dimensional localization on a line. Thus
a much better spatial resolution can be achieved for the same dose with γ-PET compared to
PET. With 44 Ti (half life T1/2 = 59 a) the production with a very promising generator for 44 Sc
(T1/2 = 3.9 h) becomes available with γ beams. Again a much stronger population via the
ﬁne structure of the Giant Dipole Resonance (GDR) in the 46 Ti(γ,2n)44 Ti is expected for the
44
Ti core consisting of the doubly magic 40 Ca and an α particle. The long half life of 44 Ti
requires a large transmutation with an intense γ beam, but on the other hand leads to a very
valuable, long-lived generator. The production of 44 Ti in the (γ, 2n) reactions require rather
large γ-energies of 23–24 MeV, and would require an increase of the maximum presently planned
γ energy at ELI-NP of 19 MeV.
Many further new interesting medical radioisotopes can be produced (see Ref. [1]): “New
matched pairs” of isotopes of the same element become available, one for diagnostics the other for
therapy, allowing to control and optimize the transport of the isotope by the bioconjugate to the
tumour. Also new therapy isotopes become available like 225 Ac, where 4 consecutive α decays
can cause much more double strand breaking. Developing these techniques and applications is
a promising task of ELI-NP with a strong socio-societal component.

44

44

Figure 3.27: Schematic picture
for the combined γ-PET and the
44
Ti/44 Sc generator.
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3.5
3.5.1

Industrial Applications for the Management of Nuclear Materials
Non-destructive detection and assay of nuclear materials by using
high-brightness γ-rays

A resonant excitation of deﬁnite nuclear states of a nucleus occurs when the nucleus absorbs
an electromagnetic radiation equal to the excitation energy (see Fig. 3.28). This excitation
state instantaneously decays mainly to a lower state with re-emission of the radiation equivalent
to the absorbed radiation. This process is nuclear resonance ﬂuorescence (NRF). The energy
width of resonance is determined by the lifetime of excited nuclear states, which is of the order
of 10−10 second. The absorption and re-emission of electromagnetic radiation by nuclei occurs
only at exact resonance with tiny energy width, typically Γ ∼ 10−5 eV. This resonant interaction
is a unique property of NRF, while other nuclear absorption phenomena such as photo-nuclear
reactions and the giant dipole resonance involve the continuum states of nuclei and show broad
absorption spectra. Nuclear resonance ﬂuorescence provides important information about the
nuclear structure, the energies of the excited states, their lifetimes (equivalent to energy widths),
their angular momenta and their parities, which are relevant to the fundamental forces between
the nuclear constituents.
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Figure 3.28: A schematic view of the non-destructive assay system based on nuclear resonance ﬂuorescence. If the incident γ-ray energy is identical with the excitation energy of the nucleus of interest,
the incident γ-ray is eﬀectively absorbed in the nucleus. The excited nucleus subsequently de-excite
and strongly emit the γ-ray whose energy is identical with the incident γ-ray energy.

Applications of NRF to non-destructive detection and assay of nuclear materials have been
proposed [1,2]. In these proposals, laser Compton scattered (LCS) γ-ray sources are utilized because of their energy-tunabitity and monochromaticity. The proposed method has several advantages: (1) non-destructive identiﬁcation of radioactive and stable nuclides is possible by detecting
a ﬂuorescence γ-ray, which is a unique ﬁngerprint for each nuclide, (2) a quasi-monochromatic
γ-ray tuned at a ﬂuorescence energy is essential to improve signal-to-noise ratio in the energyresolved γ-ray detection by separating the ﬂuorescence γ-ray from back-ground noise, most of
which is generated through Compton scattering of γ-rays in the object, (3) detecting many kind
of nuclides is practically possible by scanning the γ-ray energy.
3.5.2

Management of radioactive wastes

Radioactive wastes are produced from a nuclear fuel cycle, decommission of nuclear facilities, and
the use of radionuclides for research and medical purpose. At the ﬁnal disposal, the radioactive
wastes are segregated, according to the amount of the activity concentration of the radionuclides,
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into categories - geological disposal, subsurface disposal, concrete pit disposal, trench disposal.
Since the disposal cost depends on the disposal category, the appropriate classiﬁcation of the
radioactive waste by accurate measurements of the radioactivity concentration is a key issue for
the eﬃcient management of the radioactive waste.
The radionuclides are classiﬁed into easy-to-measure nuclides of high-energy γ-ray emitters,
for example Co-60 and Cs-137, and diﬃcult-to-measure nuclides such as alpha- and beta-ray
emitters in viewpoint of the waste management. Radioactive wastes discharged from the nuclear fuel cycle contains many alpha- and beta-ray emitters, whose concentration dominates the
process of the waste management. It is diﬃcult to measure alpha- and beta-rays in the outside
of the drum of the the radioactive waste and thus alternative methods should be developed.
The non-destructive assay based on the high-brightness γ-rays can be applied to the management of radioactive wastes. As described above, this method has advantages: (1) non-destructive
identiﬁcation of radioactive and stable nuclides is possible, (2) a quasi-monochromatic γ-ray
tuned at a ﬂuorescence energy improves signal-to-noise ratio in the energy-resolved γ-ray detection, (3) detecting many kind of nuclides is practically possible by scanning the γ-ray energy.
Figure 3.29 shows a schematic view of the non-destructive measurement of radionuclides in
a radioactive waste drum, where a 200-litter drum (200-litter) is surrounded by an array of
Germanium detectors (18 detectors) for detecting NRF signals.

Figure 3.29: A schematic view for a non-destructive assay of U-238 in a drum. An array of Germanium
detectors are located surrounding the drum (18 detectors).

In order to evaluate the performance of the non-destructive measurement, Monte Carlo
simulations were conducted [3]. In the simulation, generation of γ-rays via Compton scattering of
photons with high-energy electrons was calculated by CAIN [4] and interactions of the generated
γ-rays with an object was simulated by GEANT4 [5]. GEANT4 is widely used in applications of
high energy, nuclear and accelerator physics, as well as studies in medical and space science.
However, nuclear resonance ﬂuorescence is not supported in the original package of GEANT4. The
JAEA group, therefore, modiﬁed GEANT4 to calculate nuclear resonance ﬂuorescence in cascade
interactions of photons and particles triggered by incident γ-rays.
A 200-litter drum ﬁlled with concrete and homogeneously distributed U-238 was assumed
and a resonance energy at 2.17 MeV was used for the NRF detection. The density of the concrete
and the concentration of U-238 were 2 g/cm3 and 1000 Bq/g, respectively. The geometry of a
drum and detectors for the simulation was same as Fig. 3.29.
Figure 3.30 shows a γ-ray spectrum obtained from the simulation, which is a summation of
incident γ-rays into the detectors. We can clearly see a peak of NRF signal in the spectrum,
www.extreme-light-infrastructure.eu
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Figure 3.30: A result of GEANT4 simulation. a γ-ray spectrum obtained at detectors is plotted. The
sharp peak corresponds to the NRF signal from U-238.

and the number of NRF γ-ray is found to be Nγ = 1200 for two bins in total. In this simulation,
the incident γ-ray has 109 photons within 1 keV energy spread.
If we assume a γ-ray ﬂux of 1013 /s, corresponding to a spectral density of ﬂux ∼ 1010 /s/keV
[6], the NRF signal shown in Fig. 3.30 can be obtained in 0.1 sec and even the lower concentration
of U-238, 1 Bq/g, can be detected in a practical measurement time, ∼ 100 s.
3.5.3

Nuclear material accounting and safeguards

In order to prevent transfer and proliferation of the ﬁssile materials, the mass of plutonium in
spent nuclear fuel assemblies must be quantiﬁed and the diversion of pins from them must be
detected. For this purpose, both nuclear material accounting and nuclear safeguards are applied
in reprocessing plants and once-through spent fuel repositories.
US-DOE-NNSA launched the Next Generation Safeguards Initiative (NGSI) to develop the
policies, concepts, technologies, expertise, and infrastructure necessary to sustain the international safeguards system as its mission evolves over the next 25 years. In the NGSI program,
non-destructive analysis (NDA) of plutonium in the spent nuclear fuel is the top priority in the
technology development. For the Pu-NDA in the spent fuel, K X-ray resonance ﬂuorescence, or
diﬀerential die-away analysis with neutrons have been studied. However, the NDA of Pu-239 in
the nuclear fuel assembly has not been well established yet. The ﬁrst reason stems from the fact
that high-Z element uranium in the nuclear fuel absorbs detection probes such as low-energy
X-rays. Second we should not only detect elements but also analyze each isotope of interest.
However, the non-destructive detection of such an isotope in heavy materials is generally diﬃcult. Third the spent nuclear fuel is heated up due to the presence of the residual radioactivities.
Thus, the spent fuel is often kept in a cooling water pool; the water absorbs or scatters neutrons
and low energy X-rays.
The combination of a high-brightness γ-ray beam and NRF measurements can be applied to
the NDA of Pu-239 in spent nuclear fuel located in a water pool [7]. This method has excellent
advantages: we can detect isotopes of uranium, plutonium and minor actinides located deeply
202

www.extreme-light-infrastructure.eu

3.5 Industrial Applications for the Management of Nuclear Materials

in the nuclear fuel by measuring the NRF γ-rays since high energy γ-rays of several MeV are
used as the probe. In addition, the spent fuel can be analyzed with keeping in water pool. This
is important, in particular, in viewpoint of the nuclear material safeguards since anyone cannot
easily access ﬁssile nuclides through water and walls of the pool.
Figure 3.31 shows a schematic view of the detector system and a spent fuel assembly in a
water pool. The γ-rays emitted from the spent fuel are measured with HPGe detectors. The
resolution of the HPGe detectors is typically smaller than 0.2% (full width at half maximum
(FWHM)). The spent fuel contains many radioactivities and becomes feverish. Thus, the spent
fuel is stored in a water pool for cooling. The neutrons emitted from spontaneous ﬁssion of
actinides in the nuclear fuel are absorbed by cooling water. The energy range of the incident
LCS γ-ray beam is 1.9–2.3 MeV which is high enough to penetrate materials through shield
water with a thickness of several ten centimeters. A result of Monte Carlo simulation is shown

Table 3.1: Excitation energy and Resonance width for important nuclides in spent nuclear fuel.

Nuclide
235

U

238

U

239

Pu

a

Excitation energy
[keV]

Cross section
[eV b]

Ref.

1733.60
1769.16
1815.31
1827.54
1862.31
2003.32
2006.19
1782
1793
1846
2176
2209
2245
2295
2410
2468
2040.25
2046.89
2135.56
2143.56
2150.98
2289.02
2423.48
2431.66
2454.37

29.8±3.9
4.4±1.0
9.7±1.7
6.7±1.2
9.6±1.7
9.7±1.7
4.7±1.6
21.9±2.5
5.1±1.0
23.0±2.6
57.7±3.4 a
53.4±3.3 a
26.3±1.8 a
7.1±0.7 a
21.8±1.4 a
25.3±1.9 a
8±2
5±2
4±2
13±2
5±2
8±2
10±2
9±3
9±3

[8]
[8]
[8]
[8]
[8]
[8]
[8]
[9]
[9]
[9]
[10]
[10]
[10]
[10]
[10]
[10]
[8]
[8]
[8]
[8]
[8]
[8]
[8]
[8]
[8]

Calculated from experimental Γ0 /Γ.
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Figure 3.31: Schematic view of the non-destructive assay system based on nuclear resonance ﬂuorescence with laser Compton scattering γ-ray source. If the incident γ-ray energy is identical with the
excitation energy of the nucleus of interest, the incident γ-ray is eﬀectively absorbed in the nucleus and
subsequently the nucleus de-excites by γ-ray emission.
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Figure 3.32: Result of simulation calculation.
The solid lines are traces of γ-rays. The incident γ-rays are scattered by Compton scattering and NRF. The LCS γ-rays reach at the fuel
dots located at the opposite side.

in Fig. 3.32, where traces of γ-rays in a water pool and a spent nuclear fuel assembly are plotted.
Table 3.1 shows the γ-ray energies emitted from the isotopes relevant to this application.
The diﬀerence between energies of two any γ-rays are larger than 0.2% and thus we can identify
the relevant isotopes in the spent fuel. The γ-ray to cover these energies can be generated by
laser Compton scattering of 1-µm laser photons and 350-MeV electrons.
3.5.4

Summary

Generation of energy-tunable and quasi-monochromatic γ-rays via laser Compton scattering
makes it possible to detect or measure radioactive nuclides in an object non-destructively, which
204

www.extreme-light-infrastructure.eu

3.5 Industrial Applications for the Management of Nuclear Materials

is a key technology for nuclear industrial applications such as management of radioactive wastes,
nuclear material accounting and safeguards.
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3.6

Ultrafast molecular dynamics

The ELI XUV/x-ray light sources allow to develop novel strategies for studying chemical reaction
dynamics with the potential to signiﬁcantly advance molecular physics. These novel strategies
beneﬁt from two characteristics of the ELI light sources, namely the unique attosecond timestructure and the unique wavelength structure.
The attosecond time-structure of the ELI light sources allows unprecedented access to the
ultrafast electronic dynamics that constitutes the primary response of molecular systems to
incident light. The coupling of this electronic response to the nuclear degrees of freedom sets
the stage for studies of nuclear motion that have been pursued in the context of femtochemistry
research, notably through the pioneering eﬀorts of Ahmed Zewail [1]. Nuclear motion is always
preceded by an electronic response, which not only couples to nuclear degrees of freedom, but to
other electronic degrees of freedom as well. As has been recently predicted in several theoretical
works, intense attosecond light sources allow to induce a purely electronic response in molecules
[2,3]. This purely electronic response may lead to ultrafast electron transfer in extended systems
on the attosecond or few-femtosecond timescale. Visualizing this electronic response should be
one of the “holy grails” pursued at the ELI-HU facility. In addition to ultrafast intra-molecular
electronic responses, ELI will allow to study inter-molecular electronic responses, such as in the
ubiquitous ICD (interatomic Coulombic decay) process, that has recently been observed [4–6].
The wavelength structure of the ELI light source allows to develop completely novel strategies
for probing nuclear motion that signiﬁcantly go beyond the methods of femtochemistry. In
femtochemical experiments, photo-absorption by a pump laser pulse induces nuclear motion that
is typically probed by monitoring the evolution of photo-absorption spectra (either directly, or
indirectly as part of a high-order non-linear optical scheme). Although proven to be powerful in
smaller systems, these methods depend in an undesirable way on ones’ ability to know, calculate
or infer the dependence of the absorption spectrum on the instantaneous molecular structure.
This implies that a time-resolved study of the molecular structure is only possible when it
includes a detailed understanding of the electronic structure (including excited states) of the
molecule. The ELI light sources allow to probe molecular structure without a prior knowledge
of the electronic structure. With the short wavelengths oﬀered by ELI, photoelectrons can be
ejected from molecules that carry a de Broglie wavelength that is comparable to the internuclear
distances that occur in the molecule, inducing diﬀractive structures in the photoelectron angular
distributions that are reminiscent of the structures in the photoionization eﬃciency that are
measured in EXAFS experiments [7, 8].
The main advance oﬀered by the ELI-HU facility is that both of the advances described above
can be pursued as part of one and the same experiment. With weaker attosecond light sources
that are based on lab-scale femtosecond lasers, on the one hand, and with Free Electron Lasers
like FLASH and LCLS on the other, the two aspects described above (i.e. inducing ultrafast
electron dynamics by ionization, and probing molecular dynamics using XUV/x-ray ionization)
have recently been separately pursued and demonstrated in two-color XUV+IR, resp. IR+XUV
experiments. In the former ﬁrst hints of the coupling of electronic and nuclear degrees of freedom,
and of coupling of multiple electronic degrees of freedom have been observed [9], while in the
latter, ﬁrst indications of the manifestation of the molecular structure in the photoelectron
angular distribution have been obtained [10]. Brief descriptions of these two experiments are
given below.
A) Probing of ionization induced electron dynamics
In the framework of a large international collaboration involving, among others, MBI (Berlin),
AMOLF (Amsterdam), INFM (Milano), the University of Lund and MPQ (Garching) a ﬁrst
molecular application of attosecond pump-probe spectroscopy was recently achieved [9]. In the
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experiment, H2 resp. D2 molecules were ionized by an isolated attosecond laser pulse that
was generated by means of high-harmonic generation including the use of a polarization gate.
Dissociation of the molecule was induced/inﬂuenced by a time-delayed few-cycle infrared laser
pulse, that induced an asymmetric ejection of the H+ resp. D+ formed, which depended with
attosecond time-resolution on the delay between the isolated attosecond pulse and the IR pulse.
An analysis of the mechanisms leading to the observed asymmetry revealed the presence of
both phenomena discussed in the introduction to this section, namely the coupling of electronic
and nuclear degrees of freedom and the coupling of multiple electronic degrees of freedom in
auto-ionization.

Figure 3.33: Asymmetric dissociation of D+
2 , obtained by exposing neutral D2 molecules to the
sequence of an isolated attosecond pulse and a few-cycle IR pulse. Two mechanisms lead to the observed
normalized asymmetry shown in the contour plot on the upper right, as a function of the fragment kinetic
energy and the XUV-IR time delay. These two mechanisms can be viewed as two-path interferences
producing a coherent superposition of the 1sσg and 2pσu states, and rely on coupling of electronic
degrees freedom in autoionization (left) and coupling of electronic and nuclear degrees of freedom during
dissociation (right).

Although capable of revealing ﬁrst insights into attosecond time-scale electron dynamics, the
experiment introduced above leaves a lot to be desired. The contour plot shown in Figure 3.33
is a testament to the only marginally suﬃcient attosecond photon ﬂux that was available for
inducing the ionization process. In addition, the use of a few-cycle IR pulse for probing the
electron dynamics is highly undesirable, as it introduces an ambiguity in the time at which the
observation is made, similar to the ambiguity that the use of attosecond pulse trains induces in
pump-probe experiments.
The approximate pulse energy of the attosecond source in the experiments shown in Figure 3.33 was 3 pJoule. Assuming a 10−4 cm2 spot size and a 300 as pulse duration, this translates
into a peak intensity of appr. 108 W/cm2 , i.e. about 5 orders of magnitude lower than what
(based on experiments performed at FLASH) is required/desirable. With the ELI light sources
the required isolated attosecond pulse intensities would be achievable.
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Figure 3.34: XUV-IR pump-probe experiments on the He atom, revealing the occurrence of holographic interference fringes in the energy- and angle-resolved photoelectron spectrum, that allow to
fully characterize the energies, populations and relative phases of the states that are excited by the
XUV pulse.

The availability of suﬃciently intense XUV pulses would allow to perform experiments such
as those presented in ﬁgure 3.33 (as well as similar experiments on considerably more complicated
and more chemically/biologically relevant molecules) in XUV-XUV pump-probe schemes, where
angle- and energy-resolved photoelectron spectroscopy is used to map out the time-dependent
electronic response. A recent experiment performed by the same collaboration mentioned above
reveals that under these conditions holographic information can be measured that fully encodes
the ultrafast electron dynamics, the ultimate observable in an attosecond experiment [11]. In
the experiment (see Figure 3.34) He atoms were ionized with an isolated attosecond pulse that
was tuned to the ionization threshold (meaning that both bound states and the He+ ionization
continuum were excited). At a variable delay the bound state population was promoted into the
continuum using a few-cycle IR laser, leading to interferences with the continuum wavepacket
directly produced by the attosecond laser pulse. The interference revealed the energy, population
and relative phase of the bound state wavepacket that the attosecond pulse had produced, in
other words: a complete characterization. Of course, in this proof-in-principle experiment these
quantities were also known ahead of time, however, none of this knowledge was required to
arrive at this interpretation and the experiment could likewise be performed for systems where
one would like to characterize fully unknown electron dynamics, such as Auger decay, shake-up,
and – conceivably – electron transfer and localization processes in molecules.
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B) Probing molecular dynamics using XUV/x-ray ionization
Probing molecular structure and dynamics with XUV/x-ray ionization oﬀers important advantages over the use of IR/visible/UV that is customary in femtochemistry experiments. At
moderate ionization energies, XUV ionization is a universal probe without ‘dark states’ that
allows the measurement of angle- and energy-resolved photoelectron angular distributions that
contain a wealth of information about molecular orbitals and dynamical processes that may be
going on in a molecule. At higher ionization energies, it is primarily the molecular structure
that gets encoded, in holographic geometries where the angle- and energy-resolved photoelectron
angular distribution reveals the interference between ‘reference’ electron waves that are ejected
from localized sites within a molecule and ‘signal’ electron waves that are also ejected from said
sites, but scatter oﬀ one or more atoms within the molecule prior to reaching the detector [8].

Figure 3.35: Dissociative ionization of Br2 at the FLASH facility in Hamburg; the three left images
reveal that it is possible to ionize Br2 , align it (using an 800 laser) and dissociate it (using a 400 nm
laser); the right image is a photoelectron measurement obtained from the aligned molecules.

In the synchrotron community the use of XUV ionization to retrieve structural and dynamical
information has a rich tradition, and is commonly carried out – of course, without time resolution
- using coincident detection of photoelectrons and fragment photo-ions that allow a view of the
photo-emission in the molecular frame. Coincidence techniques are ill-matched with the use of
moderately low repetition rate light sources (≤ 1 kHz) such as ELI. Rather, at a facility like
ELI it would be preferred to carry out these experiments in adiabatically [12] or impulsively [13]
aligned molecules. Recent experiments performed at the FLASH free electron laser and a labscale high-harmonic source have made signiﬁcant progress towards the realization of the goal of
using XUV/x-ray radiation as a probe of molecular dynamics.
At FLASH, experiments have been performed where Br2 molecules were impulsively aligned
(using 800 nm radiation), dissociated (using 400 nm radiation), and ﬁnally ionized using 13 nm
radiation from the free electron laser [14]. Energy- and angle-resolved momentum maps were
recorded both for Br2+ ions, revealing the dissociation and alignment, and photoelectrons. Unfortunately no time-dependence of the photo-electrons was thus far observed, largely owing to
the challenge of laser synchronization that is encountered at free electron laser facilities. The
availability of the ELI laser as a source where multi-color pump lasers and a powerful XUV/x-ray
probe all derive from one and the same oscillator/ampliﬁer system fully solves these problems
and opens the path towards routine operation of experiments where molecular dynamics is
probed using XUV/x-ray radiation.
The potential for such experiments was recently illustrated in experiments where a range
of small molecules like CO2 , N2 , O2 and CO were impulsively aligned and ionized using a
high-harmonic frequency comb [10]. In these experiments, which did not yet include any photoinduced dynamics, the angle- and energy-resolved photoelectron spectra clearly indicated the
involvement of multiple electronic orbitals in the ionization process. Due to the low photon
energy available in the experiments (<45 eV) the amount of structural information that could
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Figure 3.36: Photoelectron angular distributions obtained from aligned molecules with XUV radiation.
The image on the left represents the diﬀerence between a measurement with aligned and anti-aligned
molecules and reveals contributions from at least 4 molecular orbitals (see right).

be obtained in the experiments was thus far limited. When ELI is used to eﬃciently generate
harmonics in the water window range (either directly, or indirectly, after converting the ELI light
source to mid-infrared wavelengths) XUV/x-ray probing becomes possible in a regime where the
angle- and energy-resolved photoelectron spectrum will directly reveal the molecular structure.
Velocity map imaging
A technique that has – in the last few years – become very popular in the attosecond science
ﬁeld is velocity map imaging [15]. In velocity map imaging, ions or electrons are formed at
the crossing point of an atomic/molecular beam and one or more laser beams. The ions or
electrons are accelerated towards a two-dimensional detector that usually consists of a dual
micro-channel plate followed by a phosphor screen and a camera system. Since the extraction
ion optics are designed as an immersion lens, the position on the camera is almost exclusively
dependent on the velocity of the ion or electron, and hardly on the position where the ionization
event took place. Hence, velocity map imaging measures a 2D projection of the 3D electron or
ion velocity distribution that is formed in the experiment. If the experiment contains an axis
of symmetry in the plane of the detector, as is usually the case, the 3D distribution can be
retrieved from the 2D projection. Using velocity map imaging the duration of attosecond pulses
that are part of a train has been characterized [16], a new type of electron interferometry as been
developed [17], and the previously mentioned experiments on molecular electron dynamics [9],
attosecond holography [11], and angle-resolved photo-emission [10] have been performed.
Velocity map imaging allows detection of fragment ions and electrons over an extremely wide
range of photoelectron and -ion kinetic energies. As an illustration Figure 3.37 shows results
for detection of 2.5 meV photoelectrons in threshold photoionization of Xe [18], and detection
of 80 eV photoelectrons from Ne ionization at FLASH [19].
Advantages of velocity map imaging that make its prominent use at ELI very advantageous
are
• the possibility to detect (fragment) ions and electrons with unit eﬃciency using a simple,
electrostatic geometry that is easily accessible to (multiple) laser beams
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Figure 3.37: (left) Photoionization of Xe near the ionization threshold, producing threshold electrons
that undergo extensive holographic interference en route to the velocity imaging detector.

• the possibility to achieve reasonable energy resolution (typically ∆E/E = 1–2%) and excellent
angular resolution over a wide range of kinetic energies, ranging from meV to (shortly) appr.
1 keV/charge.
• the ability to use geometries that allow high quality signal generation even under conditions
where sample densities, photon ﬂuxes and photoionization cross-sections are small.
In its simplest, and most commonly used form, velocity map imaging involves the use of a
crossed atomic/molecular + laser beam geometry. Recent attosecond experiments have signiﬁcantly beneﬁtted from the use of an ion optics geometry where the target gas is injected by means
of a (pulsed) gas injection system that is integrated in a specially shaped repeller electrode [20].
The spatially resolved recording of electrons or ions is performed using the combination of a
set of microchannel plates, a phosphorscreen and a camera system. Such a detection system
has a spatial resolution of 100–200 µm, and (use of in pulsed operation) a temporal resolution
of 50–100 ns. Future improvements involving the use in vacuum pixel detectors are under investigation and show the promise of delivering considerably higher spatial resolution (35 µm is
already demonstrated, and sub-10-µm is expected) and time resolution (sub-ns is expected).
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Theory and numerical simulations

In the second half of the XX century physicists witnessed magniﬁcent progress in elementary
particle physics with the formulation of the standard model, and its experimental conﬁrmation
by the discoveries of the W and Z bosons, and in cosmology with the construction of the inﬂation
theory and the evidence for the presence of dark matter and dark energy in the Universe. At
the same time classical physics maintained its vigorous development which resulted in a novel
understanding of collective phenomena in multiparticle systems, ranging from the scale of the
Universe down to modelling socio-economic systems and in particular in the understanding of the
nature of chaos in mechanical systems, thus providing a foundation for statistical mechanics and
turbulence theory. Novel and fundamental developments also took place in our understanding
of the physics of nonlinear systems and in particular in nonlinear wave theory with the discovery
of the method of “inverse scattering” for solving nonlinear partial diﬀerential equations, thus
conﬁrming the old truth that there cannot be a fully complete area of science [1].
At the beginning of the XXI century a demand arose to understand the collective behaviour
of relativistic quantum systems (such as quark-gluon plasmas) and to probe quantum vacuum.
During the last decade it was realized that the experimental study of nonlinear collective quantum physics and vacuum probing are possible using high power lasers. The laser light interacts
with matter under conditions that are well described by classical or by quantum electrodynamics, the parts of theoretical physics that were established at the end of the XIX century and in
the ’50s of the XX century, respectively.
In present experiments the interaction of ultra high intensity laser pulses with matter (which
instantaneously becomes a plasma) takes place in physical regimes where the energy of the
charged particles in the plasma becomes ultrarelativistic and is accompanied by the generation
of high frequency electromagnetic radiation. This interaction leads to the generation of coherent
structures such as wave-guiding channels that appear due to the relativistic self-focusing of
the laser pulse, regular wake waves left behind by ultrashort laser pulses, collisionless shock
waves, relativistic electromagnetic solitons and vortices. In order to describe such structures
adequately we need to use our full arsenal of methods of nonlinear wave theory and particle
dynamics. Focusing on an important problem for fundamental science and applications such as
charged particle acceleration, in the frameworks of laser wake wave acceleration for electrons
and of radiation pressure dominated acceleration for ions, one must expand this arsenal by
the knowledge that has been built up in the ﬁeld of standard accelerator physics. In addition,
with extremely intense laser pulses a considerable portion of a charged particle energy acquired
from the laser ﬁeld is wasted by radiation, so that the dynamics of charged particles becomes
dissipative due to radiation losses, which so far have been considered for processes typical for
astrophysical conditions. Thus exchanging ideas and methods with theoretical astrophysics
becomes imperative for a successful development of our ﬁeld of science. Coming and future laser
generations will provide physical conditions for light-matter interaction where the eﬀects caused
by the radiation friction force will completely change the main features of the propagation of
electromagnetic waves in plasmas. In particular these eﬀects can result in the generation of high
power ultra-short gamma ray bursts whose interaction with matter will open up unexplored
sides of material science.
The study of relativistic electrodynamics of continuous media is formidable due to strongly
nonlinear relativistic dynamics of media, the importance of discrete nature of media and corresponding kinetic eﬀects, and, in general, due to the high dimensionality and lack of symmetry
of the problem.
Fortunately, powerful methods for investigating laser-matter interactions have become available through the development of applied mathematics and advent of modern supercomputers.
In certain cases low dimensional, though pithy, analytic solutions can be found and these solutions act as paradigms for directing and interpreting numerical simulations of problems with
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higher dimensionality and less symmetry. In three-dimensional modelling of ultrashort relativistically intense laser pulses propagating in collisionless plasmas, particle-in-cell codes provide a
unique opportunity for properly describing the nonlinear wave dynamics, including nonlinear
wave breaking, charged particle acceleration, and the generation of nonlinear coherent and turbulent structures such as collisionless shocks, solitons, self-focusing channels, etc. Computer
simulations play an invaluable role in the analysis of “extreme” regimes which are outside the
reach of most analytical methods. Simulations allow detailed analysis of physical processes and
visualization techniques provide a spectacular presentation of the results.
Although simulation methods stem from the analytical theory and must be validated by
known exact solutions, here they are not only used for extending analytical models, but play the
more vital role of an investigative tool for discovering new phenomena. However the simulation
analysis must be accompanied by the creation of an appropriate terminology and of an appropriate conceptual framework needed in order to describe the numerical results, and must be guided
by an “a priori” understanding of the relevant range of parameters and their scaling. Both
the conceptual framework and terminology and the parameter estimates can only be obtained
from a physical understanding based on the extrapolation of simpliﬁed, lower dimensionality,
analytical models.
As in the case of classical mechanics and of mechanics of continuous media 50 years ago, we
expect to witness spectacular discoveries in the emerging discipline of quantum electrodynamics
of continuous media. Increasing the laser intensity will lead us to encounter novel physical
processes such as the radiation reaction dominated regimes and, at even higher intensities, the
regime of the quantum electrodynamics (QED) processes. Near the intensity that corresponds
to the QED critical electric ﬁeld, light can generate electron-positron pairs from vacuum and
vacuum begins to act as a nonlinear medium, leading, e.g., to the process of light-light scattering.
These nonlinear QED eﬀects reveal the nature of vacuum thus helping us to understand the
properties of more general nonlinear quantum ﬁeld theories.
The parameters characterising the nonlinear interaction depend on the laser wavelength λ̄ and
amplitude Elas and on the relativistic electron energy me c2 γe (see Fig. 4.1 and [1]). When the
laser normalized amplitude, a = eElasλ̄/me c2 , reaches ∼ (λ̄/re )1/3 = 400, where re = e2 /me c2 ,
i. e., the intensity of 1023 W/cm2 , we enter the radiation reaction dominated regime, which so
far has not been studied in laser plasma experiments. The nonlinear QED processes come into
full play when the parameter χe = (E/ES )γe exceeds unity, where ES = m2e c3 /e is the so
called Schwinger ﬁeld. This parameter shows how close is the electric ﬁeld in the electron rest
frame of reference to the Schwinger ﬁeld which can create electron-positron pairs in vacuum.
The corresponding intensity is 1029 W/cm2 . The ﬁrst electron-positron pairs in the interaction
of the laser pulse with ultrarelativistic electrons will be seen when the parameter χe is small but
ﬁnite, being of the order of unity. If χe becomes substantially larger than unity, an avalanche
type discharge with abundant electron-positron plasma generation will change the laser-plasma
interaction and will result into a novel state of matter creation which can be called a “leptongamma-plasma” (LGP).
An adequate description of the QED processes in the electrodynamics of continuous media
requires an adequate development of theoretical methods and computer codes. The new and
fruitful investigation in the area of extremely high power electromagnetic ﬁelds causing macroscopic QED eﬀects is only possible with the mutual interplay between analytical theory, computer simulation and experiment. However, we must keep in mind the cost of the experiments
and of the simulations, the cost which have become an important factor in the development of
scientiﬁc culture. With the growth of the cost of each shot of exawatt-and-higher-power lasers
and of each run of petaﬂop-and-higher-performance supercomputers, developing adequate theoretical models becomes imperative. This situation is markedly diﬀerent from the case with
relatively lower power lasers which can operate in high repetition rate regimes, where a major
part of the investigation of the physical processes can be performed experimentally by ﬁnding
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Figure 4.1: High intensity regimes of laser-plasma interaction (see discussions and literature cited
in [2])

iteratively the proper conditions for revealing phenomena of interest.
The unprecedented power of the ELI facility evokes the investigation of new physics. This investigation necessitates an “extensive” use of supercomputers because the large spatio-temporal
scales and the multitude of physical properties must be accounted for in multi-scale simulations
which aim to prove the feasibility of the desired regimes and to reveal new eﬀects. The parameters that are required for studying for example the Relativistic Flying Mirror [3] for a petaﬂop
computer are presented in Fig. 4.2.
Within an “intensive” approach to supercomputer use, the key role belongs to multi-parametric
simulations [4, 5], with the aim to provide optimization, to ﬁnd scaling laws and to reveal new
eﬀects. In this technique, a series of N tasks with diﬀerent sets of laser and target parameters is

Figure 4.2: Large scale (10 PetaFlop Computer) 3D PIC simulations for the Relativistic Flying Mirror
Concept.
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Figure 4.3: Multi-parametric simulation concept [4, 5].

performed simultaneously on the N processors of a multiprocessor supercomputer (see Fig. 4.3),
using massively parallel and fully vectorized codes, such as, e.g., the REMP code based on the
PIC method and the “density decomposition” scheme [6].
The required performance of a supercomputer should match the laser facility power: a
petaﬂops scale supercomputer is required for a highly accurate simulation of physical processes
induced by a petawatt laser due to necessarily high spatio-temporal resolution. A substantial
part of the cost of such computers comes from operation costs (electricity, maintenance, etc.).
The exawatt laser physics will require exaﬂop supercomputers with operating costs several orders
of magnitude higher. In view of this, a realistic way of running the simulation centre devoted to
ELI problems will require a direct high-speed connection to one or few EU supercomputer centres.The ELI simulation centre is expected to have a hundred teraﬂops computer facility aimed

Figure 4.4: Multi-disciplinary nature of the ELI project.
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at the theoretical support of experiments, parameter and optimization search, and preliminary
studies of lepton-gamma-plasma (LGP) created in the focus of the ELI full-scale pulse.
In an organizational way, it is highly desirable to have at least two ELI centres completely
devoted to theory and computer simulations: the goal of one of them would be the development
of analytical theory and the aim of the other would be the elaboration of computer codes and
their usage on supercomputers for simulations. It is important to provide conditions for their
mutual independence combined with close cooperation. The optimum number of experts in
each centre should be high enough in order to exceed the “critical mass” number required for
productive generation of new ideas and for obtaining world highest level scientiﬁc results, for
teaching and forming next generations of experts in theoretical physics and applied mathematics,
which is only possible within a creative and free atmosphere. The multidisciplinary nature of the
scientiﬁc studies within the framework of the ELI project (see Fig. 4.4) implies a multitude of
approaches for reaching the goals that have already been formulated and the new goals which will
inevitably come into being. For achieving these goals establishing theoretical and simulations
ELI centres is crucially important.
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Part III

ELI Technology

5
5.1

Technological basis for the primary sources
General laser layout

In order to reach the unprecedentedly high peak power for ELI, modern laser technology has to
be pushed to its limits by both implementing many new concepts and optimizing tried stateof-the-art technology. In general, the desired peak powers require the creation of high-energy
laser pulses with ultra-short duration. However, the direct ampliﬁcation of short pulses to high
energies is limited by constraints for size and damage threshold of the optical components in
the laser. Moreover, owing to the nonlinear response of optical materials at high intensities,
upon propagation in matter such as transparent optical components the laser pulse itself will
experience spatial and temporal phase distortions, leading to a degradation of the beam quality
and eventually a loss of coherence in both time and space. Therefore, safe direct ampliﬁcation
in a single ampliﬁer without detrimental eﬀects is only possible up to a maximum intensity of
∼ 1 GW/cm2 [1, 2]. If a laser chain is considered aiming for producing energetic short laser
pulses, then the overall eﬀect of the ampliﬁer gain media, transmission optics and air has to
be considered. Thus, the general rule of thumb in designing laser systems is that the so called
break-up integral calculated (and ﬁrst measured in [3]) for the entire laser system has to be kept
below 1 to avoid considerable deterioration of the focused pulses.
To overcome the nonlinear eﬀects in a high power laser chain, an obvious solution is to
increase the beam diameter and also to multiply the pulses. These routes were, however, soon
blocked by technological and economical constraints. The breakthrough came with the proposal
to decrease the peak pulse power in the laser chain by stretching the pulse duration prior to
ampliﬁcation, and temporally compress the pulses again just before the target. The idea how
to stretch and compress light pulses was inspired by radar technology and adopted into optics,
is dubbed chirped pulse ampliﬁcation (CPA) [4] and has been the key for the realization of
a dramatic increase in laser power and focused intensity over the last 25 years. The basis of
realization lays in the fact that short laser pulses consist not of a monochromatic wave, but a
broad range of colors1. This provides a handle for stretching a short laser pulse into a long one
(and vice versa) by sending the diﬀerent colors in the pulse over diﬀerent optical paths, hence
dramatically lowering its peak power during ampliﬁcation. It is schematically shown in Fig. 5.1.
A low-energy ultra-short pulse is ﬁrst stretched in time, then ampliﬁed and ﬁnally temporally
compressed in an all-reﬂective setup to allow for an ultra-short, high-energy pulse.

Figure 5.1: Principle of Chirped Pulse Apliﬁcation (CPA): An ultrashort laser pulse is temporally
stretched, ampliﬁed at low peak intensity and temporally recompressed.

High-power lasers usually consist of a chain of separate ampliﬁers with increasing size and
energy level. In the ﬁrst ampliﬁers, the gain factor is very large (106 ), while the overall energy
level is rather low (mJ). The architecture of such low-energy, high-gain ampliﬁers is particularly
vulnerable to photon noise, prepulses from multiple passes, and phase or gain nonlinearities.
1 This feature is in direct connection to the general phyisical law stating that short events in time are not well
deﬁned in energy, which can be eventually derived from Heisenberg’s uncertainty principle.
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These eﬀects may lead to the emission of substantial amounts of light nanoseconds to picoseconds
before the main pulse has reached its maximum power, hence lowering the “temporal contrast”,
i.e. the ratio of background light to peak power.
As solid targets become ionized above a threshold of around 1010 W/cm2 , in a laser system
such as ELI, a high temporal contrast is of utmost importance for applications. Hence, with
an envisioned peak focal intensity of 1024 W/cm2 , ELI calls for temporal contrast of greater
than 1014 outside the last picosecond before the main pulse. Otherwise, solid targets would not
stay solid for the main pulse, but expand into a low-density plasma, altering the interaction
characteristics in an unpredictable manner. These high contrast values up to now cannot even
be measured with state-of-the art devices.
Since all important contrast degradation eﬀects occur in the ﬁrst high gain ampliﬁer stages
(commonly dubbed “frontend”), it is necessary to clean the temporal shape of the pulses after
these stages by ﬁltering the pulses in the temporal domain. The so far most successful architectural solution is the double CPA (DCPA) scheme [5], where the pulses from the frontend are fully
compressed and the prepulses cut away by an ultrafast optical “switch”. Instantaneous eﬀects
triggered by the laser pulse itself and displaying strong intensity dependence, such as crosspolarized wave generation (XPW) [6, 7], are ideal for pulse cleaning. Afterwards, the clean,
intermediate energy pulses are stretched again, ampliﬁed in low-gain, high-energy ampliﬁers
with low distortions and ﬁnally compressed (see Fig. 5.2). To compensate for gain narrowing in
laser materials and hence keep the eventual pulse duration from a DCPA laser the shortest, the
scheme of negative and positive CPA (NPCPA) calls for opposite sign of chirping in the ﬁrst
and second CPA parts [8].

Figure 5.2: Double CPA Technique: In order to generate a temporally clean (i.e. high contrast) laser
pulse, the pulses are temporally ﬁltered at an intermediate energy level before being injected into the
high-energy, low distortion ampliﬁers.

As a diﬀerent approach to keep the bandwidth broad along the laser chain, optical parametric
devices were suggested to replace some ampliﬁers in high power laser systems [9]. These optical
parametric chirped pulse ampliﬁcation (OPCPA) stages could be located either in the front end
part where the gain is very high in order to reduce the gain narrowing, or in the power section
where the available size of ampliﬁer materials is the limiting parameter (KDP crystals exist in
very large dimensions). In order to prevent from parametric superﬂuorescence in these OPCPA
lasers, however, the pump sources shall be short (i.e. picosecond) pulsed lasers [10, 11], which
circumvents most of the contrast problems inherent of high-gain, multiple-pass laser ampliﬁers
by providing high, ultrabroadband gain in a single pass [12].
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Ultimately, the output of a high-power laser reaches a technological limit through availability
of large optics, in particular the laser crystals and pulse compression gratings. Recent progress in
manufacturing appears to predict that limit to be somewhere around 10–20 PW for a single beam
laser within the implementation of the ELI lasers at the three sites. This assumes that optics
currently at the prototype stage can be commercialized within the next 2–3 years. However,
for the ultimate goal of ELI to reach a level of 200 PW, a single beam laser will not be the
most cost-eﬀective solution. Combining multiple powerful laser beams onto a common target is
not a new technology, but has become state-of-the-art for many fusion research facilities around
the world since the 1970’s. However, also in this ﬁeld ELI will have to break new ground. In
contrast to a fusion machine that aims at smoothly distributing a large amount of energy onto
a target much larger than the light wavelength, ELI wants to concentrate the energy of multiple
large-scale single-beam lasers onto a spot with a size on the order of one laser wavelength (see
Fig. 5.3).

Figure 5.3: Beam multiplexing: A sophisticated real-time phase control loop has to stabilize the
coherent superposition of up to ten 20 PW-laser beams, all derived from a common frontend.

This requires not only to overlap the individual beams, but to do so in a phase-coherent
way, i.e. the optical path diﬀerence between the individual lasers in any part of the beam has
to be below a fraction of a wavelength. Since even air turbulence or mechanical vibrations
can easily lead to many wavelengths path diﬀerence, a sophisticated real-time phase monitoring
and control system has to be implemented into each laser chain, complemented by ultra-stable
mechanical engineering and installation of large parts of the laser chain in vacuum.
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5.2
5.2.1

Operation Principles
Femtosecond Laser Oscillators

Femtosecond solid-state and ﬁber laser technology has been advancing tremendously in the past
20 years. To enable stable, broadband, mode-locked operation of femtosecond oscillators, several
novel laser active materials have been tested including titanium-doped sapphire (Ti:sapphire) [1],
various Cr [2] and Yb-doped bulk and thin disk crystals [3] and ﬁbers [4]. The architecture of
the laser cavity varies accordingly, depending on the type of active material, pumping, heat
management, dispersion compensation solutions etc. Several novel mode locking methods have
also been developed including Kerr-lens [5] and semiconductor saturable absorber based modelocking [6, 7].
The construction of record breaking CPA/OPCPA chains necessitates the usage of a robust,
reliable and broadband laser front end including a stable, turnkey femtosecond oscillator. The
broad commercial availability of various Ti:sapphire oscillators delivering directly the wavelength
range that can be used in high-intensity femtosecond ampliﬁer chains indicates that these oscillators are the technology of choice. Therefore, the next sections will introduce key technological
elements and state-of-the-art of Ti:sapphire oscillator technology.
Features of Ti:sapphire active material
The usage of Ti:sapphire as laser active material opened huge perspectives in femtosecond laser
technology more than 20 years ago [1]. It enabled the reliable generation of unprecedentedly
short femtosecond pulses from a simple cavity due to the unparalleled broad gain bandwidth of
the crystal. The key ﬁgure for determining the relative bandwidth of the laser transition is ∆ν/ν0
where ν0 is the central laser frequency and ∆ν is the frequency bandwidth of the transition.
The achievable minimum pulse width (in units of optical cycles) is inversely proportional to this
ﬁgure. The value of ∆ν/ν0 for Ti:sapphire is 0.27 meaning that the gain spectrum could, in
principle, support 4-fs pulses at the central wavelength of 800 nm. This value can be surpassed
only by Cr:ZnS and Cr:ZnSe oscillators operating at 2400 nm featuring a ∆ν/ν0 of around 0.4 [2].
Owing to the properties of the host crystal, heat management issues can be handled relatively
easily in standard Ti:sapphire oscillators pumped by up to 10 W of green light (typically with
frequency doubled cw Nd:XX lasers at 532 nm) even though heat production is not insigniﬁcant
due to the large diﬀerence between pump and laser wavelengths. The mechanical, thermal and
spectroscopic properties of sapphire make it an ideal host crystal for applications where robust,
turnkey laser operation is required.
Key technologies and state-of-the-art in Ti:sapphire oscillators
In addition to the active material, Ti:sapphire oscillators also feature several key features and
technologies that play a crucial role in the build-up and stabilization of the femtosecond pulse
inside the cavity. i) The so-called Kerr-lens mode-locking mechanism enabled by the nonlinearity
of the crystal provides for the generation and stabilization of the mode-locked pulse train [5].
ii) In order to exploit the full gain bandwidth and achieve the shortest possible output pulses,
accurate, broadband control of cavity dispersion is required up to the third or even fourth order.
A slightly negative net group delay dispersion (GDD, or second order dispersion) in the cavity
is a prerequisite for solitonically mode-locked pulse formation, therefore, optical elements with
negative GDD are required to compensate for the dispersion of the active crystal and air. The
ﬁrst Ti:sapphire oscillators mostly employed various prism pairs for this purpose [8], as they
have low losses and enable accurate compensation of the GDD at a given wavelength. However,
they fail to provide control over higher order dispersion terms limiting the shortest achievable
pulse duration to approximately 10 fs [8]. The invention of chirped mirrors [9] enabled tailoring
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Figure 5.4: Typical setup of a compact, mirror-dispersion-controlled (MDC) Ti:sapphire oscillator. All
mirrors involved (M1–M5) can be chirped mirrors. OC: output coupler, DPSS: diode-pumped solid-state
pump laser.

the negative dispersion in the cavity resulting in sub-10-fs pulse generation directly from the
oscillator [10] and also increased the compactness (and thus, the robustness) of these oscillators.
The breakthrough features enabled by the use of chirped mirror technology have been
prompting active developments in this ﬁeld, therefore, state-of-the art chirped mirror manufacturing is strongly related to oscillator development in many cases [11–13]. Dispersive mirrors providing high reﬂectance and accurate dispersion management over bandwidths of up to
150 THz in the visible and near infrared spectral ranges became routinely available. As a result,
oscillators with 5 fs output can be obtained [11] (also commercially with sub-7-fs pulses [14])
for a number of applications including CPA/OPCPA seeding [15]).
Carrier-envelope phase stabilization of femtosecond oscillators
Another unique feature of femtosecond laser oscillators is the possibility to control the optical
waveform of the output pulses. This means that it is not just the envelope of the laser pulses that
is kept stable but also the underlying optical waveform can be stabilized by means of the carrierenvelope (CE) oﬀset phase. This quantity can be actively locked with a technique called f -to-2f
interferometry [16, 17]. This technology has immense implications in optical frequency comb
generation, too, and has revolutionized the ﬁeld of frequency metrology [18]. All-chirped-mirror
dispersion controlled oscillators are ideal candidates for CE phase stabilization owing to their
inherent stability, whereas prism-based oscillators proved to be less eﬀective for this application,
since beam pointing ﬂuctuations are transferred into phase-ﬂuctuations via the prism pair. Novel
ampliﬁer chains also feature a CE phase stabilized front end and an additional “slow” feed-back
loop that corrects for the phase ﬂuctuations in the ampliﬁer in order to produce controlled
few-cycle optical waveforms for various light-matter interaction studies. This is a prerequisite if
one intends to investigate few-cycle pulse-induced phenomena in the strong ﬁeld and relativistic
regimes with the ampliﬁer chain, therefore the implementation of various CE phase stabilization
techniques at the ELI facilities will be necessary, starting with the oscillator. In the past 5
years, several further signiﬁcant advances were made in the ﬁeld of CE phase stabilization. A
monolithic stabilization scheme was developed [19], obviating the need for the construction of a
separate f -to-2f interferometer and resulting in higher stability. An alternative scheme is oﬀered
by a feed-forward technique based on an extracavity acousto-optic frequency shifter [20]. This
method was demonstrated to surpass the precision of previous schemes by a factor of 5 [20].
CE phase stabilized oscillators in which these techniques are implemented are also available
commercially [14, 21, 22]. Furthermore, complete CE phase stabilized single or double-stage
front-end ampliﬁers are also commercially available [14, 22].
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5.2.2

Ampliﬁcation in laser media

Theory of pulse propagation in homogeneously broadened laser medium, with a ﬂuorescence
lifetime much longer than any pulse duration was developed by L.M. Frantz and J.S. Nodwick [1].
Thereafter the integrated ampliﬁcation output ﬂuence Jout can be written as:
Jout = Jsat [ln(1 + G(exp(Jin /Jsat ) − 1))] (1 − L)

(5.1)

G = exp (Jp /Jsat )

(5.2)

Jsat (ν) = hνcentral /σg (ν)

(5.3)

where Jin and Jout are respectively the input and output pulse ﬂuence, Jsat is the saturation
ﬂuence, L the losses, G is the small signal gain, Jp is the ﬂuence stored in the gain medium,
νcentral is the transition frequency, h is Plank’s constant. Active medium for ultra high intense
lasers requires a set of speciﬁc parameters that make it capable to support short (after recompression) energetic pulses of high quality. It must be also commercially available in big volumes.
As seen from [1] after ampliﬁcation in laser media the output energy is limited by the saturation
ﬂuence Jsat , and by the size of the output stage of ampliﬁcation, thus medium with higher saturation ﬂuence is preferable. Since for ultrahigh intense lasers short pulses are required, another
extremely important parameter is the bandwidth of ampliﬁcation. This depends on the gain
bandwidth of the active medium as well as on optical components used in the system. Because
of their wide spectrum, short pulses can only be ampliﬁed without a loss of their bandwidth
by materials with a gain width exceeding the bandwidth of the pulse.. Pumping band, spectral
bandwidth and the upper-state radiative lifetime determine major pumping capabilities. Currently these major requirements are fulﬁlled by two types of solid-state laser materials. These
are the Nd doped glasses and Titanium doped sapphire crystal.
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The Nd:glass medium is one of the most old known laser media. It is commercially available in
big volumes. The saturation ﬂuence of the phosphate Nd:glass is ∼ 4 J/cm2 which is suﬃciently
high. The Nd:glas laser technology is advanced to support the energy up to a MJ level with
laser-fusion installations [1, 2]. Typically the gain bandwidth of this medium allows pulses of
∼ 1 ps duration. This makes more than a 10 Petawatt level available [3–9]. Diﬀerent kinds of
Nd:glasses have slightly spectrally shifted central wavelengths. For instance typically silicate
(λcentral ∼ 1.06 µm) and phosphate (λcentral ∼ 1.05 µm) – bases types have spectral diﬀerence
of ∆λcentral ∼ 10 nm. A combination of diﬀerent types of Nd doped glasses allows pulses of
duration shorter than 1 ps. Currently ∼ 170 fs pulses were demonstrated with this technique
at a Petawatt level [10], but with an OPCPA front end. Because of a relatively low thermal
conductivity of the glass host, the technology of Nd:glass lasers is limited to low repetition rate,
that depends on the output laser energy, from several shots/min for the output energy <100 J
to few shots/hours for KJ and 1 shot/day for higher energy levels. This medium has a storage
time in the range of 300–500 µs. It is well suited for both ﬂash lamp and laser diode pumping.
Another and even more suitable for ampliﬁcation of short pulses medium is the Titanium
doped sapphire crystal (Ti:Sa). Ti:Sa lasers are the most widely spread short pulse and intense
lasers. The progress of the Ti:Sa technology started from the publication of P. F. Moulton in
1983 [11]. Ti:Sa has several very desirable characteristics which make it ideal as a high-power
ampliﬁer material. The large saturation ﬂuence (1 J/cm2 ), long storage time (3 µs), a very
high damage threshold (∼ 8–10 J/cm2 ) and a high thermal conductivity of ∼ 46 W/mK at
300 K make it an ideal ampliﬁer gain material. It has a broad absorption band around 500 nm,
that is especially suitable for laser pumping with frequency doubled pulses of Nd:YAG-lasers.
It can easily support repetition rate of 10 Hz and higher. Moreover, Ti:Sa has the broadest
gain bandwidth of any known laser material (∼ 230 nm), thus it can support pulses of only
several oscillations. High aperture crystals of Ti:sapphire are commercially available with a
diameter up to ∼ 175 mm, that is required for the recompressed power of ∼ 10 PW. Despite
that development of high aperture Ti:Sa crystals is being strongly pushed by the Apollon-10P
project, currently such crystals of suﬃcient optical quality are available only from the ﬁrm
Crystal Systems Inc. [12].
The architecture of an ultra-high intense laser implements CPA technology, when ampliﬁcation starts from a single stretched pulse of nearly a nanojoule energy. Thus to achieve required
multĳoule energy level, the total gain in access of 1010 –1011 is required. Ampliﬁcation is accomplished in several stages that include the pre ampliﬁer and power ampliﬁers. In the pre ampliﬁer
the pulse energy is being pushed to a level above a milĳoule (total gain ∼ 106 –107 ). The power
ampliﬁers are designed to eﬃciently extract the stored energy, thus run close to saturation.
Despite that there are many variants thereof, the pre ampliﬁers are accomplished either with a
regenerative [13–15] or a multipass (9–11 passes) schemes [16–17]. Currently most of the high
intense lasers implement multipass ampliﬁers, because of lower losses they are not so strongly
inﬂuenced by gain narrowing and are free of pre-pulses leaking through the Pockels cell as in
the regenerative ampliﬁer. The pre ampliﬁer has the highest gain in the system (∼ 107 ), thus
it determines the major characteristics of the pulse: bandwidth and ASE contrast (see 5.3.3).
With stretched pulses, the ampliﬁcation process signiﬁcantly reshapes and shifts the spectrum
of the pulse. This happens due to the ﬁnite gain bandwidth of the active medium. The gain
cross section, σg (ν), appearing in the exponent in calculating the ampliﬁcation factor (see [1–3]),
through successive passes in the ampliﬁer tends to narrow the ampliﬁed spectrum (gain narrowing). As the result, for the pre-ampliﬁers based on Ti:Sa even though the bandwidth of the gain
cross section is very large, the total bandwidth of the pre ampliﬁer without spectral corrections
can not exceed ∼ 47 nm [18]. The saturated ampliﬁcation that mostly takes place in the power
ampliﬁers, in addition to the gain narrowing, shifts the pulse spectrum [19]. For positively
chirped pulses that are required for the diﬀraction grating based compressors, this leads to a
red shift of the pulse spectrum and possible slight improvement of total bandwidth. There are
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several ways to overcome the problem. First, accomplish spectral correction [20–24] that works
better for regenerative ampliﬁers. Second, use the scheme with ﬂipping the chirp sign during
ampliﬁcation (NPCPA [25]). This scheme allows separate preferable ampliﬁcation of the blue
in a ﬁrst part and the red in a second part. This enables supporting substantially broader total
bandwidth (∼ 60 nm). Another solution consists in spatio-temporal CPA [26]. This solution
has been demonstrated only in the mJ level regime. A last solution that is applicable for high
energy pulses, is the recourse to spectral ﬁltering before each power ampliﬁer. The spectrum is
shaped in such a way that the gain narrowing and spectral shifting are precompensated.
The power ampliﬁers of Ti:sapphire lasers use the multipass architecture, that allows eﬃcient extraction of stored energy. The energy extraction eﬃciency of ∼ 40% can be reached
after 3–4 passes through the active medium. The power multipass Ti:Sapphire ampliﬁers use a
relatively thin (up to 3–4 cm) and normally with respect to the incident beam cut crystals, that
is determined by technological limits of the crystal growth and high eﬃciency of ampliﬁcation
(good matching of pumping and amplifying modes). Then typical axial low signal gain at the
power stages is ∼ 4–5. Taking into account that the diameter of the pump area can substantially exceed the crystal thickness, the total gain inside the crystal at an arbitrary angle to the
incoming beam can substantially exceed the axial gain. This can lead to the internal self lasing
of crystals thus reducing population inversion. If the doping of the crystal is not very high,
so that the inversion is nearly uniformly distributed, then the highest gain corresponds to rays
reﬂected at the angle of total reﬂection inside. One can easily estimate that the parasitic lasing
starts when the ratio of the diameter of the pump region to the crystal thickness exceeds the
value of ∼ 0.8–1. In this case being scattered at the crystal surface the rays come back to the
pumped area thus closing the loop. To avoid this process the side surface of the crystal is being
covered with index matching absorbing substances.
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5.2.3

Optical Parametric Ampliﬁcation

Since the invention of the ﬁrst solid state laser in early 1960s, the optical parametric ampliﬁers
(OPA) closely followed the trends in development of lasers. Unlike the laser ampliﬁers, where
transfer of population between the lasing energy levels gives rise to ampliﬁcation through the
stimulated emission, OPAs do not involve any real energy levels. In essence it is three-wave
interactions mediated by the second-order nonlinearity in birefringent materials oﬀering some
unique possibilities for light ampliﬁcation.
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High peak-power pulses can not be ampliﬁed directly in laser ampliﬁers due to accumulating
self-action eﬀects. The chirped-pulse-ampliﬁcation (CPA) technique, demonstrated in 1985,
helps to overcome this limitation and is nowadays used in almost any ultrashort pulse powerful
laser system. On the other hand, chirped signal pulses can also be ampliﬁed in an optical
parametric ampliﬁer (OPA) producing an idler wave with reversed frequency chirp [1]. The ﬁrst
proof-of-principle experiment on stretching, ampliﬁcation and compression of chirped pulses in
OPA was demonstrated in 1992 [2]. Later on, this technique was further elaborated and petawatt
peak-powers using optical parametric chirped pulse ampliﬁcation (OPCPA) were anticipated [3].
Since that time OPCPA became a recognized and rapidly developing ampliﬁcation technology for
high-power femtosecond pulse generation and is widely used either separately or in conjunction
with laser ampliﬁers. The OPCPA concept maintains all the basic requisites as CPA, just with
the laser ampliﬁer being replaced by the OPA (Fig. 5.5).

Figure 5.5: Principal scheme of chirped pulse parametric ampliﬁcation.

OPCPA oﬀer several signiﬁcant advantages as compared with laser ampliﬁers: 1) high gain
per single pass; 2) low thermal eﬀects due to the fact that no population inversion is involved; 3)
output signal wavelength tunability; 4) possibility to amplify ultra-broad bandwidth spectrum;
5) reduced ampliﬁed spontaneous emission along with high contrast ratio of the ampliﬁed pulses;
6) preservation of ampliﬁed signal phase and simultaneous production of phase-conjugated idler
wave; 7) high ampliﬁed signal beam quality. Despite some disadvantages such as lack of pump
energy accumulation, ampliﬁed parametric ﬂuorescence, limited aperture of many available nonlinear crystals, requirements of precise pump and signal synchronization, and losses introduced
by the idler wave, OPCPA remains an attractive approach to generate high-contrast, high-energy
ultrashort pulses even at wavelengths not supported by conventional CPA-based laser ampliﬁers. Moreover, carrier envelope phase-stable seed for the OPCPA can be formed by means of
parametric three wave mixing [4] and preservation of ampliﬁed signal carrier envelope phase was
also demonstrated [5].
Broadband pulses in an OPA can only be ampliﬁed if all three interacting waves (pump,
signal and idler) are phase matched. As a complete phase matching condition over a broad
frequency range can hardly be satisﬁed in a given nonlinear medium, the broadest bandwidth
is supported when wave-vectors mismatch is as close to zero as possible for the entire range
of frequencies of interacting waves. If OPA is pumped by a monochromatic pump wave (as
is usually the case) and group velocities of signal and idler pulses are equal, the supported
bandwidth can already be converted to few-cycle output. In practice, this is achieved either in a
collinear interaction at degeneracy or in a non-collinear geometry out of degeneracy. And going
forward, for certain frequencies even broader bandwidths may be supported in a given nonlinear
crystal by minimizing higher order terms of wave-vectors mismatch.
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Due to inherently high-contrast output pulses, optical parametric ampliﬁers of chirped pulses
are increasingly adopted as front-ends of ultra-high intensity lasers. OPCPAs are employed at
nearly a dozen of existing and soon to be built (sub-)PW-level lasers. Relatively high-contrast
pulses after parametric ampliﬁers are further ampliﬁed in either Nd:glass or Ti:sapphire up to
ultra-high energies. A large portion of highest intensity lasers in Europe, US, Japan and China
make use of chirped pulse parametric ampliﬁers for contrast enhancement.
However, stand-alone OPCPA systems have also been widely investigated and up to now,
several tens unique OPCPA-based laser systems are demonstrated [6]. All-solid-state systems
can produce up to 0.5 TW few-cycle pulses [7] or very high repetition rates [8]. Parametric
ampliﬁcation of white-light pulses in a non-collinear conﬁguration and subsequent recompression
yielded few-cycle pulses in the visible-NIR [9]. CEP-stabilized pulses with over 16 TW have also
been demonstrated [10]. And ﬂash-lamp pumped high-energy nanosecond lasers are used to
amplify chirped pulses in a near-collinear conﬁguration up to Joule level energies at 1 µm
wavelength [11,12]. Several practical designs for OPCPA conﬁgurations enabling output powers
of above 1 PW had been already oﬀered in the past [3, 13] and this is what is needed for ELI.
To obtain such high intensities with reasonably short pulse durations, one must use highenergy sources which inevitably provide large beams. Thus, nonlinear crystals with large apertures must be used and there are basically three potential candidates that can be grown in
suﬃcient size: KDP, DKDP and YCOB. For the moment, DKDP crystal seems to be the only
choice for parametric ampliﬁers pumped by the second harmonic of highest energy Nd:glass
lasers due to its supported bandwidth, absorption, growth issues and availability in large sizes,
while YCOB and probably even LBO would be attractive alternatives if growth technology is
signiﬁcantly advanced. A ﬁgure of merit has been derived to examine the impact of average
power on OPA performance by estimating the thermal limiting power [14]. This takes into consideration the thermal conductivity of the crystal, the thermal sensitivity and the linear optical
absorption at the pump wavelength. For DKDP, this ﬁgure has a value of 0.3 kW for a tentative
ﬁgure of 600 J pump energy gives a limiting repetition rate of 0.5 Hz. The nonlinear crystal
YCOB has been developed as an alternative for second harmonic generation for high average
power systems and has even been used to demonstrate OPA at 1 µm. This has a thermal power
limit over 40 times greater than that of DKDP leading to a potential increase in the repetition
rate to 2 Hz at 600 J.
OPCPA requires high pump intensities to generate gain in reasonable crystal lengths. Thus,
a signiﬁcant challenge, and key to success, is the selection of an appropriate pump laser for the
OPCPA process. Parameters that inﬂuence the choice for appropriate system are: pulse duration
in relation to seed stretch factor and possible recompression, repetition rate and available energy,
beam quality, synchronization and jitter, etc. For moderate energy systems, picosecond systems
present a good compromise in terms of readily achieving pump pulse intensities for OPCPA
whilst requiring moderate seed stretch factors and avoiding the complexity of CPA based pumps.
A master-oscillator power-ampliﬁer (MOPA) approach with picosecond duration is attractive
since it can be directly seeded from a multi branch ﬁbre system without any need for electronic
synchronization or regenerative ampliﬁcation.
In [15], a single Ti:Sapphire oscillator seeds both the pump laser and the OPCPA chain, while
the pump pulse is ampliﬁed in a ﬁbre laser ensuring a high stability pump output with excellent
beam proﬁle. The use of a single Ti:Sapphire oscillator ensures timing stability of the pump and
seed pulses, removing a major source of ﬂuctuations. In contrast, [16] uses a two-colour ﬁbre
laser oscillator to produce a mid-IR seed pulse, and an electronically synchronised solid-state
pump laser to amplify this. This system beneﬁts from passive CEP stabilisation of the seed
pulse and an alignment-free oscillator. We believe the optimum conﬁguration is a combination
of the two systems, where the pump and seed pulses are generated from a single ﬁbre oscillator,
thus ensuring excellent timing stability, reliability and beam quality. Fibre systems producing a
few hundred millĳoules of energy have already been demonstrated [17], allowing the operation
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of a single stage OPCPA system, while the ﬁbre-based pump laser can be further ampliﬁed in
free-space ampliﬁers to reach even higher energies.
For multi-petawatt OPCPA output very high energy pump lasers are needed and they generate nanosecond pulses. High energy Nd:glass lasers with suﬃcient energy to achieve the required
pump power have been already developed and demonstrated, however with the current and projected technology have repetition rates on the minute timescales. However recent development
of diode pumped Yb:host and even Nd:host lasers has made signiﬁcant advances in laser pulse
energy generation. At present they have been limited to the ∼ 100 J region but it is expected
that with the added interest from other laser development programmes, laser systems will be
designed that are capable of delivering 1 kJ of energy at the fundamental wavelength on a
repetition rate measured in seconds or a fraction thereof.
A high energy but poor beam quality pump beam would have a detrimental eﬀect on pumpto-signal conversion eﬃciency so the principle requirements of the pump beam are to have an
approximately Top-Hat proﬁle in the temporal and spatial domains within the non-linear crystal.
To achieve the required temporal proﬁle, it is now common practice on the large laser facilities to
tailor the shape of a pulse and a number of schemes have been demonstrated. A simple scheme
uses a CW source that is then modulated using a ﬁbre optic modulator to generate the required
temporal pulse shape. It is then ampliﬁed by the use of ﬁbre ampliﬁers or direct injection into
a regenerative ampliﬁer.
Another challenge of OPCPA is the coupling of ampliﬁed seed energies not just to the
pump intensity ﬂuctuations, but also the temporal overlap between pump and seed pulses in an
OPCPA ampliﬁer. This challenge can be overcome, and recently highly stable OPCPA systems
have been produced with RMS ﬂuctuations of 1.5% [15] and even as low as 0.7% [16]. Both of
these systems use ﬁbre laser technology, which provides a template for the optimum design of
an OPCPA front-end.
An important property of the OPA, which up to now has been quite rarely exploited, is
that the OPA permits the use of multiple pump beams if each of them satisﬁes the phasematching condition with a single signal beam. This possibility is pre-deﬁned by the nature of
the parametric ampliﬁcation process; the phase diﬀerence between the pump and the signal
pulses is transferred to the idler pulse, thus compensating for random diﬀerences between these
two. Such pumping geometry allows energy combining from a number of pump beams to a
single signal beam. Hence, a single high-energy but low repetition rate pump laser for OPA
could be in principal substituted by a number of lower energy lasers of equivalent sum energy
but running at higher repetition rate.
Energy combining by the use of multiple-beam pumped OPA was demonstrated and the
ampliﬁed signal energy exceeded that of the single pump pulse, and almost 80% conversion
eﬃciency has been reported with no impact on the pulse temporal proﬁle [18]. It was also
demonstrated that multiple pump beams used in a proper geometry could notably extend the
ampliﬁcation bandwidth in the case of the chirped broadband seed [19] and that a singe signal
pulse can be ampliﬁed by two diﬀerent pump wavelengths [20, 21]. Finally, two and even threebeam pumped optical parametric ampliﬁcation of broadband chirped pulses was demonstrated
recently with promising outlook on energy and average power scaling [22, 23].
A truly unique OPA feature is its great wavelength ﬂexibility. The principle of chirped pulse
parametric ampliﬁcation can be adapted to any ultrashort pulse system operating in ultraviolet,
visible, and infrared. The majority of experimentally demonstrated OPCPAs, including those of
highest output peak powers, are concentrated in the vicinity of visible-NIR boundary. However
there is a substantial amount of research put OPCPA based sources through the NIR and even
to mid-IR wavelengths above 3 microns - a spectral range of interest for industrial, biological,
medical research, as well as fundamental physics experiments that beneﬁt from large ponderomotive energies [24]. Such OPCPA systems have already been realised at 2.1 µm [25] and in
the mid-IR at 3.2 µm [16, 26]. These sources take advantage of the fact that OPCPA can work
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eﬃciently as long as the relevant phase-matching conditions can be met. A major advantage of
operating OPCPA at longer wavelengths is the fact that it is energetically more economic since
doubling of typical near-IR pump lasers can be avoided and eﬃcient (dielectric) grating become
a possibility.
Theoretical studies for such OPCPA systems are extremely important since, especially in the
case of ELI, never achieved parameters are sought for. Such extreme bandwidths and pulse energies demand multiple ampliﬁcation stages with carefully tuned nonlinear media, pump proﬁles
and temporal proﬁles etc. In other words: one needs to theoretically model OPCPA at extreme
average power and/or peak intensity in full 3D plus time and include associated nonlinear and
parasitic eﬀects since those eﬀects can signiﬁcantly hamper estimated performance. The spatial
as well as the temporal variation of the pump and seed proﬁles needs to be accounted for, as well
as the eﬀects of pump depletion on the spatial phase of the pulse. Due to the high intensities
in the crystals various interactions can arise such as self and cross focusing, self and cross phase
modulation and nonlinear change of the phase mismatch, all of which modify the gain spectrum
of the OPA process. In a recent paper, it has been shown [27] that the eﬀects of nonlinear
refractive index can change the output of a petawatt scale OPCPA system by up to 16%. Such
a decrease in output energy will, in the best case, mean that large investments in additional
pump lasers and synchronization is required, it goes however hand in hand with a signiﬁcant
decrease in achievable Strehl ratio; a detrimental factor for experiments. These eﬀects can be
oﬀset by careful design of the OPCPA system, a process which would be much relieved with the
help of 3D full modeling.
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5.2.4

Dispersion management of high intensity short pulse lasers

Current designs of the laser systems at the three sites involve high intensity laser systems up
to 10 PW. Although these systems are diﬀerent in bandwidth and hence pulse duration as
well as in the ampliﬁer medium (Ti:S or optical parametric crystal), but all are basically rely
on chirped pulse ampliﬁcation. Regarding the peak pulse power, they would need a robust
stretcher- compressor system with reliable and accurate dispersion compensation.
Some of the designed systems will be based on double CPA principles. In this case the ﬁrst
stretcher-compressor system is relatively easy to handle and modify, as the required stretch ratio
is relatively modest, and also active devices (AOPDF, SLM) are readily available. The second
stretcher-compressor system is, however, much more challenging, as the 20-30 fs pulses have to
be stretched over 10000 times. Moreover, the intense pulses are passing through considerable
amount of gain material at a B-integral close to 1, so the high ﬁdelity re-compression is a
real challenge. Thus, here we describe the main designing considerations for the large scale
stretcher-compressor system for such an ultra-short pulse duration and ultra-high-energy laser
facility.
In order to keep the ultra-short duration and high contrast in the pulse, the spectral bandwidth is chosen to be 200 nm wide in the stretcher. The diﬃculty is to design the stretcher
with low aberration through the whole spectrum. At the end of the laser chain, the vacuum
compressor must be dimensioned for compressing a 300-J, 15-fs beam. We describe a possible
design using four ultra-wide monolithic gratings and show the sensitivity on the alignment of
such a big compressor. As an example we take the stretcher and the compressor design of the
Apollon 10 PW laser facility [1].
Stretcher design
To minimize the introduction of residual chirp along the broad spectrum, the stretcher must
exhibit low temporal and spatial aberration and high spectral acceptance. A way to achieve
these characteristics is to base the stretcher on an all-reﬂective Öﬀner triplet [2]. Moreover, as
we expect a large time-expansion ratio (13 ps/nm), and require a relatively compact system, we
must design a double-pass stretcher.
We ﬁrst studied a single-grating Öﬀner stretcher. As the Apollon10P compressor works
with 1480 groove/mm gratings, we also use a 1480-groove/mm grating to match stretching and
compression. The imaging system is composed of two spherical mirrors with the same center of
curvature and a -1 expansion ratio. The stretching coeﬃcient is achieved by placing the grating
away from the center of curvature. By doing so, we introduce spherical aberrations in the
system. To fully characterize the behavior of this design, using the ray tracing program Zemax,
we observe the Fast Fourier Transform of the Point Spread Function and the spot diagram after
a perfect lens at the output. The results show a bad Strehl ratio (≈ 0.015) due to aberrations on
both lateral and vertical axes. To reduce the aberrations over the whole spectral bandwidth, we
decided to build a stretcher using the same spherical mirrors but with two diﬀraction gratings
(see Fig. 5.6).
One grating is placed on the center of curvature. We keep the same relative distance on
the gratings which leads to a second grating over the convex mirror. The results show a better
Strehl ratio of 0.91. The lateral and vertical aberrations observed after the perfect output lens
are manageable.
Compressor design
The compressor is composed of four monolithic 910×455 mm2 Livermore gold gratings. Because
of the amount of energy carried by the beam, we expand it to Ø400 mm. For geometrical reasons,
the angle of incidence is calculated to be 56 degrees.
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Grating 1
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Roofmirror

Figure 5.6: Two-grating Öﬀner triplet design for the Apollon 10P facility.

Strehl ratio = 0.91

10 mm

Spot diagram at the output of
the two gratings stretcher
Point Spread Function

Figure 5.7: (left): Calculated Strehl ration of the beam after the stretcher, (Right) spot diagram at
the output of the two grating stretcher. There is no visible chirp in the beam.

Here we have studied the sensitivity to misalignment [3–4] as we know that a four-grating
compressor is more sensitive to tilt than a double pass. We underscored the inﬂuence of the
misalignment on each grating and tilts on the input beam.
Spectral phase management of the stretcher/compressor and ampliﬁer stages
The spectral chirp of the stretcher, ampliﬁcation stages and compressor, have been also studied.
Because the ampliﬁcation stages introduce dispersion, we have to adapt several stretcher parameters to provide a near-transform-limited recompression. Since the compressor gratings have a
ﬁxed number of grooves (1480 gr/mm), we calculated the residual spectral phase for diﬀerent
numbers of grooves in the stretcher (between 1420 gr/mm and 1480 gr/mm) and show the best
solution for our system.
Upon construction of the entire laser system, the stretcher and compressor system has to
be perfectly aligned. The aligment procedure has to address the paralelism of the gratings,

Figure 5.8: Four-grating compressor design (by zemax).
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measurement and cancellation of residual angular dispersion of the entire system as well as
minialization of the residual spectral phase.
There are three basic methods for the accurate alignment procedure. The one, useful especially for high power, relatively narrow bandwidth laser systems, is based on two diﬀerent
colour laser beams. The beams are sent into the system collinearly, and they have to leave also
collinearly. The angular deviation of the two beams is hence directly proportional to the angular
dispersion of the system.
The other group of alignment procedures are based on various versions of spectrally (and
spatially) resolved interferometry and concerns mainly broadband, sub-50 fs systems [5–10]. In
these measurements and alignment procedures the residual spectral phase can be absolute [5]
or relative [6–7], that is, the performance of the stretcher-compressor system is aligned to the
oscillator pulse. However, the residual angular dispersion of the system is measured as an
absolute value [8–10].
In case of large scale, narrow band laser systems, the amount of stretch requires size of
grating which is not yet available. The solution is to use a tiled grating compressor system,
where two or more gratings are built together. It can be especially challenging to align and
maintain the alignment of such many-grating systems. One of the common methods is the
use of expanded cw laser sources and investigate the interference originating from diﬀraction
of diﬀerent gratings of the system [11–13], while the other one is based also on spectrally and
spatially resolved interferometry [14].
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5.2.5

Beam propagation and focusing

Along the ampliﬁcation chain, a broad range of aberrations can be present, perturbing the
pulses propagation, the focusing, or producing back-reﬂections. Therefore, few basic rules have
to be followed, and careful evaluation of the beam parameters has to be performed along the
ampliﬁcation chain, until the pulses reach the target and even after it.
Image relaying is the main approach to be used for beam transportation. It is a technique for
preserving the transverse intensity proﬁle of a high power beam as it propagates long distances
through the laser system. Ampliﬁer apertures can be ﬁlled more eﬀectively, leading to an increase
of ﬁxed-aperture system performance [1]. Relay imaging is essential also for the reduction of
the beam pointing ﬂuctuations.
For large aperture beams, reﬂective focusing optics should be employed, in order to avoid
the material dispersion introduced in the broadband spectrum of the pulses and further optical
aberrations.
Care has to be taken in experiments to avoid back-reﬂections of the pulses in the ampliﬁcation chain, especially in the experiments involving counter-propagating pulses and normal
incidence pulses. Therefore, optical isolation should be implemented in the ampliﬁcation chain,
for example in the form of Pockels cells.
Evaluation of the spatiotemporal distortion of ultrashort pulses is an active ﬁeld of research.
Beam propagation for ultrashort pulses is usually described in a matrix formalism, known as
Kostenbauder matrix formalism (KMF) [2, 3], which is an extension of the ABCD ray matrix
formalism. There are versions of 4 × 4 matrices and also 6 × 6 matrices [4]. The formalism oﬀers
a ﬁrst order series description of the pulse distortion. Moreover, in analogy with the complex
Gaussian beam formalism, the Kostenbauder formalism was extended to Gaussian beams, using
complex numbers representation [5]. The spatiotemporal distortion speciﬁc to the ultrashort
pulses, described within KMF, are partial derivatives of the ray coordinates, as follows: Spatial
Chirp (∂xout /∂νin ), Angular Chirp (∂θout /∂νin ), Pulse-Front Tilt (∂tout /∂xin ), Time vs Angle
coupling (∂tout /∂θin ) and Group Delay Dispersion (∂tout /∂νin). All these types of distortions
should be well evaluated and controlled.
The KMF is a very versatile approach to follow the propagation of the pulses through the
entire ampliﬁcation chain. It oﬀers a proper description of the ultrashort pulse evolution and
also shows the entanglement of the speciﬁc parameters mentioned. It also allows a ﬁrst-order
analysis of the perturbation eﬀects along the propagation path, coming from diﬀerent sources.
However, there are several issues to be considered, related to nonlinearities and further optical
aberrations:
1) higher order terms are not included in the KMF. Such higher order terms are important
in the description of ultrashort laser pulses. Some of them are analyzed in the “Dispersion
management section” (5.2.4).
2) self phase modulation (SPM) process due to high peak power of the laser pulse has to be
treated separately. The B-integral parameter which characterizes in SPM the nonlinear phase
accumulation along the entire laser chain should be kept below a value of 1, otherwise strong
perturbation of the ultra-short pulses electromagnetic ﬁeld will be produced;
3) if optical aberration is present, it can also cause signiﬁcant spatiotemporal distortion of
ultra-short pulses in the focal region resulting in reduced intensity and spatiotemporal resolution. Therefore, it is important to study the eﬀect of optical aberration theoretically and
experimentally.
The shape of the pulse front distorted by chromatic aberration can be simply determined
by geometrical optical ray tracing [6–10] as it was ﬁrst pointed out by Bor [6, 7]. However,
in the vicinity of the focal point, the validity of the geometrical optics breaks oﬀ, so a wave
optical model is needed [11–15]. It was shown that the pulse front is delayed with respect to the
phase front. The delay is proportional to the diﬀerence between the group and phase velocity
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of the light in the lens material and also proportional to the path length of the ray in the lens
material. Therefore it is a parabolic function of the distance from the optical axis. This eﬀect
may cause that the pulse front forms a loop in the vicinity of the focus. In this case the outer
rays have already passed the focus, while the rays propagating along the optical axis have not
reached it yet. This phenomenon results in signiﬁcant temporal broadening of the pulse in the
focal point. The parabolic delay between the pulse and phase fronts in a lens-based telescope
was ﬁrst demonstrated experimentally using time of light interferometry [16]. This eﬀect can
be avoided by applying an achromatic lens, since in this case the delay is constant across the
cross-section of the lens [6, 7].
In high intensity lasers, lens-based telescopes are used for spatial ﬁltering and magnifying
the laser beam. Since the diameter of the lenses in the telescopes is large, singlet lenses are used
instead of achromatic lenses. Therefore chromatic aberrations appear in the case of lens-based
telescopes [15, 17]. Methods to compensate such chromatic aberrations were proposed [15, 17].
One straightforward approach would be the use of reﬂective mirrors (oﬀ axis parabolic mirrors)
instead of lenses. Another solution may be the use of hybrid optics, a combination of a diﬀractive
lens and a commercial lens [18, 19].

Figure 5.9: Intensity distribution of a spatially and temporally Gaussian pulse with temporal duration
τ = 2T0 at the moment t in the presence of aberrations, where T0 is the period of the vibration at
λ0 = cT0 (T0 = 2.67 fs, λ0 = 800 nm). The amount of the aberrations are characterized by µnm . The
angle ψ = 0◦ and ψ = 90◦ corresponds to the meridional and the sagital plane, respectively. The dashed
line shows the pulse front predicted by the geometrical optics

Using large-aperture optics, we must take care of another type of optical aberration, the
spherical aberration. To describe its eﬀect on the pulse front, several models based on wave
optics have been developed [13, 15, 20–23]. The calculations show that the spherical aberration
leads to the formation of a Bessel-like, x-shaped pulse front (see Fig. 5.9a). There are some
more aberrations, e. g. astigmatism and coma, the eﬀect of which has been slightly studied
so far [23, 24]. The theoretical and the experimental results show that astigmatism and coma,
similarly to spherical aberration, do not introduce a signiﬁcant pulse broadening but they cause
a considerable distortion of the pulse front which leads to a signiﬁcant loss of intensity (see
Fig. 5.9b,c). The distorted pulse fronts calculated by geometrical optics ray tracing, are in good
agreement with the shape obtained from the wave optical model [23].
To check the theoretical results on the eﬀect of optical aberrations experimentally, several
linear methods based on spectral interferometry [17, 24–30] and shifted-ﬁeld autocorrelator [15],
and non-linear methods based on the FROG technique [31, 32] have been developed recently.
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0.4 m
diameter
0.2 m
diameter

Figure 5.10: Peak intensity reached using 1 PW, 5 PW and 10 PW pulses for 0.2 m (dashed line) and
0.4 m (continuous line) as a function of focal distance of the optics used.

Not only the optical aberrations but also the angular dispersion caused by the non-parallel
gratings in the pulse compressor may result in pulse broadening in the focal region. The front
of the pulse reaching the lens is tilted because of angular dispersion. Therefore one side of
the pulse front will reach the focal point sooner than the other side leading a signiﬁcant time
broadening [33].
Another interesting phenomenon may occur at focusing when the diameter of the pulse front
is larger than the aperture of the focusing element. In this case the waves leaving the edge of the
optical elements, the so-called boundary waves give constructive interference along the optical
axis, which results in the boundary wave pulse [34–36]. If no aberrations are present, this pulse
propagates behind the main pulse before the focal point, and they meet at the focal point, and
then the boundary wave pulse propagates in front of the main pulse.
We have reviewed brieﬂy the problems occurring during the propagation and focusing of
ultrashort pulses. It can be seen that the phenomena are complicated. Therefore in addition
to the numerical models mentioned so far, a number of software tools are available for raytracing the laser systems, with diﬀerent approaches, such as Miro code [37], Lab2 package for
LabView [38], Optica3 package for Mathematica [39], Zemax [40] and so on.
Special care should be taken when focusing multi-PW beams to high intensities. With an
ideal spatial Gaussian beam and with ideal focusing optics one can get a simple estimate of the
intensity in the focus. In the ﬁgure below are analyzed two beam diameter cases, namely 0.4 m
(thick lines) and 0.2 m (dashed lines). For each case we represented on logarithmic scale the
intensity for diﬀerent peak powers, namely 10 PW (blue), 5 PW (green) and 1 PW (red). The
conclusion is that the focal length of the focusing optics should be below 1.5 m for the large
beam size and below 0.6 m for the small beam size in order to reach 1023 W/cm2 . More general,
the f# for the focusing optics needed to reach 1024 W/cm2 should be below 1.0, in an ideal
gaussian pulse case. Such high quality optics remains a challenge. Besides, the typical spatial
proﬁle in the OPCPA or Ti:Sa laser systems are ﬂat-top or super-gaussian. Such proﬁles tend
to develop intensity modulations and to distort the ﬁeld in the focus.
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5.3
5.3.1

Diagnostics of Laser Parameters
Duration and spectral phase

There is a great demand of measurement of pulse duration and the accurate temporal intensity
and phase in the generation, optimization and application of laser pulses. This chapter gives a
brief overview about the most popular techniques. The continuously decreasing duration of ultrashort laser pulses, which are the shortest events in time ever created, made it necessary to develop
various sophisticated temporal characterization techniques. Usual time-resolved measurements
apply a much shorter event than a given process to sample it. Due to the shortness of laser
pulses the only way is to sample them with themselves. In the measurement of ultra-short laser
pulses a non-linear eﬀect with a slow detector is typically involved.
There are numerous methods starting from the simplest second harmonic generation (SHG)
intensity autocorrelation [1]. The input beam is split into two and the parts with a variable delay
between them are sent – sometimes focused – into a non-linear medium – typically a non-linear
optical crystal such as BBO. The generated second harmonic signal is measured as a function
of the delay:

G(2) (τ ) =

∞

−∞

I(t)I(t − τ ) dt

(5.4)

An SHG autocorrelation does not accurately reﬂect the temporal shape of the pulses, but under
certain assumptions for the pulse temporal proﬁle, a good estimation can be obtained for the
temporal full width at half maximum (FWHM) from the FWHM of the autocorrelation. SHG
trace is always symmetric and thus has an ambiguity in shape -diﬀerent temporal intensities
lead to the same autocorrelation trace – and in the time direction – raising and trailing edges are
not distinguishable. On the other hand, this symmetry provides an automatic self-consistency
criterion. By measuring the laser spectrum a more
√ correct ratio between the autocorrelation
and the intensity can be determined – which is 2 for typically assumed Gaussian temporal
pulse shape – in the case of a Fourier limited pulse. Other autocorrelators, for example based
on third harmonic generation (THG) [2] – where I 2 (t) stands instead of I(t) in the integrand
in Eq. 5.4 – do not have time ambiguity, but still do not reﬂect the temporal shape of the laser
pulses. Interferometric or fringe resolved autocorrelations [3] measure the non-linear signal after
a collinear geometry and contain a background, but give some more information about the time
structure – such as chirp – and are intrinsically calibrated in time.
To gain more insight into the temporal structure numerous versions of the frequency-resolved
optical gating (FROG) technique [4], measuring the spectrogram of the pulse, have been developed. FROG is the most widespread pulse characterization approach and therefore it will be
described in more detail. The ﬁrst setup is based on an SHG autocorrelator [5], but instead the
slow detector a spectrometer measures the spectrum of the generated second harmonic. In this
way a 2D time-frequency distribution is obtained, which uniquely determines the temporal intensity and phase or alternatively the spectral intensity and phase of the pulses. Unfortunately,
the SHG FROG still has the time direction ambiguity. However this can be eliminated by for
example introducing a post pulse or a certain positive / negative chirp. To obtain the temporal
intensity and phase an iterative retrieval algorithm is used, which depending on required accuracy and the initial guess might be slow enough to require an oﬀ-line evaluation. There are
a certain number of versions of FROG [6] as by the autocorrelators based on SHG or a third
order process including THG, polarization gate (PG), self-diﬀraction (SD) or transient grating
(TG). The setup of these is similar using two pulse replicas – except the TG, which uses three –
and generating the given non-linearity in a non-collinear geometry. For example the two input
beam generates a sinusoidal beat pattern, which acts as a grating due to the non-linear index of
refraction and scatters these input beams producing the SD signal. SD and PG provide an intuitive pattern, but PG needs a λ/4 plate and high quality polarizers and SD is not automatically
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phase matched. The measured signals are given by:
 ∞
2




IFsig
(ω,
τ
)
=
E(t)g(t
−
τ
)
exp(−iωt)
dt
ROG


−∞
⎧
⎪
E(t − τ ) for SHG
⎪
⎪
⎨
E(t − τ )2 for T HG
and g(t − τ ) =
⎪
|E(t − τ )|2 for P G
⎪
⎪
⎩
E(t)E ∗ (t − τ ) for SD

(5.5)

The TG signal looks like the PG or the SD depending on the combination of the beams. Another
less known advantage of a single-shot SHG FROG device is that it easily measures the spatial
chirp and pulse front tilt – angular chirp. There are a large number of modiﬁed FROG setups.
One of them is the GRENOUILLE [7], which has a very simple conﬁguration allowing its almost
alignment-free implementation down to about 10 fs duration.
An alternative technique is the spectral phase interferometry for direct electric-ﬁeld reconstruction (SPIDER) [8], which is an interferometric measurement method using the spectral
shearing interferometry in the frequency domain. Two replicas of the ultra-short laser pulse
with a certain delay between them are mixed in a sum frequency generation crystal with a third
signiﬁcantly chirped and thus temporally stretched replica (longer than the original or the delay
between the two pulses). In this way two “frequency doubled" replicas with a certain spectral
shear – frequency shift – between them are generated and sent into a spectrometer. Due to
the delay, the spectral shear and the spectral phase, a speciﬁc interference pattern will appear
on the spectrum. After some basic transformations, the spectral phase of the initial pulse is
obtained using simple algebraic procedure without any complex iterative algorithm. Measuring independently the spectral intensity a complete characterization is obtained and a Fourier
transformation delivers the corresponding temporal proﬁle. The SPIDER technique is internally
single shot and experimentally simple and robust.
A relative new technique is the multiphoton intrapulse interference phase scan (MIIPS) [9],
which is a fast way of characterization – and compression – using a pulse shaper. The pulses
propagating through a temporal shaper (a 4-f line with a spatial light modulator in the Fourier
plane or an acousto optic programmable dispersive ﬁlter, dubbed Dazzler) in the middle of
the laser and after – further – ampliﬁcation are frequency doubled at the end of the system.
The SHG spectrum is measured as a function of an introduced reference function in the phase.
This reference function can be a pure group delay dispersion (GDD). The SH signal at a given
wavelength has its maximum when the second derivative of the spectral phase has the opposit
sign and the same absolute value as the introduced GDD. So the MIIPS trace is very intuitive
and in only a few iterations can optimize the pulse duration to reach the Fourier limit and
characterize the spectral phase in the same time.
A brand new and promising pulse characterization method is the self-referencing spectral
interferometry (SRSI) [10]. This technique involves cross polarized wave (XPW) generation [11],
which is a third order non-linear process with automatic phase matching. In the XPW setup, a
linearly polarized beam generates a perpendicularly polarized wave with a signiﬁcantly smoothed
spectral phase compared to the input pulse. In a ﬁrst step the width of the spectrum of the XPW
beam is optimized by a second order spectral phase scan with the pulse shaper. In a second step
using this previously optimized GDD and an extra delay plate the spectral interference pattern
between the original and the XPW pulse is obtained. This is similarly to SPIDER evaluated
with a simple algorithm to obtain the spectral phase, which is then corrected by the shaper.
In a few iterations the pulse possesses a ﬂat phase. This heterodyne technique has very good
measurement dynamics close to the main pulse reaching 4-5 orders of magnitude and thus it is
the most sensitive approach in the vicinity of the pulse.
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