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The Photon Analysis Delivery and REduction System of FERMI (PADReS) has

been routinely used during the machine commissioning and operations of

FERMI since 2011. It has also served the needs of several user runs at the facility

from late 2012. The system is endowed with online and shot-to-shot diagnostics

giving information about intensity, spatial-angular distribution, spectral content,

as well as other diagnostics to determine coherence, pulse length etc. Moreover,

PADReS is capable of manipulating the beam in terms of intensity and optical

parameters. Regarding the optics, besides a standard refocusing system based

on an ellipsoidal mirror, the Kirkpatrick–Baez active optics systems are key

elements and have been used intensively to meet users’ requirements. A general

description of the system is given, together with some selected results from the

commissioning/operations/user beam time.

1. Introduction

The free-electron laser (FEL) FERMI started to deliver

extreme ultraviolet/soft X-ray (EUV/SXR) photons in early

2011, becoming in late 2012 the first seeded FEL facility

worldwide open to external users. It is endowed with two

FELs covering the wavelength range from 100 to 4 nm in the

fundamental harmonic and with full control of the polariza-

tion (Allaria et al., 2014): 100–20 nm covered by FEL-1 and

20–4 nm by FEL-2. The machine operates at a repetition rate

of 10 Hz, with the foreseen upgrade to 50 Hz that will take

place in 2016. FEL-1 is fully operative and was used during the

first three external users’ runs (Allaria et al., 2012). FEL-2, on

the other hand, is ready to be opened to external users, having

delivered during the commissioning a beam with the requested

characteristics, especially in terms of energy per pulse, spec-

trum and general reliability (Allaria et al., 2013a). In Table 1

the parameters for both FEL-1 and FEL-2 are reported.

The machine scheme, the basic principles of the high-gain

harmonic generation (HGHG), upon which the FEL emission

is based, and the fresh bunch technique (used for FEL-2) are

described elsewhere (Allaria et al., 2010; Yu, 1991; Ben-Zvi

et al., 1992).

2. PADReS overview

PADReS consists of all the transport and diagnostics elements

installed from �30 m after the undulators to the experimental

endstations (Zangrando et al., 2009). The layout of the system

ISSN 1600-5775

# 2015 International Union of Crystallography

http://crossmark.crossref.org/dialog/?doi=10.1107/S1600577515004580&domain=pdf&date_stamp=2015-04-16


is reported in Fig. 1. Each FEL presents a similar front-end

section that includes a beam-defining aperture (BDA), two

beam position monitors (BPMs), two intensity monitors

(I0Ms) and a gas absorber (GA). The latter, in particular, is

capable of reducing the photon beam intensity in a controlled

way by a factor of up to 103–104, and can be operated across

the whole FERMI wavelength range using different gases such

as N2, He, Ne, Xe or Kr (Rumiz et al., 2011). A set of plane

mirrors then follows (PM1a and PM1b for FEL-1, PM2a for

FEL-2), and is used for both radiation safety issues and

merging the optical paths of the two FELs. The energy spec-

trometer PRESTO (pulse-resolved energy spectrometer:

transparent and online) is the first element in the experimental

hall. It covers the wavelength ranges of both FELs with two

diffraction gratings (ESP-LE and ESP-HE), sending the non-

diffracted beam (0-order) to the beamlines, and using the

diffracted part to determine the pulse spectral characteristics

(Svetina et al., 2011). All the mentioned diagnostics work on a

shot-to-shot basis giving pulse-resolved information (tagged

by the bunch number). A diagnostic devoted to transversal

coherence measurements (not yet pulse-resolved) is installed

along the EIS-TIMER branchline, while on the common path

to the currently operative endstations (EIS-TIMEX, DiProI

and LDM) an autocorrelator/delay

creator (AC/DC) can provide informa-

tion about pulse length. After AC/DC

the photon beam finally travels through

the refocusing mirror systems that are

an ellipsoidal mirror for EIS-TIMEX

(EM), and two Kirkpatrick–Baez

(Kirkpatrick & Baez, 1948) active optics

systems (KAOS) for both DiProI and

LDM (Raimondi et al., 2013; Capotondi

et al., 2013).

Aside from the currently operative

endstations, two additional beamlines

and their relative endstations will be

installed in 2015–2016: EIS-TIMER and

MagneDYN. They will not belong to

the common path that already exists,

as shown in Fig. 1. In particular,

MagneDYN will be endowed with its

own energy spectrometer and will

reserve some space for a possible future

installation of a dedicated split and

delay line unit. EIS-TIMER will use

several sets of toroidal refocusing

mirrors to focus the photon beam into

the endstation, while MagneDYN will

employ a KAOS similar to those

installed on LDM and DiProI.

Table 2 presents the general char-

acteristics and the measured parameters

of each optic in the transport system. In

addition to the above-mentioned optics,

other mirrors are described, such as: the

switching mirrors deviating the beam

to the branchlines (SWldm and SWtmx),

the vertical deflecting mirrors and the

bendable mirrors of the KAOS-based

branchlines (VD, KB-H and KB-V for

free-electron lasers
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Figure 1
The Photon Analysis Delivery and REduction System (PADReS) of FERMI. The first part, from
the shutters to PRESTO, includes mostly diagnostic devices, together with plane mirrors. The
central part includes the AC/DC and the transverse coherence setup, while in the last part of all the
beamlines the refocusing systems are installed. For the acronyms used in the layout see the text.

Table 2
Parameters of the optics.

d, distance from the source (FEL-1/FEL-2); w, width; l, length; �, grazing-incidence angle; Mat., coating
material; Or., orientation (e.g. reflection plane); R, radius of curvature; RSE, residual tangential slope
error r.m.s. All the optics are plane with the exception of the ellipsoidal mirror EMtmx on EIS-TIMEX. The
KB mirrors on DiProI and LDM have a controllable optical shape going from plane to pseudo-elliptical.
PM2a and SWldm have two coatings, each covering half the width of the mirror, and their position can be
adjusted laterally to select the coating.

Mirror d (m) w� l (mm) � (�) Mat. Or. (H or V) R (km) RSE (mrad)

PM1a 48.1/– 20 � 400 2.5 C H 42.3 0.89
PM1b 54.3/– 20 � 250 5 C H 10.6 0.56
PM2a –/41.4 20 � 300 2.5 C/Au H 28.1 0.95
ESP-LE 57.5/49.8 20 � 250† 2.5 C H 29.7 0.44
ESP-HE 57.5/49.8 20 � 250† 2.5 Au H 27.1 0.45
SWldm 77.5/69.9 80 � 500 2 C/Ir H 34 0.59
VDldm 90.0/82.3 40 � 410 2 Au V 154.6 0.32
KB-Vldm 95.6/87.9 40 � 400 2 Au V Variable ‡
KB-Hldm 96.1/88.5 40 � 400 2 Au H Variable ‡
VDdpi 94.5/86.8 40 � 410 2 Au V 72 0.61
KB-Vdpi 98.8/91.1 40 � 400 2 Au V Variable ‡
KB-Hdpi 99.3/91.6 40 � 400 2 Au H Variable ‡
SWtmx 77.5/69.9 50 � 500 2 Au H 300 0.35
EMtmx 92.5/84.8 20 � 390 2.5 Au H § 1.23

† Only the central 60 mm are ruled as grating. ‡ �0.5 mrad on any 70 mm-long portion of the
surface. § (84840:1400) ellipsoidal shape.

Table 1
FEL-1 and FEL-2 parameters.

Value

Parameter FEL-1 FEL-2 Units

Wavelength† 100–20 20–4 nm
Wavelength‡ 100–17 20–4 nm
Pulse length (FWHM)§ 30–100 <100 fs
Fractional bandwidth‡ 5� 10�4 5� 10�4

Polarization Variable Variable
Repetition rate 10‡; 50† 10‡; 50† Hz
Energy/pulse‡ >100 >30 mJ
Source size (FWHM) 290 140 mm
Divergence (r.m.s.)} 1:25� 1:5� mrad

† Design. ‡ Achieved. § Calculated. } � (nm).



both LDM and DiProI branchlines), and the ellipsoidal re-

focusing of EIS-TIMEX (EMtmx).

Finally, Table 3 presents the other elements composing

PADReS, which are described in the following. For some of

them a more detailed discussion is presented.

2.1. Beam-defining apertures

The BDAs are mechanically constituted by two excavated

trunks of pyramid, each of them presenting a clear aperture of

20 � 20 mm (Zangrando et al., 2009). The pyramid geometry

ensures that the FEL beam hits the copper walls of the BDA at

a moderate incidence angle (7.6�), thus decreasing the fluence

and avoiding damage. By moving the trunks transversally one

with respect to the other it is possible to select the effective

aperture defining the angular acceptance of the optical system,

which then ranges from 0 to 0.6 mrad for FEL-1, and from 0 to

0.78 mrad for FEL-2.

2.2. Beam position monitors

Each BPM presents four metallic blades (made of copper)

intercepting the tails of the transverse photon beam distribu-

tion and collecting a drain current proportional to the number

of photons hitting them. When the photon beam distribution

is stable (and Gaussian) it is possible to compute its centroid

with a spatial resolution better than 2 mm r.m.s. (Zangrando

et al., 2009). Having two BPMs, on each FEL, displaced by

�17 m it is possible to determine the angular movement shot-

by-shot with sub-mrad precision.

2.3. Intensity monitors

The I0Ms are installed, for each FEL, before and after the

gas absorber, and are based on the photo-ionization of

nitrogen at low particle density in the range 1011 cm�3 (p �

10�5 mbar): the gas becomes ionized by the incoming photon

beam, and the generated ions are collected and counted

(Zangrando et al., 2009). The obtained signal, being propor-

tional to the number of ionizing photons, is then used to derive

the absolute number of photons per pulse. The I0Ms, conse-

quently, are almost completely transparent, do not suffer from

saturation effects and do not perturb the properties of the

beam. Using cross-calibrated photodiodes, they were cali-

brated absolutely, and are routinely used to determine the

intensity of the FEL beam with a few percent accuracy.

2.4. Transverse coherence

Along the branchline that finally brings the beam to the

EIS-TIMER endstation, departing after the energy spectro-

meter, a simple Young’s double-slit setup to determine the

transverse coherence of the beam is installed. It consists of

a set of vertical slits laser-cut into a copper foil (Double

slitCoherence, placed at �66.4 m from FEL-1 and �58.7 m from

FEL-2) mounted 8.3 m before a YAG screen collecting the

interference patterns (YAGCoherence). Different slit separations

are available from 0.8 up to 4 mm, and the slit width is 40 mm

for all of them, except for the 0.8 mm case where the width is

20 mm. Preliminary results at 32.5 nm showed a good degree of

transverse coherence, ranging from 90% at 0.3� (from the

optical axis), to 50% at 0.7� (Zangrando et al., 2012).

2.5. Autocorrelator/delay creator

On the common path before the three branchlines (LDM,

DiProI and EIS-TIMEX) the AC/DC is installed. It is based

on grazing-incidence Au-coated mirrors (four working at 3�

for the ‘pump’, and four working at 2� for the ‘probe’ beams).

The instrument can wavefront-split the incoming photon beam

and then recombine it, after having introduced a controllable

time delay between the two half-beams. In particular, by

varying one of the two optical paths and keeping the other

fixed, it is possible to obtain a delay ranging from�2 to +30 ps,

with a minimum step size of the order of 10 fs. Preliminary

tests were carried out successfully during the commissioning

of AC/DC, but more dedicated experimental activity is fore-

seen for the near future.

2.6. Spatial and angular distribution monitors

Along PADReS several screens (Ce:YAG crystals, 25 mm

diameter and 0.5 mm thickness, manufactured by Crytur) can

be inserted to monitor the radiation in terms of spatio-angular

distribution of the photon beam. Though invasive when used,

they are mandatory during machine optimization as, in

combination with the intensity monitors and the energy

spectrometer, they provide information about the quality

of the emission mode, the target being a TM00-like mode.

Figs. 2(a) to 2(d) report a typical evolution of the FEL emis-

sion optimization process where only when the emission is

similar to that of (d) (TM00 mode-like) can the FEL emission

process be considered optimized. Moreover, this optimization

is also necessary to achieve the best focusing into the end-

stations. As evident from Fig. 2, when a non-ideal emission

mode (Fig. 2e) is focused, the corresponding focus presents a

shape (imaged by the indentation over a Si sample reported in

Fig. 2f) that replicates the beam structures. In this particular

case, the spurious structure on the side of the central Gaussian

mode is visible both on the YAG screen and on the sample.

On the other hand, when the emission mode is optimal the

free-electron lasers
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Table 3
Distances of PADReS elements from the sources (FEL-1/FEL-2).

The elements are duplicated for the two FEL lines until the YAGSafety-Hutchs.
From that point the transport system is shared by the two sources. The AC/DC
is composed of eight mirrors; thus only the central point distance is reported.

Element dFEL-1/dFEL-2 (m)

YAGUndulator-Hall 32.5/24.8
Shutter 33/25.3
BDA 33.4/25.7
BPM-1 33.8/26.1
I0M-1 35/27.3
GAcentre 41/33.3
I0M-2 46.6/38.9
BPM-2 50.6/43.5
YAGSafety-Hutch 53.6/45.6
AC/DCcentre 71.2/63.6
YAGExperimental-Hall 72.8/65.2
Double slitCoherence 66.4/58.7
YAGCoherence 74.7/67



focusing is also, and the generated focal spot is similar to that

reported in the following (see x2.8).

2.7. Energy spectrometer PRESTO

2.7.1. Spectral content and vertical distribution. The

energy spectrometer PRESTO covers the 100–3 nm range

using two variable-line-spacing plane gratings whose para-

meters and optical characterization are reported elsewhere

and not discussed here (Svetina et al., 2011). Another variable-

line-spacing grating will be implemented in 2015 to cover the

low-wavelength part with better efficiency, giving the possi-

bility to record the pulse spectrum with higher efficiency and

in single-shot mode down to 3 nm. The instrument works

online and shot-to-shot, delivers the specularly reflected

radiation to the following beamlines, and horizontally focuses

the diffracted part onto a YAG crystal (Ce:YAG crystals,

25 mm diameter and 0.5 mm thickness, manufactured by

Crytur) imaged by a CCD camera (Hamamatsu C8800-01C

high-resolution, 1000 � 1000, 12-bit). Using a standard high-

resolution lens (Goyo Optical Inc.) the field of view of the

CCD camera on the YAG is �16 mm wide along the energy-

dispersion direction (horizontal); at the same time, in the

vertical direction the field of view is also �16 mm. In the

present configuration, limited by the 1000 8 mm pixels of the

camera, the spectrum can be determined with a resolving

power R above 104 on the whole range for both the gratings.

Consequently, the FEL relative bandwidth (ranging from 5 �

10�4 to 10�3) can be determined without any effect of the

instrumental resolution of PRESTO. From the recorded image

it is then possible to extract the spectral distribution of each

pulse, online and non-invasively, simply by integrating verti-

cally the two-dimensional image (see

Fig. 3). On the other hand, from the

horizontal integration of the two-

dimensional image recorded by the

CCD camera it is also possible to obtain

the vertical transverse spatial and

angular distribution of the emitted

radiation. In this way, at least for the

vertical direction, it is possible to

monitor the quality of the emission

mode during the experiments, online

and non-invasively (see Fig. 3).

2.7.2. Two-pulse relative intensity
monitor. Besides the determination of

the spectral content of the single FEL

pulse, PRESTO has been used to char-

acterize the emission of double FEL

pulses during a two-colour experiment

that will not be discussed here (Allaria

et al., 2013b). During that experiment,

the FEL was seeded by two seed laser

pulses at different wavelengths gener-

ating two FEL pulses at two different

wavelengths with a temporal separation

derived from the separation between

the seed laser pulses themselves: in that case it ranged in the

interval 300–700 fs. Fig. 4(a) shows the typical acquisition

obtained by PRESTO, always working online and on a shot-

to-shot basis. From the image several details about the double-

pulse generation could be inferred: first of all, the wavelength

free-electron lasers
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Figure 3
Typical single-shot spectrum recorded by PRESTO. In this case the
central emission energy of the FEL radiation was 32.05 nm. The
histograms on the right and bottom report the spatial vertical distribution
and the spectral distribution, respectively.

Figure 2
(a)–(d) Evolution of the optimization of the FEL emission process, as monitored on a YAG screen
placed along PADReS (YAGSafety-Hutch, �54 m from the source). The mode quality is clearly
increasing from left to right, following a proper tuning of the machine. (e) Non-optimal mode
emission presenting a side structure that is recorded also in the focal spot, as shown in ( f ) where the
indentation caused by the focus on a Si sample is reported.



separation of the two pulses (�0.2 nm, much greater than

their bandwidths), as well as their spectral shape. Then, the

relative and absolute (upon proper calibration) intensities of

the two pulses were obtained, and this information was of

utmost importance in the experiment, where a fluence-

dependent pump–probe scheme was implemented, using one

pulse as the pump and the other as the probe. In particular,

given the possibility to selectively generate only one of the two

FEL pulses by blocking one of the two seed laser pulses (used

to start the HGHG FEL process), the intensity calibration was

carried out using the intensity monitors along PADReS, and

cross-checked with a calibrated bolometer installed on the

DiProI endstation. This kind of information about the double

pulse was even more valuable considering the fact that the

temporal separation between the pulses was well below 1 ps, a

timescale over which it is impossible to decouple the contri-

bution of the two pulses using the FERMI gas-based I0

monitors, and generally very difficult using any other non-

ultrafast diagnostic. Moreover, the use of PRESTO was

fundamental in the monitoring of the onset of the double

emission while seeding the electron bunch with the seed laser

(double) pulse. In Fig. 4(b) a series of spectral distributions of

the double (or single) pulse is reported along the vertical axis

for a varying delay between the seed laser and the electron

bunch (horizontal axis). This delay was controlled by a dedi-

cated delay line in the seed laser transport system to the

modulator undulator of FEL-1. As shown by the red bars, the

onsets of the two single pulses were temporally displaced by

500 fs, and only the region where both pulses were present was

used during the experiment.

2.8. Active refocusing system KAOS

The other crucial system along PADReS, besides PRESTO,

is the refocusing section. In particular, two of the three

currently operative beamlines (DiProI and LDM), together

with the upcoming MagneDYN beamline, need a dedicated

optical system to focus the radiation meeting the following

requests: (i) total decoupling between the horizontal and

vertical focusing, (ii) perfect matching to the different source

positions of FEL-1 and FEL-2 (longitudinally displaced �7 m,

one with respect to the other), (iii) highest possible optical

quality of the mirror surfaces in order to perturb the wave-

front as little as possible, (iv) horizontal beam entering the

endstations. The adopted solution at FERMI is to use a

Kirkpatrick–Baez active optics system (KAOS) where two

thin plane mirrors (thickness 10 mm) are bent by mechanical

pushers to reach the desired curvature. This system is

preceded by a vertical deflecting plane mirror (VDldm and

VDdpi, for LDM and DiProI branchlines, respectively) so as to

have a final photon beam direction parallel to the ground.

The focusing capabilities of KAOS have been tested during

the commissioning phase and the user-dedicated runs from

2012 onwards, putting a strong effort in reaching the optical

and mechanical limits of the system (Raimondi et al., 2013). A

representative result is reported in Fig. 5, where different

approaches to the determination of the spot size are shown for

a photon beam wavelength of 43 nm. In Fig. 5(a) the recon-

struction from wavefront sensor (WFS) data is reported. The

WFS (made by Imagine Optic) was placed behind the

endstation, at about 1.2 m after the focal position, and the

focus shape and distance from the instrument were derived. In

particular, the obtained spot size was �8 mm � 9.5 mm

FWHM, in fair agreement with the simulation performed

using the WISE code (Raimondi et al., 2013; Raimondi &

Spiga, 2011, 2015). The code takes into account the diffraction

limit, the physical optics and the measured mirror profiles,

giving a spot size of �5 mm � 6 mm (Fig. 5b). These were

confirmed by the post-mortem analysis of PMMA (polymethyl

methacrylate) samples indented by the same radiation for

which an estimation of �10 mm �10 mm spot size was found

(Figs. 5c, 5d).

Another important application of KAOS during the user

activity at FERMI is the possibility, because it is optically

active, to modify the focusing properties of the system. In

particular, besides the capability of moderately changing the

focal shape and size inside the FERMI endstations, it is

possible to install additional experimental chambers on the

back of the endstation in use, with respect to the FERMI

photon beam arriving from the source: the residential

endstation, thus, becomes a passing-through-only vacuum

chamber. Quantitatively, the focal point can be moved by

some metres downstream with respect to the nominal position

inside the FERMI endstations, letting users perform the

experiments within their chambers with a well focused beam.

The best obtainable focus then depends on the fact that the

demagnification factor changes as the focal arm of KAOS is

increased, and �20–30 mm spot sizes can be obtained. The

experience gathered so far has shown that focal spots created

outside the FERMI endstations present transverse photon

distribution patterns without noticeable inhomogeneities: full

two-dimensional Gaussian distributions can be obtained upon

free-electron lasers
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Figure 4
(a) Spectral content and intensities of the two FEL pulses, characterized
online by the energy spectrometer PRESTO in the two-colour double-
pulse experiment. The purple and green areas were used to quantify the
total intensity of each pulse impinging on the sample. (b) Onset of the
pulse-splitting while scanning the relative time delay between the
electron beam and the seed laser pulses along the modulator undulator
(500 fs in this case).



proper WFS-based optimization. Finally, the KAOS mirrors

can also be almost flattened in order to create a collimated

photon beam whose dimensions depend on the wavelength in

use and sit in the �2–15 mm range.

3. Conclusions

PADReS, the FERMI photon analysis, delivery and reduction

system, is fully operative and has supported the activities of

both the machine commissioning and the experimental users

programs. As it determines and monitors several properties of

the FEL photon beam, it represents an invaluable and unique

resource to optimize the FEL emission and to characterize

shot-to-shot the radiation used during the experiments carried

out in the endstations. Besides more standard diagnostics like

the intensity, position and transverse distribution monitors,

some selected results from the energy spectrometer and the

active optics refocusing systems have been presented and

discussed.
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