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Abstract tron beam dynamics, as well as on photon beam propaga-

. e . tion and optical components were important parts of the

A single pass FEL amplifier can produce extremely in-_ " . . .
roject. The photon monochromator beamline aspect will

tense and fully coherent radiation at short wavelengths if Ee detailed here. More details, also on all the other compo-

is seeded by a coherent light beam resonant with the malg- .
netic structure and collinear with the electron beam Sinceents can be found in [3].
: The general layout of the Self-Seeding is sketched in

at the present ime a single pass SAE!‘ 'S th.e only ffigure 1. The first undulator operates in the SASE mode
source of sufficiently intense, tunable radiation in the soft

X-ray region, it has been proposed to use such a sour~=

in combination with a narrow-band monochromator foi demodulated output

B . electron beam bypass electron beam radiation
seeding an FEL amplifier [1]. By means of such a "Self- .*
Seeding”, the soft X-ray free electron laser FLASH [2] a st undulator razing ; | ggZntunasmer |
DESY \{wII be modlf_|ed so that it can provide coherent ra- = \// i R
diation in spacandtime in a wavelength range from about N L it s
60—6 nm (~20—200 eV) e ey o
. ’ electron beam monochromatic electron
Here, we will focus on the performance of the pho- x-iay beam beam dump

ton monochromator beamline for the seeding which was

set up an_d tested at the sync_hrotron radiation_storage_ ri'ﬁ’gure 1: Schematic setup (side view) of the Self-Seeding
ASTRID in Aarhus. The optical and mechanical design, 't AsH. Behind the first undulator, FEL radiation and
will be described along with results on the resolving POWeL o crons are separated. While the electrons travel through
of the monochromator wh|ch have beep obtalneq scanning, bypass represented by the four blue dipole magnets in
across rare gas resonance lines at various energies. the upper part of the figure, the photons propagate across
the photon monochromator beamline below in order to pro-
INTRODUCTION vide a narrow-bandwidth seed that is overlayed with the

. . L ... electrons again at the entrance of the second undulator.
Since August 2005 FLASH is providing SASE radiation

for users, presently tunable from about 47-13 nm and SOQN e «
from 60 down to 6 nm. The pulses possess a pulse length
afew 10 fs, almost full transverse coherence, limited long
tudinal (temporal) coherence and pulse energies from ab
10-100:J. By means of the Self-Seeding @®eeding Op-

linear” (= exponential gain) regime, about 2-3 or-
.t%rs of magnitude below saturation. It produces intense,
but structured light pulses as shown in the left part of
%ure 2. Subsequently electrons and photons are sepa-

X : e . ", rated. Before they are overlayed again in the second un-
tion) FLASH will be modified in a way that it can provide dulator, the electrons travel through a magnetic chicane

fully longitudinally coherent, narrow-bandwidth rad|at|on.that is used to remove the longitudinal density modula-

The output radiation will then exhibit all the characteristicﬂon (“micro-bunching”) of the electron beam which was

properties of conventional optical lasers but at much short duced by the FEL process in the first undulator. For the
wavelengths and with a continuous tunability between E; '

. . hotons, a high resolution grating monochromator together
and 60 nm. The enhanced beam properties will extend 9 g g g

. L : . th some matching optics is used as a narrow-band filter
range of possible applications, particularly for high resolu;

i A d for all ; ts which qf provide the coherent radiation seed which is amplified
lon spectroscopy and for all experiments which Need TUY, cavration in the second undulator section. The resulting

longitudinal coherence. T . : .
: . . spectral distribution is given in the right part of figure 2.
The Self-Seeding consists of an additional undulator sec- The requirements for the final seeding radiation pulse

tion, a bypass for electrons and a photon monochromatglze obvious: its photon wavelength has to be within the

beamline. R&D in undulator design, FEL theory and elec§1ain bandwidth of the FEL amplifier, the photon bandwidth
*Work funded through HGF-Strategiefonds (01SF9935/1) has to be narrow enough to provide a coherence length as
1Self-Amplified Spontaneous Emission long as the electron bunch length, and the intensity of the
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sures that the seed pulse delivered by the monochromator
clearly dominates the shot noise in the second undulator
and is amplified to saturation. Figure 3 depicts the layout
of the beamline, while table 1 summarizes the parameters
of the optical elements.
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Figure 2: Simulated typical frequency spectrum of a sin- ) J
gle FEL pulse (from [1])._Left: behind the 1st undulator gl VLSgrating ] ool
(SASE, 2 orders of magnitude below saturation). Right: enrance T et

the exit of the 2nd undulator (seeded FEL in saturation).

Figure 3: Layout of the photon monochromator beamline

seeding radiation has to be much larger than that of trf the Seeding Option (side view). M1 to M5 denotes the
shot noisé coming from density fluctuations in the elec-mirrors. For better visibility, the mirror angles and ver-
tron beam. Successful seeding then yields a spectral briical displacements are greatly exaggerated. The distance
liance of FLASH that is up to a factor of 100 higher, i.e. thé>etween undulator 1 and undulator 2 is 22 m, whereas the
output power of the seeded FEL is concentrated in a sifilaximum vertical distance to the straight line (for the grat-
gle line which is about a hundred times narrower than th@g and M4) is about 135 mm only (cf. table 1).

spectrum of the conventional SASE FEL while the pulse

energy at saturation remains approximately unchanged. Table 1. Parameters of the photon monochromator beam-

addition, the pulse now attains full longitudinal coherencdine for the Self-Seeding [7]. Horizontal position means
left to right in fig. 3. Incidence angles are given with re-

spect to the surface normal. Positions/angles for M3 and

PHOTON MONOCHROMATOR Grating are listed for both ends of the design scan range.
Component Position (Hor./Vert.) Radius Angle
BEAMLINE [mm,mm] [mm] [Degree]

. . . M1: cylindrical 4500 / O 345.50 (sagittal)| 87.50

The optical design of the photon beamline was pel-mz spherical | 5844.86 / -117.66] 41.360 x 10° | 87.50

formed applying computer programs that were partly de- fﬂf;fafl‘:rfes"t gg;‘g-gg ; ﬁ;gg o555

veloped for the Self-Seeding at FLASH [4, 5]. The pro- P 8946.80 | -117.66 83.52

grams combine standard ray tracing with a wavefront prof -Grﬁting: |VLS' 9020.75 / -134.66] 6.0457<10° gggg
agation of the simulated FEL beam from the end of the first & g s T I3eG '

undulator section across the optical elements of the beamma: spherical | 165021 / -134.66] 25.70x10° 86.16

i i imL M5: cylindrical 17500 / O 530.75 (sagittal)| 86.16

line. The output wavefront was used as input for FEL sim Start Und. 2 e

ulations calculating the amplification process in the second
undulator. This finally yielded numbers for the efficiency

of the seeding process, i.e. the quality of the coupling dfayout of the mirror chambers
the seed pulse with the electron bunch.

In the final, optimized layout, the beamline consists o DVU(: to t?ﬁ t'th Istpva\}ce,(;[hei(rjmgr(t)r %h?/mbﬁrrgejlgnq hnatd tc]:
the monochromator, containing a premirror and a varie € very compact. as decided to have all movements o

e mirrors outside the vacuum chamber, in order to avoid

line spacing (VLS) spherical grating, and a pair of focusin ; . . - .
mirrors at each side of the monochromator. To minimiz production of particles in the vacuum arising from fric-
on of moving parts inside the chamber. From the strin-

the number of elements in the beamline, all the reflections . o .
nt requirements of positioning accuracy in i and

and the diffraction are in the same plane. Beside the desirgsb d it foll d that d d
monochromator resolving power &/AE ~ 10000 — sub-mrad range 1t foflowed that one NEeds a very good res-

olution of the individual movements, in particular the ad-

20000, the optical system was designed such that it pra- o ,
duces a 1:1 image of the (complex conjugated) wavefronStment of beam incidence angle (pitch), and a good repro-
) cibility of the position settings. All, at most six, degrees

at the entrance of the second undulator section. This Wagf-‘freedom had to be “orthogonal”, i.e. decoupled. This

the optimum coupling, i.e. best longitudinal and transvers manded high orecision bearinas. translation slides etc
overlap between the seed pulse and the electron bunch S gn p gs, "

achieved[1, 6]. The beamline optics were optimized foft precise mounting and a robust construction. In the final

the short wavelength end at 6.4 nm and will work satisfacqes'gn’ all movements were realized with a twofold suspen-

torily up to about 60nm [7]. The calculated efficiency ofSIoN, as symmetric to the center of the mirror as possible.

the beamline in the wavelength range from 5.8 to 77 mﬁigure4shows an exploded view of the mirror chamber for

is better than 10% with carbon coated optics [8]. This e mirror M1. The four mirror ghambers for Ml,.M2, M4 and
r‘i\/l5 are, apart from minor differences regarding the mirror

2= spontaneous undulator emission along the first few gain lengths holder, almost identical and based on a tested prototype.
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----------- A which are rotated via external movers that push/pull the re-
spective lever arm of each cradle (Figure 5). High precision
radial bearingsare employed for the suspension to guaran-
tee the precision and rigidity of the rotational axes.

Pitch Grating

Pitch M3

Figure 5: Drawing of the monochromator mechanics show-
ing both, the in vacuum pitch movements via bellow-

Figure 4: Exploded view of the setup for mirror manipula coupled linear feedthroughs as well as the external stacked
: ‘tables for x-,y- and yaw-movements. The vacuum chamber
tion used for M1, M2, M4 and M5, including the vacuum Y yaw-mov vacuu

mounted on the uppermost table has been omitted.
chamber. In the lower half one sees stacked tables for x-, PP

y- and yaw-movements which move the complete vacuum In order to span the wavelength range from 6-60 nm
chamber, including the mirror. The upper half shows nest ith proper imaging properties and resolving power in-
roll, pitch and z-movements that manipulate the mirror in-CI ding some overlap, one needs three gratings with
side the vacuum chamber through a feedthrough connectggy |ines/mm (~4.5-16 nm), 356 lines/mm (10-36.5 nm)

with bellows. and 160 lines/mm (from about 22 to even 83 nm). In con-
trast to the usual approach with three gratings on indepen-
Layout of the monochromator dent substrates, we decided to go with three holographi-
. . cally produced gratings side by side on a common spheri-
The monochromator is the most crucial component Gy sj sybstrate. That way, the manufacturer (Zeiss) could
the beamline with respect to alignment accuracy and dgeady — and much better than with individually aligned

sired resolution of the movements [3]. In particular, they atings — ascertain that all gratings are nicely parallel to

required precision and resolution of the pitch of the prez,o another and have all the same incidence (pitch) angle

mirror M3 and the grating made it necessary to put thesgs \ye|| as the same roll angle. The perfect optical quality
two rotations inside the vacuum chamber and to atsé@te ¢ ye gratings regarding parameters such as slope errors,
of the artangle encoders with sub-urad resolufiofght i of curvature and groove density variation — without
at the corresponding axes, similar to some commercially, 515q within the grating holder — was verified at BESSY

available designs. The basic principle for the movementgiy, the |atest generation of nanometrology devices [12].
of the monochromator was adopted from a patented lay-

out[9] that has been applied for high resolution plane grat-
ing monochromators. Among its several advantages, thisMONOCHROMATOR PERFORMANCE

design has a wavelength independent magnification alongin order to test the monochromator performance, in
the dispersion direction. The optical principles of the curparticular its resolving power, the beamline was set up at
rent monochromator are however, different. The focusingSTRID from M1 down to the exit slit (without M4 and
and higher order aberration corrections are achieved wi15). A photoionization chamber (gas cell) was put just
only two elements, the plane mirror (M3) and the varibehind the exit slit to measure the energy dependent ioniza-
able line spacing spherical grating (a more detailed discugon of rare gases by monitoring the ion current. Scanning
sion of the basic principles of the monochromator can bgcross resonances with linewidths of 1 meV and below
found in refs.[10, 11]). The mechanics for changing the- as in the case of doubly excited Helium around 64 eV —
monochromator wavelength setting consist of two nestegirectly reveals the resolving power of the monochro-
but separately suspended “cradles” for the grating and M3ator [13]. Other rare gas resonances, e.g. from

3Heidenhain RON905 UHV 4custom-made by Mahr, @tingen, Germany
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Argon (around 244-250 eV) and Krypton (91-95 eV) with : ‘ T 1
widths of few ten to more than one hundred meV only ~ 2**& " e E
allow to estimate a lower limit of the resolving power at \ . B\E
these energies while still being very useful for accurate s, I MEG o]
energy calibration. z 10x16 - _O“_mf
Figure 6 shows a scan across the He resonances af-s S et
ter proper alignment and optimization of the beamline = sr  LEG . 40pm 7
at ASTRID. The width of the narrow resonances (e.g. ¢ T - 1
n=7+,8+) of only (3.5£0.5) meV yields a resolving power  * ! wr; 7
of E/AE ~ 19.000 and is in very good agreement with the sg\-ﬂ\ﬂ 1
respective simulations [14]. Some more results are sum- 20 % 40 50 8 70 80 g‘ol(‘)o 200

marized in figure 7 in comparison to the simulations. Even
without a final optimization of all the beamline settings —

which would have required a more detailed survey of al
degrees of freedom — we reached 90 % of the expected v

Photon Energy (eV)

Figure 7: Summary of the measured resolving power.
#illed squares: data from resonance measurements, empty

ues and surpassed the requirements for the seeding at theggares: simulation results [14] incl. lines to guide the

energies by about a factor of two already. In addition, th
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Figure 6: Photoionization yield scan across the e

resonances (raw data without further normalization). The9
lower figure is a zoom into the tail of the Rydberg—series[ ]

(n=7+ to continuum) of the upper figure.

aforementioned common grating substrate very much sim-
plified alignment and operation, as expected. When, e.g ]
changing after proper energy calibration from one gratin ]

8ye. HEG/MEG/LEG=high/medium/low energy grat-
ing (800/356/160 lines/mm), respectively.

from the HASYLAB(DESY) experiment controls and vac-
uum groups and all the colleagues in the ISA workshops
that manufactured most of the beamline mechanics and the
vacuum chambers.
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