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[bookmark: _Toc507596094]Introduction
Since their discovery at the end of 19th century by Wilhelm Röentgen, the X-ray beams proved to be an indispensable tool for studying matter and processes it undergoes in very wide range of fields with many practical implications. In general, the X-ray beams are used in three main diagnostic areas:

1) X-ray scattering with short wavelengths of X-rays resolves the structure of matter at the atomic scale.
2) X-ray spectroscopy provides chemical specificity to characterize the local bonding and structural environment of specific atoms.
3) X-ray imaging provides insight into the unseen interior of complex matter.
Currently the most brilliant X-ray sources are Free Electron Lasers (FELs) with pulse duration below 10 femtosecond (10-14 s) and up 1014 photons per pulse. The demand of users for beam time at very successful FEL facilities such as FLASH [FLS], LCLS [LCL], Fermi [FER], SwissFEL [SFL], PAL-XFEL [PXF], SACLA [SAC], and EuroXFEL [EXF] is higher than the beam time available and the interest is still growing.
In order to provide more FEL beam time to users, also in the area of Central Europe, and in order to pave a way towards more affordable FELs, the collaboration of ELI Beamlines of Institute of Physics ASCR (ELI), University of Hamburg (UHH) and Deutsches Elektronen-Synchrotron (DESY) laboratory aims to develop and construct a compact Free Electron Laser photon source within the Czech-Hamburg Advanced Medical and Photonics Project (CHAMPP) at the ELI Beamlines site located in the vicinity of Prague in Dolní Břežany, Czech Republic. 
The CHAMPP FEL, shall use a novel laser driven electron accelerator, leading a path towards more affordable FELs, which might spread in future also to smaller research labs both in academic and commercial sphere. The primary goal of the CHAMPP FEL however is to provide beam time to users for excellent science experiments and new technological investigations, which are of interest for research institutes as well as the industrial sector.
In this report in section 2 we provide to potential CHAMPP FEL users an overview of design parameters of the FEL beams, in section 3 a brief overview of main areas of usage and in section 4 an example of experimental chamber to be used for the user experiments.
Section 5 provides a reference to cryogenic transmission electron microscopy, which in the case of imaging experiments (and samples cooled down to cryogenic temperatures) provides resolution well below 1 nm and shall be considered as a complementary, or for some applications a competitive X-ray source.
[bookmark: _Toc503180692][bookmark: _Toc507596095]FEL and auxiliary beams parameters
The CHAMPP FEL will deliver short (<10 fs) and intense (> 1010 photons per pulse) photon pulses with tuneable photon wavelength in tender X-ray region including the the water window: from 12 nm down to 2.5 nm. After a future ugrade of the undulator section the source shall produce photons with wavelength less than 0.4 nm. 

The end-stations for user experiments will enable irradiation of samples by the main CHAMPP FEL EUV / soft X-ray beam as well as a set of auxiliary beams with a defined delay (O(ns) down to 10 fs with time jitter below 10 fs) for pump and probe experiments
[image: ]
The planned parameters of the main CHAMPP FEL soft X-ray beam are summarized in Table 1 for several photon energy scenarios. According to simulations in GENESYS, all these parameters shall be achievable with warm (room temperature) planar undulators. Let us also note here that the required electron bunch energy spread listed in the table is the slice energy spread corresponding to the FEL cooperation length. The projected or total electron bunch energy spread will be larger, as the lower slice energy spread is achieved using an electron beam chicane [ECH].
· FEL photon energy 12 - 100 eV will be available only for a limited initial commissioning period of the project.
· Photon energies 100 – 500 eV shall be then routinely available for user experiments during the CHAMPP Project execution.
· Photon energies 1000 – 1500 eV require additional undulators and can be available after upgrade of the machine.
· Photon energy 3000 eV require additional undulators and a prolongation of the experimental hall and could be available after 2025.

	Photon energy
	eV
	12.5
	100
	300
	500
	1000
	1500
	3000

	Photon wavelength
	nm
	99
	12
	4.1
	2.5
	1.2
	0.83
	0.41

	Electron energy
	MeV
	200
	570
	990
	1270
	1790
	2200
	3100

	Pierce ρ
	-
	0.013
	0.0047
	0.0027
	0.0021
	0.0015
	0.0012
	0.00085

	RMS Electron slice energy spread
	-
	0.01
	0.004
	0.002
	0.001
	0.001
	0.001
	0.001

	RMS Photon beam size
	μm
	35
	31
	30
	30
	30
	30
	30

	RMS Photon beam divergence
	μrad
	92
	33
	19
	15
	10
	8.4
	6.0

	Saturation length (3D) #
	m
	4
	9
	11
	9
	16
	25
	48

	Overall beamline length
	m
	77
	83
	86
	84
	92
	102
	131

	Total photon flux
	*
	2.7x1013
	3.3x1012
	1.1x1012
	4.3x1011
	3.3x1011
	2.2x1011
	1.1x1011

	Photons per 0.1%b.w.
	**
	4.2x1012
	1.3x1012
	6.3x1011
	1.1x1011
	3.1x1011
	2.2x1011
	1.1x1011

	Photon Pulse Brilliance
	***
	8.2x1029
	5.0x1030
	9.1x1030
	1.0x1031
	2.1x1031
	3.2x1031
	6.2x1031

	3D Radiation Peak Power
	GW
	1.2
	1.9
	3.9
	8.4
	5.8
	4
	1.9


[bookmark: _Ref503354492]Table 1: parameters of the main CHAMPP FEL EUV / soft X-ray beams at the undulator exit for several photon energy scenarios. The photon bunch duration is below 10 fs. For completeness, the table presents parameters of the electron beam too. (*) – Photons per pulse, (**) Photons per pulse/b. w. 0.1%,
(***) Photons per pulse/mm2/mrad2/b. w. 0.1%.

Table 2 below overviews the main parameters of auxiliary beams, which will be synchronized with the main FEL beam with time jitter RMS smaller than 10 fs. 
	Source
	Central wavelength (nm)
	Pulse duration (fs)
	Pulse energy or photons per pulse

	High Harmonics Generation
	10 - 100
	< 10
	1010

	OPA
	240 - 2600
	30 – 100 fs
	< 100 μJ

	Ultrashort broadband
	800
	4 - 7
	< 900 μJ

	Optical
	800
	25 - 100
	< 20 mJ

	THz
	50 – 500 x 103
	O(ps)
	< 100 μJ


Table 2: overviews the main parameters of auxiliary beams.
[bookmark: _Toc507596096][bookmark: _Toc503180693]Areas of application
The range of areas of applications is very broad and its comprehensive description is far beyond the scope of this paper. In this section, we only briefly describe the main areas and direct an interested reader to references, where many more examples are available. This section is aimed mostly for user new to FELs. Experienced users may skip to section 4 related to practical information on the potential user experiment end-station.

The main (currently known) areas of application for CHAMPP FEL beams are the following:

· Atomic and molecular physics
· Emergent phenomena in quantum systems
· Charge dynamics and energy transition
· Accelerator physics and FEL research
· Imaging wet samples in the water window
· EUV-litography with 4 – 14 nm photon wavelengths
[bookmark: _Toc507596097]Atomic and Molecular Physics
Atomic, molecular and optical (AMO) physics experiments and experimental capabilities at LCLS are described at [LAM] and [APB]. In the case of FLASH and EuroXFEL, [AFL] provides a brief overview with many practical references.

Let us cite here from [AFL], where Feldhaus et al. identified the following main areas:

Nonlinear multi-photon processes in atoms and molecules
Among the central topics in FEL-based AMO science are multiple ionization processes in atoms and molecules induced by the absorption of more than one photon. They represent a unique test ground for the development of fundamental manybody quantum theories that aim to describe interactions of few photons with few electrons.

Note: CHAMPP photon pulse intensity in 0.1% B.W. of more than 1016 W cm-2 will provide access to multiple ionization processes as well.

Multiple ionization and fragmentation of molecules
For molecules, the absorption of a few XUV photons, resulting in the ejection of two or more electrons, typically leads to further disintegration (dissociation, Coulomb explosion) of the created molecular ions. Therefore, in order to unravel the basic mechanisms of light–molecule interactions, one needs to take into account (apart from electron–electron correlation effects) the molecular fragmentation dynamics. Very often, depending on the coupling between electronic and nuclear degrees of freedom, this happens on timescales that are comparable to the XUV pulse lengths. With the FEL pulse durations currently ranging from a few hundred to a few femtoseconds, this leads to very rich dynamics and opens up a variety of possibilities of studying light-induced molecular reactions.

Pump–probe studies
The ultrashort pulse durations of XUV or x-ray FELs open up unprecedented possibilities for time-resolved imaging of fundamental light-induced reactions on femtosecond or even sub-femtosecond timescales. As a consequence, a variety of experimental techniques for XUV–XUV as well as IR–XUV/x-ray pump–probe measurements have been developed and are continuously improving.

Electronic structure and ultrafast ionization dynamics of clusters
Inner-shell spectroscopy can provide very detailed insight into the electronic properties due to its chemical and local sensitivity. While this technique has developed into a very powerful tool for surface science, its application to clusters was until recently limited to neutral clusters with a broad size distribution. With the advent of FELs, the low density of cluster beams, especially of charged clusters, can now be compensated by the large number of photons within the light pulse. 

[bookmark: _Toc507596098]Emergent Phenomena in Quantum Systems
Cited from [LSC]: 
In order to advance current electronic technology, we need to understand and ultimately control the exotic properties of new materials - ranging from superconductivity to ferroelectricity to magnetism. These properties emerge from the correlated interactions of the constituent matter components of charge, spin and phonons, and are not well described by conventional band models that underpin present semiconductor technologies.
Ultrashort X-ray pulses and optical fields will facilitate new coherent light-matter methods for manipulating charge, spin and phonon modes to both advance our fundamental understanding and point the way to new approaches for materials control.
[SQP] provides publications related to the EuroXFEL’s Small Quantum Systems instrument operating in the wavelength area similar to designed CHAMPP FEL parameters.
[bookmark: _Toc507596099]Charge Dynamics and Energy Transmission
Cited from [LSC]: 

Charge migration, redistribution and localization even in simple molecules are not well understood at the quantum level, and these processes are central to complex processes like photosynthesis, catalysis and bond formation/dissolution that govern all chemical reactions. Indirect evidence points to the importance of quantum coherences and coupled evolution of electronic and nuclear wave functions in many molecular systems.

However, direct observation of these processes has not been possible to date, and they are beyond the description of conventional chemistry models. High-repetition-rate soft X-rays from LCLS-II will enable new techniques that will directly map charge distributions and reaction dynamics at the scale of molecules. New nonlinear X-ray spectroscopies offer the potential to map quantum coherences in an element-specific way for the first time 

The CHAMPP FEL will also provide means for performing X-ray photon correlation spectroscopy, requiring two subsequent X-ray pulses. These can be created from the original pulse with a split pulse delay line. The time delay between these two pulses shall be tuneable from 10 fs up to hundreds of picoseconds and then from 100 ms to seconds and minutes, using independent FEL shots.
[bookmark: _Toc507596100]Accelerator Physics and FEL Research
Within CHAMPP FEL it will also be possible to perform experiments related to accelerator and FEL physics. However, given the fact the FEL must serve users and its design includes many technical constraints, these experiments will be decided case by case, rather than available for a routine user access. Proposals for collaboration and questions are mostly welcomed.
[bookmark: _Toc507596101]Imaging wet samples in the water window 
The water window wavelength region (2.3 to 4.4 nm) enables studying samples in aqueous solutions, since for the given soft X-ray radiation water is almost transparent, while carbon atoms are opaque. CHAMP FEL will provide beams also suitable for this application. However, let us mention here that thanks to recent progress the transmission cryogenic electron microscopy can provide structural information with comparable resolution at lower cost and higher availability. The water window imaging experiments would thus be mostly a complementary measurement to other experiments.

[bookmark: _Toc507596102]EUV litography
The FEL will also operate in a photon wavelength range (including 6.5 and 13.6 nm), which can provide interesting opportunities for testing new materials (for example Molybdenum mirror coatings) and setups for EUV lithography.
[bookmark: _Toc507596103]End station capabilities
Many of FEL and synchrotron users bring for the experiment just the experimental samples and possibly few dedicated measurement tools or instruments and benefit from the facility end-stations available at the beamline. Since the CHAMPP FEL shall operate (before potential future upgrades are implemented within subsequent projects) within the water window wavelength region, in the section below we show a typical example of an end-station to be used for related experiments, mostly in the domain of Atomic, Molecular and Optical sciences.
[bookmark: _Toc507596104]MAC chamber
The MAC chamber (see [MAC]) information courtesy of Jakob Andreasson and the ELI Beamlines RP4 team (abbreviated).

The MAC end-station – a Multipurpose station for Atomic, molecular and optical science & Coherent diffractive imaging experiments.
The MAC chamber will start its operation in 2018 at ELI Beamlines experimental hall E1, while connected to the kHz repetition rate photon sources of High Harmonics Generation and the Plasma 
X-ray source. It is also a good example of a chamber to be used for AMO sciences with CHAMPP FEL. We should stress here however that the final CHAMPP FEL end-station will be modified according to the user community requirements.

[bookmark: _Toc503180694]The MAC station itself is designed to allow the highest possible degree of flexibility for a wide range of user experiments, including experiments with user-provided instruments. In the following section, we introduce a few standard configurations and instruments that are expected to be relatively frequently used. The list of these configurations is far from being complete and users are encouraged to inform us on their specific experimental needs.

MAC chamber consists of a Main chamber and a Double cross, as depicted in Figure 1. 


[image: ]             [image: ]Main chamber
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Figure 1:  (left) MAC chamber. The chamber consists of Double Cross and Main chamber. (right) Top view with depicted CHAMPP FEL photon beam (size not to scale).
The main characteristics of the MAC chamber are:
· Interaction of CHAMPP FEL beam with the sample (either solid, or aerosol or gas) will take place inside the Main chamber. 
· Sample delivery systems and different diagnostics will be connected to, or located in the Main chamber. 
· The Main chamber is a DN400 cylinder with several ports to mount turbo-molecular pumps (TMPs) and other equipment. 
· The chamber provides over twenty ports with sizes ranging from DN40 to DN250.
· The Main chamber is equipped with breadboards to mount instruments inside (eg. stages, sample holder, optics, etc.).
Sample delivery
It will be possible to perform experiments on different types of samples: solid, gas, aerosol or liquid. There will be the following sample delivery systems:
· Solid sample delivery system.
· Gas target – either needle source or a molecular beam.
· Cluster source producing gas clusters with sizes from few nm to 100s nm, also providing cryo-cooling down to 4 K.
· Injection systems – GDVN aerosol injector, Electrospray and a Liquid-sheet injector.

Instruments inside MAC chamber
Motorized stages
There will be a number of motorized in-vacuum stages in the MAC chamber to hold and position the sample, mirrors or various instruments. There will be both stepper and piezo motor stages.


Soft X-ray camera
Soft x-ray cameras will be used to detect diffracted FEL radiation. 
Ion and electron detection
The following spectrometers will be available for use in the MAC chamber:
· Ion time-of-flight spectrometer – iToF.
· Electron time-of-flight spectrometer – eToF.
· Velocity Map Imaging – VMI.

All spectrometer detectors are based on Multi Channel Plates (MCPs).
Other equipment
· Vacuum feedthroughs for power and data cable connection.
· High Voltage power supplies.
· Data connectivity and data processing availability.
[bookmark: _Toc507596105]Cryogenic Transmission Electron Microscopy
This section briefly outlines progress in Cryo-transmission electron microscopy (CryoTEM) in order to provide a wider context for the CHAMPP FEL applications.
Cited from [FEI]: Cryo-transmission electron microscopy (CryoTEM) and particularly single particle analysis is rapidly becoming the premier method for determining the three-dimensional structure of protein complexes, and viruses. In the last few years there have been dramatic technological improvements in Cryo-TEM, such as advancements in automation and use of improved detectors, as well as improved image processing techniques. While Cryo-TEM was once thought of as a low resolution structural technique, the method is currently capable of generating nearly atomic resolution structures on a routine basis. Moreover, the combination of Cryo-TEM and other methods such as X-ray crystallography, nuclear magnetic resonance spectroscopy, and molecular dynamics modeling are allowing researchers to address scientific questions previously thought intractable. Future technological developments are widely believed to have the potential to further enhance the method and it is not inconceivable that Cryo-TEM could become as routine as X-ray crystallography for protein structure determination.
As an example, the X-ray crystal structure of adenovirus at 3.5 Å was already published in [RED] in 2010.
The Thermo Fisher Scientific company producing Cryo-TEM systems claims in [THV] that “98 percent of all structures contributed to the Electron Microscopy Data Bank (EMDB) with 4 Ångström or better resolution were determined using Thermo Fisher cryo-TEMs.” See [PDB] for EMBL-EBI Protein Bank in Europe.
Regarding applications for Coherent Diffractive Imaging, only the most advanced future upgrade of the CHAMPP FEL producing 3 keV photons will reach higher spatial resolution. The main domain of usage of CHAMPP FEL in the first years of the project thus will be mostly the area of spectroscopy, pump and probe experiments and nonlinear studies, although imaging experiments will be also supported depending on user demand.

[bookmark: _Toc507596106][bookmark: _Toc503180695]Suggestions for the contractor
The CHAMPP FEL market research survey aims to:
1) Inform potential users about the project and its planned experimental capabilities, and
2) Collect a list of interested users. The users might be invited to a user workshop in 2018.
3) Collect a list of potential questions from these users. The questions might be addressed at the user workshop.
A web based questionnaire for the users might be a practical solution. The questions, to be prepared by the CHAMPP collaboration shall address the following areas:
1) What are the user experimental interests and requirements?
2) Would the users be interested in tutorials or consultations on preparations of the FEL experiments, for example in the CHAMPP OpenLab in Phase 2 of the project?
3) Would the users be interested in joining the users workshop in 2018?

During 2018, a dedicated user workshop taking place at ELI Beamlines shall follow, where the CHAMPP FEL project and typical experiments it shall enable will be presented in more detail, and users will be encouraged to discuss their experimental interests and needs. We shall note here that especially at this early stage of a preparation of the project the comments from users may have interesting impact on its experimental focus and are very welcomed.

[bookmark: _Toc507596107][bookmark: _Toc503180697]Summary
We have summarized the main beam parameters of the envisaged CHAMPP FEL, outlined main areas of its usage as well as illustrated typical experimental equipment for related experiments.

It shall be pointed out that before launching the actual research survey, more detailed and perhaps more user friendly information on CHAMPP FEL capabilities, as well as lists of questions to the users need to be prepared.
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