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Abstract 

Femtosecond x-ray science is a new frontier in ultrafast research in which time-resolved 

measurement techniques are applied with x-ray pulses to investigate structural dynamics at the 

atomic scale on the fundamental time scale of an atomic vibrational period (~100 fs).  This new 

research area depends critically on the development of suitable femtosecond x-ray sources with 

the appropriate flux (ph/sec/0.1% BW), brightness (ph/sec/mm2/mrad2/0.1% BW), and tunability 

for demanding optical/x-ray pump probe experiments.  In this paper we review recently 

demonstrated techniques for generating femtosecond x-rays via interaction between femtosecond 

laser pulses and relativistic electron beams.  We give an overview of a novel femtosecond x-ray 

source that is proposed based on a linear accelerator combined with x-ray pulse compression. 
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I. Introduction 

 The generation of femtosecond x-rays is motivated in large part by the scientific need to 

understand the behavior of matter at the fundamental level.  That is, understanding the structure 

of matter at the atomic scale, within the time period in which that structure evolves via the 

making and breaking of chemical bonds and the rearrangement of atoms.  The relevant time 

interval for such dynamics is a vibrational period, which is on the order of 100 fs.  Over the past 

25 years, x-ray techniques applied with modern synchrotron sources have driven rapid advances 

in our understanding of the static or time-averaged structure of condensed matter on the atomic 

scale.  Now, with the development of ultrashort pulse x-rays sources, time-resolved x-ray science 

is a rapidly emerging research area in which structural dynamics and atomic motion are 

investigated on time scales ranging from milliseconds to femtoseconds.  The development of this 

interdisciplinary research field will address important scientific questions in physics, chemistry, 

materials science, and biology. 

For physical chemists, the direct observation of the molecular structure of “transition-

states” (intermediate conformations between reactant and product species) has been a major goal 

since Eyring and Polanyi formulated “transition-state theory” in the 1930’s.  Even at that time, 

they recognized that the transition state is extremely short-lived, as dictated by the time scale of 

an atomic vibrational period, ~100 fs.  Indeed, the period of a vibrational oscillation is 

fundamental not only for molecular systems, but for condensed matter in general (even 

crystalline solids) because this is the limiting time scale on which structural dynamics occur.  

The motion and rearrangement of atoms on the time scale of a vibrational period ultimately 

determine the course of structural phase transitions in solids, the kinetic pathways of chemical 

reactions, and even the function and efficiency of biological processes. 
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The first spectroscopic measurements on the femtosecond time scale were made possible 

by the successful modelocking of the cw dye laser nearly three decades ago [1].  Because of the 

subsequent revolution in ultrafast laser technology, measurements of transient dynamics with a 

resolution of better than 10 fs (over a spectral range from the ultraviolet to the infrared) are now 

routine [2] [3].  The scientific significance of applying femtosecond optical pulses to probe the 

transient structure of transition states on the fundamental time scale in which they exist, was 

recognized in the award of the 1999 Nobel Prize in Chemistry to A.H. Zewail.  While 

femtosecond lasers afford access to this time regime, they suffer from the limitation that visible 

photons probe only the optical properties of condensed matter systems.  Optical properties in 

condensed matter are a function of electronic states extending over multiple atoms.  Therefore, 

they are only indirectly related to the underlying atomic structure.  Extracting quantitative 

structural information from optical properties is essentially impossible for most systems. 

The development of femtosecond x-ray science portends another scientific revolution by 

combining the ultrafast temporal resolution of femtosecond pulses and stroboscopic pump-probe 

techniques with the structural specificity of x-ray photons as illustrated in Fig. 1.  X-rays are 

ideal probes of atomic structure because they interact with core electronic levels that are closely 

bound to the atomic nucleus.  X-ray techniques such as Bragg or Laue diffraction provide 

information about long-range atomic order, while techniques such as EXAFS (extended x-ray 

absorption fine structure) provide information about short-range order (bond distances and 

coordination) and are suitable for disordered systems such as molecular solutions.  While modern 

synchrotrons have revolutionized x-ray science by providing high-brightness, tunable x-ray 

beams, a significant limitation of such sources for time-resolved measurements is the pulse 

duration (typically ~100 ps) as determined by the duration of the stored electron bunch. 
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In the past decade, a number of important advances have been made in the generation of 

femtosecond x-ray pulses using a variety of techniques including: high-order harmonic 

generation from femtosecond optical pulses [4-8], laser-plasma based x-ray sources [9-11], laser-

driven x-ray diodes [12], and femtosecond x-rays from Thomson scattering [13].  A growing 

number of research groups around the world are using these sources and applying ultrafast x-ray 

techniques to investigate structural dynamics in a variety of condensed matter systems [9, 11-

31].  While these sources have enabled initial time-resolved x-ray experiments they suffer from 

significant limitations in one or more critical parameters including: (a) x-ray average brightness 

and/or flux, (b) x-ray photon energy, tunability, and spectral range, and (c) x-ray pulse duration 

and control.  Future progress in this field will depend critically on substantial advancements in 

the development of short-pulse x-ray sources suitable for spectroscopy.  An ideal source would 

provide the flux (~1015 ph/s/0.1% BW), brightness (~1018 ph/s/mm2/mrad2/0.1% BW) and 

tunability in the 0.1-20 keV range which is currently available from modern generation 

synchrotrons, with a time resolution of 100 fs or better, at moderate (kHz) repetition rates.  In 

this paper, we review some novel approaches (demonstrated and proposed) to generating high-

brightness femtosecond x-ray pulses using relativistic electrons. 

 

II.  Relativistic Thomson Scattering 

One of the earliest efforts to generate femtosecond x-rays from relativistic electrons was 

based on scattering a femtosecond laser pulse with a relativistic electron bunch [13, 32, 33].  In 

this approach, the laser effectively acts as a transient undulator for the electrons, and under the 

proper scattering geometry, the duration of the generated x-ray burst is determined by the laser 

pulse duration.  In this section, we briefly review the Thomson-scattering approach for 
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generating femtosecond x-rays and describe the characteristics of the x-rays and how they 

depend on electron and laser beam properties and scattering geometry. 

The scattering of laser light off a relativistic electron beam was originally proposed more 

than three decades ago [34, 35] as a means of generating x-rays.  Since then there have been 

numerous experimental observations of high-energy photons generated by scattering between 

relativistic electrons and laser pulses [36-38].  In the backscattering geometry (counter-

propagating electron and laser beams) the duration of the generated x-ray pulse is determined by 

the electron bunch duration – typically several picoseconds or longer.  However, by crossing the 

laser and electron beams at right angles as shown in Fig. 2, the interaction interval (and therefore 

the x-ray pulse duration) can be limited to the transit time of the laser pulse across the waist of 

the electron beam [32].  At shallow interaction angles (ψ), the x-ray pulse duration scales as ψ, 

however, the x-ray yield also scales with the interaction angle.  Scattering at right angles is a 

compromise between x-ray flux and pulse duration [13, 33]. 

The characteristics of femtosecond x-rays generated via Thomson scattering can be 

quantitatively described by considering the laser field as an electromagnetic wiggler for the 

electron beam.  Because the wiggler period is the laser wavelength, short-wavelength photons 

can be generated from electron beams of moderate energy.  The x-ray wavelength is given 

by [39]:  
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where λL is the laser wavelength, γ is the Lorentz factor, ψ is the angle of interaction between the 

laser and each electron, θ is the observation angle (relative to the electron trajectory), and 

KL=eELλL/2πmc2 is the normalized vector potential of the peak laser field, EL.  For typical laser 
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intensities, KLδ1 (KL≈0.85×10-9λL[µm]IL
1/2[W/cm2]).  The x-ray flux (number of x-ray photons) 

in a narrow bandwidth (∆λ/λ<<1) is given by [32, 40]: 
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where ML is the number of optical cycles in the laser pulse (number of wiggler periods), and σt-L 

and σt-e are the rms durations of the electron bunch and laser field envelope, and Ne is the 

number of electrons in a single bunch. 

 The first demonstration of this technique made use of the linear accelerator (linac) which 

serves as the injector for the Advanced Light Source.  In this experiment, 300 fs x-rays at 30 keV 

were generated by right-angle scattering (ψ=90o) a terawatt laser pulse (σt-L≅60 fs, λL=0.8 µm, 

100 mJ/pulse) with a 50 MeV electron bunch (Ne~1010, σt-e~15 ps) focused to a spot size of 

90 µm FWHM (σr=38 µm) [13, 33].  The measured average x-ray flux was ~6×102 

ph/s/0.1%BW (at 2 Hz repetition rate). 

 Figure 3 shows the spectrum of the source measured with a LN2 cooled Ge detector in a 

photon-counting mode with pulse-height analysis.  The x-ray flux is reduced using a Tanalum 

slit, and only the central cone (θ=0) is collected.  The spectra is peaked at ~30 keV with a 

bandwidth of ∆E/E≈15%.  At larger observation angles, the spectrum broadens to lower energies 

due to the combined effects of electron beam divergence and the correlation between emission 

angle and wavelength, and there is a corresponding reduction in the measured flux.  The solid 

line is a theoretical prediction [13, 33] based on the measured focal spot size and emittance 

(divergence) of the electron beam. 

There are several approaches for enhancing the relatively modest flux generated in this 

proof-of-principle experiment.  The following discussion outlines the various scaling trade-offs.  
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First, the laser pulse energy can be increased.  The limitation here is that for KLδ1, the additional 

x-ray flux appears at higher harmonics [39], λx-ray=nλL/2γ2, where n is the harmonic number.  

Furthermore, the source divergence begins to increase as KL/γ [40]. 

Second, the interaction area (focal spot size) may be reduced provided that the electron 

beam emittance is also reduced to avoid increasing the divergence of the source.  The rms 

divergence, σθ, of the x-ray beam generated via Thomson scattering is determined by two 

factors [39, 40]: 
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The first term is due to diffraction from a finite-length source and is determined by the length of 

the wiggler (i.e. the number of optical cycles in the laser pulse).  The second term is due to the 

non-zero electron beam emittance, ε (which is normalized to γ), and the rms radius of the beam 

focus, σr.  For the femtosecond Thomson scattering experiments described above [13, 33], the 

normalized beam emittance (ε≅30 mm⋅mrad) dominates, resulting in σθ≅7.9 mrad.  Already this 

divergence is large by synchrotron standards, and grazing incidence x-ray optics (operating in the 

10 keV range) can collect only a fraction of this divergence along one dimension.  Thus to 

enhance the usable x-ray flux, reduction of the focal spot size must be accompanied by a 

reduction in the beam emittance due to the effects on the source divergence. 

 The source divergence can be improved somewhat by using a lower emittance beam from 

a photocathode (a normalized emittance as low as 2.5 mm⋅mrad per nC of charge has been 

reported [41]).  However, contributions to the x-ray divergence from the first term in eqn. 10 

quickly become significant.  The x-ray divergence can also be reduced by increasing the electron 

beam energy.  However, since the wiggler period is an optical cycle, the x-ray energy rapidly 
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exceeds the range of interest for many applications in studying structural dynamics in condensed 

matter.  For example, a tunable femtosecond x-ray source in the 1-10 keV range requires electron 

beam energies in the 9 to 28 MeV range (γ=18 to 57) for λL=0.8 µm.  This tuning range 

corresponds to a beam divergence of σθ=5.0 to 15.7 mrad (assuming ε=2 mm⋅mrad, and 100 fs 

x-ray pulses which requires σt-L=25 fs, σr=7.6 µm [32]).  There is no net benefit to operating at 

longer laser wavelengths because of the required corresponding reduction in ML - assuming fixed 

laser and x-ray pulse durations.  Similarly, there is no net benefit to using higher harmonics 

(n=3,5...) is because of the required corresponding reduction in beam energy - assuming a fixed 

x-ray photon energy (from eqn. 1, fixed λx-ray requires γ∼ n ). 

 Finally, and most significantly, there is a substantial advantage to reducing the duration 

of the electron bunch.  For example, electron bunches of ~1 ps duration with ~1 nC of charge 

have been generated using a photoinjector and a bunch compression chicane [41].  This would 

already provide >10x increase in flux.  Compression of relativistic electron bunches to the 

subpicosecond time scale while retaining high charge and low emittance remains an active area 

of research.  For sufficiently short bunch durations, the back-scattering geometry becomes 

advantageous.  Since the scattered x-rays travel with the relativistic electron bunch, the x-ray 

pulse duration in the back-scattering geometry is determined by the electron bunch duration.  

This relaxes the constraints imposed by the laser pulse duration and opens the possibility of 

using relatively long high-energy laser pulses.  Such an approach is presently being pursued at 

several laboratories in the U.S.  [42] [43] and Japan [44, 45]. 

 

III.  Generation of Femtosecond X-rays from a Synchrotron Storage Ring 
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 An alternative method for generating femtosecond x-rays is to gate them from long-pulse 

x-ray sources.  This approach takes advantage of the brightest sources of x-rays and soft x-rays 

presently available which are the latest (3rd) generation of sychrotrons such as the Advanced 

Light Source (ALS), the Advanced Photon Source (APS), and the European Synchrotron 

Radiation Facility (ESRF).  These machines accelerate and store relativistic electrons in a ring 

and use them to emit x-rays from insertion devices (periodic magnetic structures such a wigglers 

and undulators) and bending magnets.  However, the time resolution of such sources, >30 ps, is 

determined by the duration of the stored electron bunch.  Reducing the duration of an electron 

bunch in a storage ring to the sub-picosecond scale is practically impossible because such short 

bunches create wakefields and coherent synchrotron radiation which lead to bunch lengthening 

and instabilities as they propagate around a ring [46].  Recently, a novel technique has been 

proposed [47] that uses a femtosecond optical pulse to generate femtosecond x-rays from a 

storage ring.  This technique is schematically illustrated in Fig 4.  A femtosecond optical pulse of 

moderate energy (~0.1 mJ) modulates the energy of an ultrashort slice of a stored electron bunch 

as they co-propagate through a wiggler (Fig. 4a).  The energy-modulated electron slice spatially 

separates from the main bunch in a dispersive section of the storage ring (Fig. 4b) and can then 

be used to generate femtosecond x-rays (Fig. 4c) at a bend-magnet (or insertion-device) 

beamline.  The original electron bunch is recovered due to synchrotron damping of the electrons 

in the storage ring.  Thus, other synchrotron beamlines are unaffected and special operation of 

the storage ring is not required. 

 

IIIa.  Energy Modulation of Electron Bunches in a Storage Ring 
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 The energy of a relativistic electron bunch can be strongly modulated by the high peak 

electric field (~109 V/m) of a femtosecond laser pulse as they co-propagate through a wiggler.  

Essentially, electrons are accelerated or decelerated by the optical field depending on the optical 

phase, φ, as seen by each electron at the entrance of the wiggler.  The energy exchange between 

the laser pulse and the electron is maximum when the central wavelength of the spontaneous 

emission from an electron passing through the wiggler, given by: 

 ( 222
2 21

2
θγ

γ
λ

λ += KW
S )+  (4) 

satisfies the resonance condition, λS=λL, where λL is the laser wavelength, λW is the wiggler 

period, γ is the Lorentz factor, θ is the angle of observation relative to the beam axis, and the 

deflection parameter K=eBoλW/2πmc is the normalized vector potential of the wiggler magnetic 

field Bo.  Note that eqn. 4 is analogous to eqn. 1 with KL (laser-based) replaced by K which is 

created by a static periodic magnetic structure.  Efficient energy exchange between the laser 

pulse and the electron beam further requires that the transverse mode of the laser beam match the 

transverse mode of the spontaneous emission from an electron passing through the wiggler, and 

the laser spectral bandwidth match the spectrum of the fundamental wiggler emission averaged 

over the transverse mode (as indicated by the θ dependence in eqn. 4).  This is the equivalent of 

the resonance condition for a free-electron laser (FEL). 

 The energy exchange between the laser pulse and a co-propagating electron can be 

calculated by considering the total radiated energy from the wiggler: 

ωωω dSdrErEA SLtotal ∫∫ +=
2

),(),( vvvv
, consisting of a superposition of the laser field, EL, and 

the spontaneous emission field from a single electron passing through the wiggler, ES.  The 
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energy exchange (or the electron energy modulation), ∆E, is given by the cross term in the 

expression for Atotal [17, 47]:  

 φη
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where AL is the laser pulse energy, MW is the number of wiggler periods, ML is the laser pulse 

length in optical cycles (FWHM), AW≅4α∇ωLF(K)[1-F(K)/2] is the energy spontaneously 

radiated by a single electron passing through the wiggler [48], α is the fine structure constant, 

ωL=2πc/λL, and F(K)=K2/(2+K2) accounts for the strength of the wiggler.  The constant factor, 

ξ≈1.4, in the denominator results from matching the Gaussian spectrum of a laser pulse to the 

spontaneous emission spectrum from the wiggler which consists of a square pulse of MW optical 

cycles in time (sinc2 spectrum).  Since each electron slips through MW optical cycles as it 

propagates through the wiggler, increasing the number of wiggler periods beyond ξ⋅ML does not 

increase the energy exchange.  Although electron beam divergence effects are negligible in our 

case, the non-zero size of the electron beam is accounted for by the coefficient ηemit≈0.7 [49, 50]. 

From eqn. 5 we predict that a laser pulse with energy AL=90 µJ will create an electron 

energy modulation of ∆E>6 MeV using a wiggler with 19 periods.  This requires a 25 fs laser 

pulse (intensity FWHM, ML=13.4 optical cycles) at λL=800 nm.  The energy modulation is 

several times larger than the rms beam energy spread at the ALS, σE~1.2 MeV (σE~1.5 MeV) at 

a nominal beam energy of 1.5 GeV (1.9 GeV), and is applied only to the ultrashort slice of the 

long electron bunch that is temporally overlapped with the laser pulse.  The energy modulation 

can be exploited in several ways to generate femtosecond x-ray pulses with minimal contribution 

from the remaining electrons in the long bunch.  One approach is to generate x-rays from a 

dispersive region of the storage ring, i.e. a region where the transverse beam size is determined 
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primarily by the electron energy spread.  In this approach, an aperture is used at an image plane 

of the source (created by the beamline optics) to select x-rays originating only from the 

transversely displaced femtosecond electron slice (see Fig. 4c).  Any long-pulse background will 

be determined by the transverse spatial distribution of the unmodulated electrons [51].  In a 

bend-magnet, one can take advantage of the natural horizontal dispersion.  Alternatively, 

creating a vertical dispersion bump in a bend-magnet or an undulator allows one to take 

advantage of the lower vertical beam emittance in a storage ring.  Alternatively, the femtosecond 

x-ray pulses can be generated in an undulator and isolated by using a high-resolution 

monochromator to take advantage of the fact that the femtosecond electron slice will generate x-

rays which are correspondingly shifted in energy.  In this case, the long-pulse background will be 

determined by the spectral resolution of the undulator and monochromator.  In either approach, 

care must be taken to reduce any non-specular scattering from the x-ray optics that will 

contribute to the long-pulse background by mixing x-rays originating from different transverse 

coordinates, or by mixing x-rays of different energies.  Note that energy modulation of an 

ultrashort slice will leave behind a hole or dark pulse in the main electron bunch (see Fig. 4c).  

This will be manifest in the generated x-rays, and in principle can be used for time-resolved 

spectroscopy in the same manner as a bright pulse. 

 Following interaction with a femtosecond optical pulse in the wiggler, the temporal 

distribution of electrons within the bunch is determined by the characteristics of the storage ring 

lattice.  The dominant effect is the particle path length differences (time of flight) due to the rms 

beam energy spread [50].  Such effects can be minimized by appropriate choice of operating 

lattice (trajectory) for the electron beam, and by generating the x-rays as near as possible to the 

wiggler in which the electrons are modulated. 
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IIIb. Proof-of-Principle Experiments at the Advanced Light Source 

We have recently conducted proof-of-principle experiments in which femtosecond laser 

pulses were used to modulate the energy of 1.5 GeV stored electron bunches at the ALS.  

Femtosecond synchrotron radiation was measured for the first time at a bend-magnet beamline.  

The wiggler used in these experiments consists of 19 periods with λW=16 cm, and was tuned to 

be in resonance with a laser system operating at λL=800 nm by adjusting the wiggler gap to 

provide a deflection parameter of K≅13.  The laser system is based on chirped-pulse 

amplification in Ti:Al2O3, and consisted of a Kerr lens mode-locked oscillator operating at 

71.4 MHz.  Individual pulses were stretched and amplified at 1kHz repetition rate in a 10-pass 

amplifier (pumped by an intra-cavity frequency-doubled Nd:YAG laser) and subsequently 

compressed by a grating pair to yield ~50 fs pulses with a pulse energy of ~0.7 mJ.  The laser 

pulses were synchronized to the electron bunches on a 1-2 ps time scale using a phase-locked-

loop to dynamically adjust the laser oscillator cavity length via a PZT [52].  The phase-error 

signal was generated by mixing the seventh harmonic of the oscillator repetition frequency 

(500 MHz) with the master RF for the storage ring. 

Figure 4 shows a schematic illustration of the experimental set-up.  The laser beam is 

directed into the main storage ring vacuum chamber through a back-tangent port just upstream of 

the wiggler.  Immediately following the wiggler, a mirror directs the laser beam and the 

spontaneous emission from the wiggler out of the storage ring for diagnostic purposes.  

Temporal overlap is achieved using a high-speed photodiode and a 40 GHz sampling scope.  A 

CCD camera is used to observe the near-field and far-field spatial modes of the wiggler 
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emission, and the laser beam is matched to these modes using a remotely-controlled telescope.  

Spectral overlap is monitored with a spectrometer. 

As the laser pulse co-propagates with the electron bunch through the wiggler, it 

experiences gain that is equivalent to the single-pass gain of a free-electron laser (FEL).  

Measurements of the spectral dependence of the FEL gain provide an effective diagnostic of the 

efficiency of the interaction between the laser pulse and the electron bunch.  The FEL gain is 

optimum under the same spatial mode matching conditions required for optimum energy 

exchange between the laser pulse and the electron bunch.  Here, we are in the small-signal 

regime, in which the FEL gain is independent of the laser pulse energy and duration. 

 The laser-induced energy modulation of the electron bunch combined with storage ring 

dispersion gives rise to femtosecond time structure in the electron bunch as illustrated in Fig. 4.  

The temporally incoherent synchrotron radiation generated by such a modulated bunch will have 

a time structure and transverse spatial distribution that is identical to the electron distribution.  

Furthermore, the time structure is invariant over the entire spectrum of the synchrotron emission 

from infrared to x-ray wavelengths.  We directly measure the temporal and spatial distribution of 

the synchrotron emission using optical cross-correlation techniques as shown in Fig. 5.  Visible 

light (hν~2eV) from ALS bend-magnet 6.3.2 is collected and imaged onto a slit.  This allows for 

the selection of specific horizontal regions of the synchrotron radiation originating from 

corresponding horizontal regions of the electron beam source.  Following the slit, the visible 

synchrotron light is focused onto a BBO crystal along with a delayed pulse from the laser 

system.  We measure the sum-frequency via photon counting as a function of the relative time 

delay between the first laser pulse that is used to modulate the electron energy, and the second 

pulse that is used for cross-correlation measurements. 
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Figure 6 shows two such cross-correlation measurements corresponding to two different 

slit settings.  The first measurement (Fig. 6a) uses only the central ±3σx region of the 

synchrotron beam, and reveals the femtosecond hole or dark pulse that is created due to energy 

modulation of the electrons by the laser pulse.  Electrons with ∆E<0 follow a shorter path to the 

bend-magnet and give rise to the transient increase in synchrotron radiation which precedes the 

femtosecond dark pulse.  Similarly, electrons with ∆E>0 contribute to the bump which follows 

the dark pulse in time.  Because the bend-magnet radiation is collected from a dispersive region 

of the storage ring (in which the horizontal beam size is primarily determined by the electron 

energy), synchrotron radiation from the energy-modulated electrons appears at different 

horizontal positions corresponding to the electron energy.  Figure 6b shows a cross-correlation 

measurement in which synchrotron light is collected over only the +3σx to +8σx region 

(corresponding to electrons with ∆E<0).  This measurement reveals the femtosecond pulse of 

synchrotron radiation which is created in the spatial wings of the main synchrotron beam by the 

energy-modulated electrons.  The solid lines in Fig. 6 are from a model calculation of the 

electron distribution based on the know parameters of the electron beam [50].  The pulse 

duration (~300 fs) is determined by the time-of-flight stretching of the electron bunch as it 

propagates from the wiggler to bend-magnet beamline 6.3.2 (1.5 arc-sectors of the storage ring).  

The agreement between model calculations and experimental measurements of the time structure 

gives us confidence that for an optimally-placed beamline (immediately following the wiggler), 

synchrotron radiation pulses of 100 fs duration may be generated using this technique (see 

Fig. 4). 
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IIIc.  Predicted Femtosecond X-ray Beamline Performance 

 The average flux, brightness, and spectral characteristics of the femtosecond x-ray pulses 

is determined from the nominal characteristics of the radiating bend-magnet or insertion device 

scaled by three factors: η1=σt-L/σt-e, η2=fL/fB, and η3≈0.2 where fL and fB are the laser and 

electron-bunch repetition rates, and η3 accounts for the fraction of electrons that are in the proper 

phase of the laser pulse to get the maximum energy exchange suitable for creating the large 

transverse separation.  Increasing the laser repetition rate provides the greatest opportunity to 

maximize the femtosecond x-ray flux.  The practical limit is determined by the synchrotron 

radiation damping which provides for recovery of the electron beam between interactions.  By 

arranging the timing such that the laser interacts sequentially with each bunch in the storage ring, 

the time interval between interactions is given by NB/ fL where NB is number of bunches in the 

ring.  Furthermore, since the bunch slice is only a small fraction of the total bunch, an interaction 

interval corresponding to 30% of the storage ring damping time (3 msec for the ALS [49]) is 

sufficient to allow recovery of the electron beam between laser interactions [47].  Thus, with 300 

bunches in the storage ring, femtosecond x-rays can be generated at repetition rates as high as 

100 kHz without adversely affecting the other beamlines at the ALS. 

 Here we consider the optimum femtosecond flux and brightness from two different x-ray 

beamlines assuming a beam energy of 1.9 GeV, (400 mA average current, 30 ps bunch duration, 

500 MHz repetition rate), and rms source size of 200 µm (H) × 20 µm (V) in the straight 

sections, and 100 µm (H) × 9 µm (V) in the bend sections.  The first beamline (corresponding to 

a femtosecond x-ray beamline recently constructed at the ALS) is based on a bend magnet with a 

field of 1.27 T and an x-ray optic collecting 3 mrad (H) × 0.3 mrad (V) of the broadband bend-

magnet emission.  The second beamline (currently being proposed for ALS straight sector 6) is 
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based on an undulator with 50 × 2.1 cm periods and a maximum deflection parameter Kmax=2.01 

(Bmax=1 T).  In contrast to bend-magnet radiation, undulator radiation appears in spectrally 

narrow harmonic peaks that can be easily tuned by adjusting the undulator gap.  Undulators offer 

substantially higher x-ray brightness and flux (per unit bandwidth) than bend-magnets.  A 

wiggler (as described above) upstream of the undulator or bend magnet provides for energy 

modulation of the electron bunch. 

Figure 7 shows the femtosecond flux and brightness provided by these sources from 

300 eV to 10 keV (assuming laser operation at 100 kHz, and a pulse energy of 100 µJ to achieve 

∆E≅9MeV).  Spectra are calculated from the nominal bend-magnet and undulator spectra [40] 

with scale factors of η1=σt-L/σt-e=3.3×10-3, η2=fL/fB=2×10-4, and η3=0.2.  The undulator spectra 

is the locus of narrow spectral peaks, tuned by adjusting the undulator gap, and represents the 

envelope of undulator harmonics 1, 3, 5, 7, and 9. 

 

IV.  Dedicated Source for Femtosecond X-ray Science 

 The average femtosecond x-ray flux and brightness of the above described 

beamlines is substantially beyond any presently available tunable source for femtosecond x-rays.  

Nevertheless, this is nearly seven orders of magnitude below what is typically available for static 

x-ray measurements from modern synchrotrons.  Ultimately, the full scientific development of 

the emerging field of ultrafast x-ray science will require a dedicated facility for generating 

femtosecond x-rays. The performance goals for such a facility are to provide the highest possible 

x-ray flux and brightness in the 0.3-10 keV range with a pulse duration of 100 fs or less. 

In general, storage rings are not the most attractive candidates for a dedicated 

femtosecond x-ray facility.  First, an electron bunch 100 fs duration cannot be maintained in a 
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circular machine at high electron beam intensity.  Second, the remarkable average x-ray flux 

available from storage rings is in part due to the repetition rate of the source, typically 

~500 MHz.  In contrast, a suitable repetition rate for time-resolved x-ray experiments is of the 

order of 10 kHz.  This constraint arises from the fact that structural dynamics, such as phase 

transitions, chemical reactions, surface processes, and protein dynamics, are not generally cyclic 

or reversible.  Thus, the time interval between x-ray pulses must be sufficient to allow 

replacement or flow of the sample.  Even in material systems in which the original structure does 

recover, the recovery time is typically long. 

Considering the various requirements for ultrafast x-ray science, a linac-based source of 

electrons may offer the best performance as a dedicated user facility for producing ultrafast x-ray 

pulses at a moderate repetition rate.  Here we describe the conceptual design of a source that is 

being developed by a team of scientists from the Accelerator and Fusion research Division and 

the Advanced Light Source at Lawrence Berkeley National Laboratory.  In this facility (based on 

existing technology), electrons are accelerated in a linac to energies of a few GeV.  The electron 

bunches radiate x-rays in a series of conventional undulators and are then decelerated in the same 

linac.  An important advantage is that this is a single-pass system (each electron bunch passes 

through the undulators only once).  As a result, it is not constrained in the way that a storage ring 

is by issues such as beam lifetime (scattering losses), bunch instabilities, emittance degradation 

etc. 

A compact realization of such a machine will make use of a recirculator linac with 

several acceleration passes through a single linac section (analogous to a multi-pass laser 

amplifier).  Such an approach was originally proposed by Kulipanov et. al. [53].  Linacs are 

particularly attractive because they provide a relatively simple means for manipulating the 
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electron beam via bunch compression/decompression or exchange of the longitudinal and 

transverse emittance.  Such capabilities are instrumental for producing femtosecond x-ray pulses. 

A schematic layout of a proposed facility is shown in Fig. 8.  It consists of an injector, a 

linear pre-accelerator, a main linear accelerator, and magnetic arcs.  Electrons are produced in an 

RF photocathode gun and accelerated to 10-20 MeV.  They are subsequently directed into the 

linear pre-accelerator, where they reach energies of 100 MeV.  Finally, the electrons are injected 

into the recirculator, where they are accelerated to ~2.5 GeV.  The recirculator uses a 600-MeV 

linac consisting of superconducting RF structures with an average acceleration gradient of 

~15 MV/m.  Magnetic arcs provide beam return to the beginning of the linac.  After passing a set 

of undulators in the last stretch, electrons are decelerated to the injection energy in the 

recirculator.  They are then extracted from the recirculator, decelerated further in the pre-

accelerator, and dumped.  During the deceleration phase, electrons return nearly all of their 

energy to the RF structures used for acceleration.  Furthermore, deceleration of the electrons 

dramatically reduces the radiation hazard in the beam dump.   

The photocathode injector proposed for this source is to be driven by a Ti:sapphire-based 

laser system producing 100 µJ per pulse at 267 nm (third harmonic) with a pulse length of 10 ps 

and a repetition rate of 100 kHz.  Electrons bunches with 1 nC charge are generated in a flat 

beam with a horizontal to vertical emittance ratio of 50 to 1.  X-ray pulses of 100-fs duration are 

obtained through two stages of pulse compression.  First, the recirculator is used for longitudinal 

compression of the electron bunch from 10 ps to ~1 ps with a corresponding increase in the 

electron beam energy spread.  Such compression is conveniently achieved in the magnetic arc of 

the last turn using energy chirping of the electron bunch during the last pass through the linac.  

Thus, a short electron bunch with a high peak current is created only in the final straight section 
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of the machine (just before the undulators), thereby minimizing the complications associated 

with accelerating and propagating short electron bunches.  Further compression of the electron 

beam below 1 psec may be possible, but instabilities resulting from the generation of coherent 

synchrotron radiation are a formidable challenge. 

Such limitations are avoided by employing a second stage of bunch compression based on 

the RF orbit-deflection technique proposed by Zholents et al. [54] and independently by 

Katoh [55].  This technique uses an RF cavity to deflect an electron bunch with a small vertical 

beam size (~20 µm).  The RF deflection couples the longitudinal and transverse (vertical) motion 

of the electrons resulting in a space-time correlation (phase-space rotation) with the head of the 

bunch moving in an opposite direction to the tail of the bunch.  Figure 9 (top) schematically 

shows a side view of the bunch profile with the trajectories of the head and tail parts of the 

electron bunch.  The first RF cavity initiates the deflection, and the second RF cavity cancels the 

deflection and restores the beam.  At periodic points (A) along the bunch orbit (corresponding to 

the betatron period), the deflection of the bunch is maximum and these are the optimum locations 

for generating x-rays, for example in a series of undulators feeding multiple beamline as shown 

in Fig. 8.  X-ray pulses generated at this point will have a tilted pulse front corresponding to the 

tilt of the electron bunch.  Such x-ray pulses can then be compressed in time using an 

asymmetrically-cut Bragg crystal which acts effectively as an Echelle grating as illustrated in 

Fig. 9 (bottom).  Calculations indicate that applying this approach with an electron beam with 

small vertical emittance can generate x-ray pulses of less than 100 fs duration.  Alternatively, for 

some pump-probe applications it may be desirable to take advantage of the space-time 

correlation of the x-ray pulse front to collect multiple time delays from a single pulse [56]. 
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Figure 10 shows the expected femtosecond x-ray flux and brightness from such a machine 

assuming 1 nC of charge per bunch at a repetition rate of 100 kHz with a beam energy of 

2.5 GeV.  The undulator is the same as that of Fig. 7 (50 × 2.1 cm periods and a peak field of 

1 T, K≤2.02).  For comparison, the flux and brightness of the femtosecond bend-magnet 

beamline described in section IIIc is also shown. 

 

V.  Conclusion 

The generation of femtosecond x-ray pulses is an important frontier in ultrafast optical 

science which will enable the application of x-ray techniques such as diffraction and EXAFS on 

the femtosecond time scale.  Ultrafast visible/x-ray pump-probe measurements will enable the 

direct observation of structural dynamics in condensed matter on the fundamental time scale of a 

vibrational period.  Such applications place stringent requirements on the characteristics of a 

femtosecond x-ray source because the time scale of interest is ~100 fs or less and the desired 

energy range is very broad, particularly for spectroscopic techniques such as EXAFS.  Finally, 

small x-ray scattering cross-sections demand a source with the highest possible flux and 

brightness – approaching that of modern synchrotron sources. 

An attractive path to generating femtosecond x-rays is to combine the high time 

resolution available from femtosecond laser sources with the directed energy available from 

relativistic electron beams.  One simple approach we have demonstrated relies on Thomson 

scattering between a terawatt laser pulse and a tightly focused beam from a linear accelerator.  

Such a source can easily provide x-ray pulse durations of less than 100 fs, and in principle a 

large range of x-ray energies can be reached via tuning the electron beam energy.  The limitation 

of this approach is the low Thomson-scattering cross-section.  Significant enhancement of the 
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scattering yield can be achieved by using shorter electron bunches.  Reduction of the 

laser/electron interaction area is of limited benefit since it is accompanied by an increase in the 

x-ray beam divergence. 

A new approach based on laser modulation of electrons in a synchrotron storage ring 

offers the advantage that the femtosecond time structure is created in the electron bunch 

separately from the generation of femtosecond x-rays.  Thus, the two process can be optimized 

independently.  Efficient laser/electron interaction is provided by a resonantly tuned wiggler.  

This allows modest laser pulse energies (~100 µJ) to be used to create femtosecond time 

structure on the electron bunch.  X-ray generation is accomplished in a bend-magnet or an 

undulator, and can be optimized for high-brightness, tunability, bandwidth, etc.  We have 

recently demonstrated the generation of femtosecond synchrotron pulses via laser modulation of 

the electron beam at the ALS.  Visible synchrotron pulses of ~300 fs duration from a bend-

magnet beamline have been directly measured using cross-correlation techniques.  Currently, a 

dedicated femtosecond x-ray beamline is being commissioned at the ALS, and will provide a 

resolution of 100 fs in the 0.3-10 keV range.  Plans are in progress to develop a high-brightness 

femtosecond x-ray beamline based on an undulator.  The limitation of this approach is that the 

repetition rate of typical synchrotrons (~500 MHz) is poorly matched to presently available laser 

systems, and more fundamentally does not allow sufficient time for sample replacement or 

recovery in typical pump-probe experiments measuring structural dynamics. 

The long-term development of ultrafast x-ray science will ultimately require dedicated 

machines for generating femtosecond x-ray pulses with the appropriate characteristics 

(pulsewidth, bandwidth, flux, repetition rate etc.)  We described the conceptual design of a novel 

recirculating linac (based on proven technology) that is optimized for generating 100 fs x-ray 
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pulses at a moderate repetition rate with a flux and brightness that is nearly four orders of 

magnitude beyond what can be achieved from existing 3rd generation synchrotron sources.  The 

source includes multiple insertion devices which can feed multiple beamlines and enable 

optimization of the x-ray emission spectrum for specific experimental applications.  

Femtosecond x-rays from such a source will enable atomic-resolution measurements of structural 

dynamics in matter on the fundamental time scale of a vibrational period and will open entirely 

new areas of research in chemistry, physics and biology. 
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Figure 1 

Schematic of time-resolved x-ray diffraction and EXAFS using femtosecond x-ray pulses and 

pump-probe measurement techniques. 
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Figure 2 

Geometry for generating femtosecond x-ray pulses via Thomson scattering between terawatt 

laser pulses and relativistic electrons. 
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Figure 3 

Spectral measurement of the femtosecond x-rays generated from right-angle Thomson scattering 

at an observation angle of θ=0 mrad.  Also shown (solid line) is the predicted spectra corrected 

for detector sensitivity and window transmission. 
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Figure 4 

Schematic illustration of the method for generating femtosecond x-rays from a storage ring: (a) a 

femtosecond laser pulse energy-modulates the electron bunch as they co-propagate through a 

resonantly-tuned wiggler, (b) dispersive section of the storage ring results in a spatial separation 

of the energy-modulated electron slice, (c) x-rays generated by the modulated electron bunch (in 

a bend-magnet) are collected and imaged onto a slit that is used to select the femtosecond x-rays 

(generated off axis) or the femtosecond dark pulse (generated on axis). 
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Figure 5 

Schematic illustration of the method for measuring femtosecond synchrotron pulses.  The 

spatial-temporal structure of the electron bunch is mapped onto the visible synchrotron radiation.  

Temporal measurements of the visible synchrotron radiation at different transverse positions are 

made using cross-correlation techniques with a slit in the beamline image plane to select 

different transverse regions of the synchrotron beam. 
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Figure 6 

Cross-correlation measurements between a delayed laser pulse and synchrotron radiation 

originating from an energy-modulated electron bunch.  In (a), synchrotron radiation from the 

central core (±3σx) of the electron bunch is selected.  In (b), synchrotron radiation from the 

horizontal wings (+3σx to +8σx) of the electron bunch is selected.  Solid lines are from a model 

calculation of the spatial and temporal distribution of the energy-modulated electron bunch 

following propagation through 1.5 arc-sectors at the ALS. 

31 



  Femtosecond CRAS v2 

103 104

105

106

107

108

109

1010

1011

1012

photon energy (eV)

flu
x 

(p
h/

s/
0.

1%
 B

W
)

br
ig

ht
ne

ss
 (p

h/
s/

m
m

2 /m
ra

d2
/0

.1
%

 B
W

)

105

106

107

108

109

1010

1011

1012

105

106

107

108

109

1010

1011

1012

undulator flux (200 fs, 100 kHz)

bend magnet brightness (100 fs, 5 kHz)

(20 mm period, 5 mm gap, 1 m length)

undulator brightness (200 fs, 100 kHz)

bend magnet flux (100 fs, 5 kHz)

(20 mm period, 5 mm gap, 1 m length)

ALS beamline 5.3.1

 

Figure 7 

Average flux and brightness for two femtosecond x-ray beamlines, one based on a 1.27 T bend 

magnet, and another based on an undulator with 50 × 2.1 cm periods and a peak field of 1 T 

(K≤2.02).  A storage ring energy of 1.9 GeV (400 mA) is assumed.  The undulator spectra is the 

locus of narrow spectral peaks, tuned by adjusting the undulator gap, and represents the envelope 

of undulator harmonics 1, 3, 5, 7, and 9. 
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Figure 8 

Schematic of a recirculator linac for generating femtosecond x-ray pulses.  Electron bunches 

(~1 ps in duration) are injected by a 10 MeV RF photocathode, pre-accelerated to 110 MeV, and 

subsequently accelerated to 2.5 GeV through four passes in the main accelerator.  The first RF 

cavity initiates a vertical deflection of the electron bunch (for pulse compression) and the 

induced betatron oscillations are cancelled by the second RF cavity.  The beam is then 

decelerated though four passes before being dumped. 
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Figure 9 

Schematic illustration of the beam deflection (longitudinal-transverse coupling) initiated by the 

RF cavity (top).  X-ray pulses with tilted pulse fronts are generated by undulators located at the 

points of maximum orbit displacement (A).  Asymmetrically cut Bragg crystals are used to 

compression the x-ray pulses (bottom). 
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Figure 10 

Average femtosecond flux and brightness from the proposed linac-based light source.  A beam 

energy of 2.5 GeV is assumed with 1 nC of charge per bunch at a repetition rate of 100 kHz, and 

an undulator with 50 × 2.1 cm periods and a peak field of 1 T (K≤2.02).  The undulator spectra is 

the locus of narrow spectral peaks, tuned by adjusting the undulator gap, and represents the 

envelope of undulator harmonics 1, 3, 5, 7, and 9.  The flux and brightness of the existing 

femtosecond bend-magnet beamline are shown for comparison. 
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