LAYOUT OF A FEMTOSECOND X-RAY SOURCE AT BESSY I *

H.-J. Backer, J. Bahrdt, H. A. Drr, V. Durr, W. Eberhardt, A. Gaupp, E. Jaeschke, K. Holldack,
S. Khan, D. Kamer, H.-C. Mertins, W. B. Peatman, G. Reichardt, T. Quast, M. Scheer,
F. Senf, G. Wistefeld (BESSY, 12489 Berlin, Germany)
I. Hertel, F. Noack, W. Sandner, I. Will, N. Zhavoronkov (MBI, 12489 Berlin, Germany)

Abstract riod early in 2004. The layout of the femtosecond facility

The generation of femtosecond x-ray pulses with cir> ba_s‘?d on the followmg considerations:
Minimum pulseduration: In order to preserve the tem-

cular polarization is planned at BESSY II. The paper de- N : i
scribes the underlying principle (*femtoslicing”), its tech_poral characteristics of the laser pulse in the electron dis-

nical implementation, and the expected output, based 5ﬁbu“°n’ the mﬁdulatqr and rag|ator sh(r)]uld be pllacr:]ed In
simulations and measurements. the same straight section. A scheme with two straight sec-

tions would not only use more space, but would require to
operate the storage ring in a special isochronous mode.
INTRODUCTION Minimum background: As discussed in a previous pa-
Probing structural changes and magnetic phenomena pér [6], mirrors to create an image of the source for short-
a sub-picosecond time scale with x-rays is a new and exculse separation may cause intolerably large background
ing scientific field, initiated by the advent of femtosecondiue to non-specular reflection. If, on the other hand, the
lasers and techniques to convert ultrashort visible pulsesergy-modulated electrons are displaced from the core
into x-rays. Compared to other approaches such as h&unch by a sufficiently large angle such that their respec-
monic generation or plasma sources, the generation of tiive radiation cones do not overlap, the short pulse can be
trashort synchrotron radiation pulses described below o$eparated just by an aperture. This angle should be at least
fers a wider range of photon energies, better tunability i mrad which — assuming an energy modulation of 1% of
energy and polarization, and a larger brightness in the e beam energy — implies a 100 mrad bending magnet be-
ray regime. This technique, now dubbed "femtoslicing”fween modulator and radiator.
was proposed [1] and experimentally demonstrated [2] at Minimum impact on the storage ring: The previous
the Advanced Light Source in Berkeley. The principle ionsiderations suggest to place two undulators and a dipole
to modulate the energy of electrons by the field of a femmagnet of 100 mrad bending angle in a straight section of
tosecond laser pulse co-propagating with an electron bunét¥ m length, where the dipole must be part of a closed orbit
in a wiggler ("modulator”). Off-energy electrons are thenbump. In the layout shown in figure 1, the bump is formed
transversely displaced using a dispersive magnetic field by three dipoles, all within the straight section. Other
extract the short component of radiation emitted in a sulschemes involving the adjacent achromats would strongly
sequent undulator ("radiator”). break the symmetry of the storage ring and would make its
A user facility to produce x-ray pulses 050 fs dura- circumference incompatible with the synchrotron.
tion with linear and circular polarization is under construc-
tion at BESSY Il in Berlin. Pilot experiments will con- Tl
centrate on circular magnetic dichroism to probe element-
specific spin and orbital properties of magnetic materials The obvious choice for a laser with pulses of 30-50 fs
with unprecedented time resolution. Furthermore, the irduration is a Ti:sapphire system with chirped pulse ampli-
teraction of femtosecond laser pulses and electron bunchésation, operating at 800 nm wavelength. Analytical es-
will provide a unique opportunity to gain experience intimates and simulations suggest a pulse energy of 2-3 mJ,
view of BESSY'’s soft-x-ray FEL project [3]. The energy- allowing for losses between laser and interaction region,
modulation process is the basis of FEL-seeding schemasderate deviations from the diffraction limitf? < 1.5),
such as high-gain harmonic generation [4] or sidebanahd for extracting a pulse @1 mJ that is naturally syn-
seeding [5]. Other hot topics are electron-laser synchrehronized with the short x-ray pulse for pump-probe appli-
nization and femtosecond diagnostics for electrons arghtions. The repetition rate should be as high as possible,

he laser system

photons. only limited by N/, where N is the number of electron
bunches and is the decay time of the energy modulation
TECHNICAL IMPLEMENTATION (8 ms for BESSY Il). The laser system will comprise an os-

cillator and two amplifier stages. In the first stage, liquid-

All major hardware components described in this pargsitrogen cooling of the Ti:sapphire crystal allows in princi-
graph are underway and will be installed in a shutdown P§jle to extend the repetition rate to the kHz regime [7].

* Funded by the BundesministeriufirBildung und Forschung and by Th€ S_eC_OIjl_d stage is required to produce multi-mJ pulses
the Land Berlin. Contact: Shaukat.Khan@bessy.deand will initially operate at 1 kHz [8].
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Figure 1: The magnetic system of the femtosecond facility, comprising two undulators (U-139 and UE-56) and three
dipole magnets (yellow). Also shown are adjacent quadrupole (red) and sextupole (green) magnets.

Magnetic components longitudinal overlap of laser pulses and spontaneous U-139
For resonant laser-electron interaction, the modulaté?d'at'on' Once its x-ray part with 1-2 kW average power is

has to operate at the laser wavelength i.e. 800 nm Tﬁgmoved by water-cooled mirrors, the U-139 radiation can

U-139 is a planar wiggler with a period length of 139 mmbe analyzed by the same instruments as the laser using e.g.

and 10 full periods plus endpoles. The amplitudes of thd CI:ECD camerg, Ipf;_oto d'OdiS’ c&r ? spt)e(cj:trorgetert._ ized b
first and third harmonic of the magnetic field are 1.4 T and nergy moduiation can be detected and optimized by
0.2 T, respectively. monitoring coherent infrared radiation a few meters dpwn—
In view of magnetic dichroism studies with variable po_stream of the modulator. When the path length differ-
larization, the radiator (UE-56) is an apple-type elliptica nces of energy-modulateq electrons_exc_eed the laser pulse
undulator with a period length of 56 mm and 30 period ength, they leave a hole in the longitudinal electron dis-
tribution, which is gradually filled by other electrons over

[9]. In March 2003, the original UE-56 double undulatorN 1/4 of the ring circumference. This hole, being equiv-

was removed and its downstream part reinstalled on a new X :
support structure. alent to a bunch ofv 20 um length, will emit coherent

radiation at wavenumbers of 10-50 ti Here, BESSY

Angular separation is provided by a 0.56 m long C- . . .
shaped dipole magnet with a bending angle of 112 mragfn rely on its expertise from low-momentum-compaction

(6.4°). Together with two 0.28 m long dipoles, it forms astudles [11].
closed orbit bump. A moderate bending radius of 5 m (with .
afield of 1.13 T at 1.7 GeV) leaves ample margin to operaterontend and Beamlines

the storage ring at higher beam energy. The orbit bump requires a 3.0&hift of the UE-56
frontend and two existing beamlines, one with a plane-
Vacuum system grating monochromator (PGM), the other with a spherical-

The vacuum chambers will be replaced over a length &ratlng 'monochromator. The PGM begmlme will be mod-
9 m. The undulator chambers with a vertical aperture of 1fi€d to improve the focus at the experiment, and a second
mm are fabricated by extrusion and subsequent machinifi§@nch will be added for femtosecond applications, where
of aluminium [10]. Other chambers with vertical aperture& coarser grating will be used to reduce pulse lengthening
ranging from 11 mm to 35 mm are made of stainless stedl! the expense of energy resolution.
Carefully designed absorbers account for synchrotron radi-
ation from the dipole magnets and the U-139 wiggler. EXPERIMENTAL STUDIES

The laser beam enters through a window 2.3 m upstreamI q i th | . h
of the U-139 center. Laser and wiggler radiation travel n order to verify the angular separation concept, the an-

through a narrow pipe to a mirror chamber 3.9 m downdular characteristics of radiation from the UE-56 undula-
stream of the U-139 center. Here, two mirrors extract the?' We€ studied experimentally and by simulation using
laser pulses as well as the near-visible part of the U-lé e code WVE [12]. An aperture 12 m downstream of

spectrum for diagnostics purposes. Synchrotron radiatigi€ Seurce with no optical elements inbetween was moved

from the UE-56 radiator exits at an angle of 3.0fith re-  2Cr0SS the radiation distribution while monitoring the in-
spect to the straight section axis ' tensity at 708 eV behind the PGM monochromator with a

GaAs photodiode. In order to cover a large angular range,

. . the electron beam was moved by angular orbit bumps in

Diagnostics 0.2 mrad steps. Previous results [6] were limited by noise
Beam position monitors at either end of both undulatorat 3 - 10~° of the distribution maximum, while the noise

help to keep the electron beam position fixed while the laséioor of the measurement shown in figure 2 islat”.

can be adjusted using remotely controlled mirrors. Th&he data closely resemble the predicted distribution (solid

laser-electron interaction requires spectral, transverse alitk), a convolution of the calculated single-electron radi-



ation characteristics and the electron distribution, assum=
ing a Gaussian core with tails from scattering processesi
As a consequence of the angular bumps, radiation from the
adjacent dipole magnets appeared below® (not shown ¢
in the figure). In the femtosecond facility, dipole radiation €
background will be avoided by an appropriate choice of the
electron orbit.

S

EXPECTED PERFORMANCE

A simulation with10° pseudo-electrons in the laser field, i
radiating according to their angle, energy and arrival time 0o 05 1 1.5
in the radiator, yields the broad distribution shown in figure angle / mrad
2 (dashed) from which the short pulse will be selected by
an aperture. lIts photon yield, signal-to-background ratickigure 2: Measured (points) and calculated (solid line) an-
spectrum and pulse duration can be estimated, dependigglar distribution of UE-56 radiation at 708 eV. Also shown
in detail on many parameters — electron bunch and lasirthe calculated short-pulse component (dashed lines).
properties, background assumptions, settings of the undu-
lator, monchromator and aperture. As an order of magni- ¢ 2 F
tude, 10° photons per second and 0.1% bandwidth can be :
expected to enter the beamline, if the laser repetition rate;§
is 1 kHz. The measured angular distribution suggests a
signal-to-background ratio better than 10. Thanks to the
proximity of the radiator to the modulator, the pulse dura-
tion will be ~ 50 fs (fwhm).

Since the modulator is in a dispersive region, the longi-
tudinal offset of energy-modulated electrons does not just
increase with distancefrom the modulator, but is, in fact,

a complicated function of. As shown in figure 3, an elec-
tron with AE/E = 0.01 is almost isochronous in the next
straight sectiond = 15 m) and crosses the nominal orbit at
a large angle, allowing for angular separation of short x-ray
pulses. One straight section further away= 30 m), the
angle of the electron trajectory is small, but the horizontal
displacement is large. For femtosecond applications, the
longitudinal deviation (0.33 ps) can be reduced by manip-
ulating the momentum compaction of the ring. In addition,
it is conceivable to tune the undulator in this straight sec-
tion (U-125) to the second or third harmonic of the U-139
and test high-gain harmonic generation.

harizontal offset / mm

horizontal angle / mrad

v b i b c v b e b e L L1
0 10 20 30 40 50 60 70

ACKNOWLEDGEMENTS distance's / m

Fruitful discussions with P. Heimann, R. Schoenlein, AFigure 3: Calculated delay, horizontal offset and angle for
Zholents (LBNL, Berkeley), R. Abela and G. Ingold (SLS,an electron with energy deviatiohZ/E = 0.01 as func-

Villigen) are gratefully acknowledged. tion of distance from the modulator. For comparison, the
dashed lines show the same functions for a modulator in a
REFERENCES dispersion-free region. Each vertical line marks the center
of a straight section.

[1] A. A. Zholents, M. S. Zoloterev, PRL 76 (1996), 912.
[2] R. W. Schoenlein et al., Science 287 (2000), 2237.
[3] M. Abo-Bakr et al., NIM A 483 (2002), 470.

[4] J. Wu, L.-H. Yu, PAC 2001, Chicago, 2716.

[5] W. Brefeld et al., NIM A 483 (2002), 62.

[6] S.Khan, H. A. Dirr, EPAC 2002, Paris, 700.

[7] S. Backus et al., Opt. Lett. 26 (2001), 465.

[8] F. Noack, I. Will, M. Zhavaronkov, MBI Berlin, unpublished.
[9] J.Bahrdtetal., NIM 467-468 (2001), 21.

[10] E. Trakhtenberg et al., this conference.

[11] M. Abo-Bakr et al., PRL 88 (2002), 254801.

[12] M. Scheer, BESSY Berlin, unpublished.



