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Abstract

Two methods to generate sub-picosecond x-ray pulses us- 3
ing the electron beam of the BESSY-II storage ring in com-
bination with a femtosecond laser are discussed:

(1) Thomson scattering of laser pulses crossing electron
bunches at a small angle.

(2) Energy-modulation of a short region within an elec- ro
tron bunch interacting with the laser in an undulator, and 1
subsequent emission of synchrotron radiation. [/
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The technology of visible laser pulses below 100 fs dura-
tion is well established, whereas pulses produced by VU¥jqre 1: Scattering rate as function of the endpoint of

and x-ray sources are in general much longer than 1 ps. o seattered photon spectrum for singlebunch (s.b.) and

_This paper describes two methods to generate S_UFhultibunch (m.b.) operation of the BESSY-II storage ring
picosecond x-ray pulses using the electron beam of a third; 9oo MeV and at 1700 MeV.

generation synchrotron light source in combination with a
femtosecond laser. _ 2.1 Properties of Thomson Scattered Photons
A suitable laser is a Ti:sapphire system based on chirped
pulse amplification (CPA) with a wavelength of 800 nm, dn a right-angle geometry, the transit time of the laser pulse
typical pulse duration of 100 fs FWHM (43 fs rms) and arthrough the electron bunch adds to the duration of the scat-
average power of a few Watt. tered photon pulse. When the laser and the electron beam
All estimates are based on the storage ring parameté#&e almost parallel, the x-ray pulse duration is essentially
of the high-brilliance synchrotron light source BESSY-l1given by the laser pulse length.
currently under construction at Berlin-Adlershof [1]. The The endpoint of the scattered photon spectrum is
following modes of operation are considered:
e A beam gnergy of 1700 MeV or 9QO Mey. E.. =2y*E(1 - cosa), 1)
e 100 mA in 320 bunches or 10 mA in a single bunch.

where E is the laser photon energy, is the crossing
2 THOMSON SCATTERING angle, andy is the electron Lorentz factor. For a laser pulse
with IV, photons crossing a bunch with, electrons, an
The generation of sub-picosecond x-ray pulses by crossingper limit for the scattering rate is
a femtosecond laser at a right angle with a 50 MeV electron
beam has been successfully demonstrated at the Advanced

Light Source (ALS) at Berkeley [2]. An analogous experi- .~ N,N.otn 1—cosa ; ~1). @
ment at BESSY-II using the 50 MeV injection microtronis ~* ~ 2rg,0.  sina (for oz <oz, f=1).
presently not considered because of the comparatively low

beam current from this machine. Here,or, = 6.7 - 1072° m? is the Thomson cross sec-

~ Generating x-ray photons using the BESSY-II storag@on, o is the rms bunch lengthr,, is the bunch size in the
ring beam at higher energy requires small crossing anglggossing plane, and, is the bunch size perpendicular to
(10-50 mrad). Although the scattering rate is strongly reg, Equation 2 holds for a transverse laser size being small
duced at small angles, there are several advantages to $étnpared to bunch dimensions. Half of tNephotons are

configuration: scattered into a cone of opening angjfe.
* Extremely short x-ray pulses<(laser pulse length). The photon scattering raf§ as function of the endpoint
e Small source point (high brilliance). energyE’ is shown in figure 1 for different modes of op-

« Small divergence of the x-ray beam (high brilliance). eration. Singlebunch mode at a low beam energy is clearly
e Small electron divergence (little spectral broadening)favorable.
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Figure 2: Spectra of Thomson scattered photons for diffeFigure 3: Brilliance of Thomson scattered photons as de-
ent laser waists (horizontal vertical rms size). fined in equation 3 for single-bunch mode.

2.2 Simulation of the Thomson Scattering Process 3.1 Estimates

In order to study the Thomson scattering process in Molgmong the to-date specified insertion devices for BESSY-
detail, a Monte Carlo simulation was performed. Event by only the W/U-125 with N, = 32 periods of length
event, the spatial and angular photon coordinates within)@u — 125 mm andK < 12.8 satisties equation 4, pro-
Gaussian laser pulse, the location of the interaction withigiged a Ti:Sa CPA laser with second harmonic generation
the electron bunch, the angular electron coordinates, theemployed i.e); = 400 nm, which leads td¢ = 11.8.

polar and the azimuthal scattering angle were randomly gqjowing [3], the amplitude for an energy-modulation
chosen. For horizontal crossing, the following observationg 1 is given by

were made:

A small laser waist (e.g10 x 10 um, figure 2) yields
a large scattering rate, but the spectrum is broadened due
to the angular divergence of the laser. Increasing the ver- . .
tical waist size only reduces the rate, whereas increasin where,, = 3.1eVis the laser photon energy and is

i . . ; e energy per laser pulse. For a typical laser pulse length
he horizontal waist r he br ning effect with
;ffeect(i)ng(t)h(taarats st reduces the broadening effect wit Olé)ﬁ 100 fs FWHM (orr, = 43 fs rms), the laser/undulator

Taking 85-100% of the endpoint energy into account, th@adwidth ratio iAWy, / Aw, 2 0.3. Demanding a mod-
scattered photon brilliance defined as ulation amplitude of 2% of the beam energy, equation 5
leads toA;, = 2.2 mJ for a beam energy of 1700 MeV.
Consequently, the repetition rafdas 0.45 kHz for an aver-
B_ photons/(15%bw s) photons } (3 age laser power of 1 W.
150 - 20,2020, 207, [ 0.1%bw mm”mrads The number of energy-modulated electrons per second is

is shown in figure 3 for singlebunch operation. Here,
0.y is the electron beam size, whitg, , is the observed N = fnNerL/Te, (6)
rms angular spread of photons within a 15% bandwidth.  wherey ~ 0.2 [3] accounts for the fact that only a frac-
tion of the electrons acquire a sufficiently large energy de-
3 LASER-ELECTRON INTERACTION viation. Table 1 summarizes the result for multibunch mode

. A = 1.6 - 10° electrons/bunch and rms bunch length
The second method discussed in this paper and propos@é‘f_ .
by [3] is based on a short laser pulse of wavelength ¢ ~ 17 ps) at 1900 MeV and at 900 MeV. Singlebunch

travelling together with an electron bunch of Lorentz factoF'?Ode is not considered, because the background from pre-

~ through an undulator of period lengtl. If the undulator vious interactions would limitf to the radiation damping
parametef satisfies the resonance condition rate (120 Hz at 1700 MeV, 20 Hz at 900 MeV).

K2/2 AwL

AE)? = draE A ——12 .
(AE) T Bl AL Ay (5)

El/MeV | A, /md]| flkHz | N/s !
2 _ 2 L

(L4 K5/2)h = 29, ) 1700 | 2.2 | 045 |36 10°
the laser produces a short region within the bunch, where 900 0.6 1.6 1.3-109

electrons have gained or lost energy, depending on their
phase relative to the laser field. A transverse displacemeFble 1: Estimates on energy modulation for multibunch
of these energy-modulated electrons by dispersion in theode at a beam energy &f = 1700 MeV and 900 MeV.
next bending magnet or undulator allows to extract a short

synchrotron radiation pulse.
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Figure 4: Distribution of electrons in time and energy afteFigure 5: Radiation from energy-modulated electrons and
interacting with a laser pulse. from the other electrons of the bunch after passing a colli-

mator edge at = 2 mm, as scetched in the figure.
3.2 Simulation of the Laser-Electron Interaction

A numerical integration of the energy 3.3 Simulation of the Short Pulse Extraction

In a simulation, radiation from macro-particles randomly
b chosen within the distribution of figure 4 was calculated
AE = —60/ a'(t) E(t) sin[2m 2(t)/AL] dt (7)  numerically, assuming a dispersion of 0.2 m at the position
i of a U-49 undulatory, = 84, \, = 49 mm, K = 1).
gained or lost between the two ends of the undulator at A collimator edge was introduced 6 m downstream of
timet was performede(t) is the electric field at the time- the undulator center at a transverse position of 2 mm with
dependent electron position, amt{t) is the horizontally respect to the undulator axis. The radiation hitting a screen
transverse electron velocity. 12 m from the undulator center is shown in figure 5. The
Figure 4 shows the distribution d0* macro-particles short pulse is sufficiently separated from the bulk of ra-
in time and energy after interacting with a 400 nm lasediation from other electrons. Also shown is a negligible
pulse of 43 fs rms length. The following parameters weramount of radiation from the dipole upstream of the U-49.
optimized numerically: 1-2% of backgrond radiation are expected from off-
e The largest modulation amplitude was obtained for anergy electrons due to Bremsstrahlung and Touschek scat-
transverse laser waist of 150n rms in both dimensions, tering and from non-Gaussian beam tails due to Coulomb
given an electron waist size of 2904 ;m rms. scattering. The amount of photons from Compton scat-
e Detuning the undulator parameter by 1% away frontering and fluorescence at the collimator tip is negligi-
the resonance valug yields the asymmetric energy distri- ble. Energy-modulated electrons from previous interaction

bution shown in the figure. cause no background after 1-2 radiation damping times.
e The energy per laser pulse was adjusted such that a
peak modulation of 2% of the beam energy was obtained. 4 ACKNOWLEDGEMENTS
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