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Synchrotron Radiation From Laser-Accelerated
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Abstract—In this paper, we report on the generation of inco-
herent synchrotron radiation in the visible spectral range which is
produced by laser-accelerated electrons with 55-75-MeV energy
as they propagate through an undulator. Simultaneous detection
of electron and photon spectra allows for precise comparison
between experimental results and undulator theory. First- and
second-order undulator radiation was detected. The agreement
between experiment and theory and the exclusion of other effects
proves that the observed radiation is generated in the undulator.
Beyond that, this experiment introduces laser-accelerated elec-
trons into the radio-frequency accelerator domain of synchrotron
light sources. This marks a noticeable step toward a new, compact,
and brilliant short-wavelength light source.

Index Terms—Accelerators, lasers, synchrotron radiation.

I. INTRODUCTION AND MOTIVATION

LTRASHORT coherent light pulses are an invaluable tool
U to study the microscopic dynamics of matter. Particularly,
femtosecond laser pulses have revolutionized the knowledge of
intramolecular and microscopic solid state dynamics in the last
two decades, which became possible since the duration of the
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light pulses is on the order of the characteristic microscopic
time scales, and the photon energy is in the range of relevant
electronic excitations. Transition states of photoinduced molec-
ular dynamics like isomerization and proton- or energy-transfer
reactions can be observed in real time by applying a pump-
probe spectroscopy technique with ultrashort laser pulses or
even femtosecond laser-generated electron pulses [1]. Serious
efforts are made to steer photochemical reactions into desired
pathway by controlling the initial coherent motion of vibra-
tional wavepackets [2], [3]. However, the wavelength regime
accessible for femtosecond lasers is limited to the near-infrared,
visible, and near-ultraviolet spectral range and, thereby, restricts
the interaction with matter to electronic transitions and their
coupling to the atomic motion.

Shorter wavelengths down to a few nanometers can be gen-
erated by synchrotron radiation using electron storage rings
or linear accelerators equipped with undulators and, by that,
open a more direct view into intermolecular or solid state
dynamics through diffraction. This well-established technology
grants access to a multitude of beam properties of the pro-
duced radiation like wavelength, spectral width, polarization,
peak photon numbers, average power, and more. Such light
sources topped the performance of conventional X-ray tubes
by many orders of magnitude and facilitated time-resolved
X-ray diffraction in crystals and recently also of molecules in
solution which is of interest for a wide range of interdisciplinary
research [4]-[6]. However, the temporal resolution is mostly
limited to tens of picoseconds which is significantly larger than
for optical pulses and above the desired atomic time scales.
Certain technological efforts were undertaken to overcome the
limits of synchrotron light sources. In particular, if an undulator
is operated in the free-electron-laser mode (FEL), extremely
brilliant, ultrashort, polarized, and coherent light pulses are
produced. Coherence is obtained by an intrinsically generated
modulation of the electron pulses during the interaction with the
self-generated light field. This process is called self-amplified
spontaneous emission (SASE), which is the basis of all present-
day FEL at short wavelengths [7]. Currently constructed free-
electron lasers, for example at DESY (Germany) and Berkeley
(United States), will have an unprecedented peak brilliance
at the nanometer or even Angstreem scale at very high aver-
age power. They promise a wide applicability, spanning from
atomic and cluster physics through temporally resolved struc-
tural analysis of complex molecules to plasma physics and even
quantum electrodynamics in high external fields [8]. However,
today’s FEL require several gigaelectronvolts linear electron
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accelerators, which are kilometer long due to the maximum
energy gain per length of less than 100 MeV/m, which is
set by material breakdown of the radio-frequency cavity. In
addition, the electron-bunch duration determines the radiation-
pulse duration and is still mostly limited to the picosecond level.
Special techniques allow for shorter X-ray pulse durations but
use only a fraction of the electron pulse.

Bridging the gaps between both fields may become possible
with relativistic laser plasma physics. In the late 1970s, a
mechanism was predicted to accelerate charged particles with
the help of a strongly driven plasma wave [9]. As a driver
for such wave, an intense laser pulse or a particle beam is
suited [10]. Femtosecond lasers can be used to generate light
intensities exceeding 102° W/cm? [11]—providing fields strong
enough for particle acceleration—which is accomplished with
powerful short-pulse laser amplifiers based on the technique
of chirped-pulse amplification. During the last decade, many
experiments were carried out in order to explore the feasibil-
ity of laser—plasma accelerators. Stimulated by particle-in-cell
simulations [12], recent experiments have shown that if these
laser pulses correctly interact with a self-generated or externally
produced underdense plasma, then electrons can be accelerated
to energies up to a gigaelectronvolt with a few percent band-
width and within a well-collimated beam [13]—[16]. The under-
lying acceleration mechanism is called bubble acceleration: The
intense laser pulse strongly drives a longitudinal plasma wave,
forming a low-electron-density region (plasma bubble) which
is propagating close to the speed of light behind the laser pulse.
Some of the plasma electrons are injected into the bubble and
accelerated within only a few millimeters to energies of several
hundreds of megaelectronvolts [12].

Hence, the energy gain per length for a laser—plasma acceler-
ator is significantly larger than for radio-frequency accelerators,
because the acceleration is based on a plasma which in turn has
to be avoided in the conventional approach. The electron-pulse
duration was measured to be not longer than the laser-pulse
duration (< 107* s), and simulations suggest that it might be
even shorter due to self-modulation of the laser pulse while it
propagates through the plasma [17]. The charge of an electron
pulse depends on several parameters, like laser-pulse energy,
plasma density, and acceleration regime, and is typically tens
to hundreds of picocoulomb for tabletop high-intensity lasers.
Thus, the electron-pulse duration of a laser—plasma accelerator
is inherently shorter and the peak current higher than for an
electron pulse of an RF accelerator.

In this paper, we present the first production of synchrotron
radiation from laser-accelerated electrons in more depth as
in our previous work [18]. In Section II, we present the
experimental methods in detail and discuss several detection
and resolution issues. Section III gives a brief overview on
synchrotron radiation. In Section IV, we present results of
the produced synchrotron radiation as well as characteristics
of laser-accelerated electrons. There, we also discuss possible
other radiation sources. Finally, in Section V, we present possi-
ble future developments for the presented method of producing
radiation. We also compare our method with other conventional
and laser-based approaches for the production of short-pulse
radiation at short wavelengths.
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Fig. 1. Setup of the experiment: The main laser pulse is focused by an OAP
into a supersonic helium gas jet. The gas becomes fully ionized; the laser
pulse undergoes relativistic self-focusing and creates a plasma channel wherein
electrons are accelerated to several tens of megaelectronvolts energy. The
electron-beam profile may be monitored by a retractable scintillating screen.
The electrons propagate through an undulator, producing synchrotron radiation,
into a magnetic electron spectrometer where they get dispersed. Radiation is
collected with a lens and analyzed by an optical spectrometer. The spectrometer
is protected against direct laser and plasma exposure by a thin aluminum foil
placed at the undulator entrance.

II. EXPERIMENTAL METHODS

The experiment was performed at the Jena high-intensity tita-
nium:sapphire laser JETI. The setup of the experiment consists
of a laser-wakefield accelerator as electron source, electron-
beam diagnostics, an undulator, an electron spectrometer, and
an optical spectrometer. These parts were all aligned along
the z-axis (direction of laser propagation). All parts, except
the spectrometer, were located inside vacuum chambers. The
schematic of the setup is shown in Fig. 1. An essential feature
of the experiment is that the acceleration region, the electron
spectrum, and the undulator-radiation spectrum were simulta-
neously recorded for each individual shot.

A. Laser—Plasma Accelerator

In the described experiment, the JETI laser delivered laser
pulses at 795-nm central wavelength with an energy of 430 mJ
on target within a pulse duration of 85 fs. The laser was
focused by an F/6 30° off-axis parabolic mirror (OAP) to a
slightly elliptical spot (due to the laser mode) with an area
of 95 pum? full-width at half-maximum (FWHM), yielding
a peak intensity of 5 x 10'® Wcm™2. This corresponds to
a normalized vector potential ay = 1.5, which is defined as
ag = eE/(mgcw), where e and mg are the electron’s charge
and rest mass, respectively, E is the amplitude of the electric
field, c is the speed of light, and w is the laser frequency.

At the focal spot, a pulsed supersonic helium gas jet was po-
sitioned, generating a super-Gaussian gas-density distribution
of 2-mm diameter and a peak gas density of 2 x 10'? cm™3.
Since ap > 1, the laser pulse undergoes ponderomotive and
relativistic self-focusing and propagates within a self-generated
plasma channel through the fully ionized helium gas. At the se-
lected laser and plasma parameters, the laser pulse experiences
a strong longitudinal self-modulation which shortens the pulse
and steepens the wake [19]. Electrons are efficiently accelerated
to relativistic energies on the order of 50-100 MeV via the
bubble regime (also called forced laser-wakefield acceleration)
[19], [20]. The self-scattered laser light emitted from the plasma
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tory of an electron with v = 100, injected on-axis. The electron exits parallel
to the axis with a negligible offset of 30 pm.

channel perpendicularly to the laser propagation was monitored
by a CCD camera equipped with a bandpass filter for funda-
mental laser frequency for each individual laser shot for online
diagnostic and optimization of the laser—plasma interaction and
subsequent electron acceleration.

Electron-beam profile images were recorded using a re-
tractable scintillating screen (Konica KR) placed 30 cm behind
the focal spot, observed by a CCD camera. The occurrence
of well-collimated electron beams was optimized by carefully
varying the gas density and the gas-jet position with respect to
the laser focus. Besides well-collimated beams, almost every
shot showed also a fraction of nondirected electrons. The
“center-of-mass” direction of electrons was set to the z-axis by
changing the direction of laser incidence on the gas jet while
keeping the focus position fixed.

B. Undulator

After removing the scintillating screen, the electrons propa-
gated through an undulator into an electron spectrometer. The
undulator is built from permanent magnets in hybrid structure
with a period of A\, =2 cm and a length of 1 m (N =
50 periods). The distance of the undulator entrance from the
gas nozzle was 40 cm. The gap between the magnets was
set to 10 mm; the maximum magnetic-field strength on axis
was B = 330 mT. The undulator parameter, defined as K =
(eBAy)/(2mmgoc) amounts to K = 0.6. The first and last three
periods of the undulator were equipped with ferromagnetic
screws allowing fine adjustment of the magnetic field for on-
axis injection and on-axis exiting of the electrons. Fig. 2 shows
the measured B-field on axis and the path of the electron
(equivalent to second field integral) with v = 100 through the
undulator, injected on-axis. Both the excursion of up to 200 ym
and the deviation of 30 um from the axis at the exit are
negligible for electron beams with diameters larger than 1 mm.
On-axis exiting is a requirement for subsequent determination
of electron energy in the permanent-magnet spectrometer and
was therefore taken into consideration at this point.
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C. Electron Spectrometer

The electron spectrometer, based on permanent magnets
inside an iron yoke, was placed at a distance of 185 cm from
the gas jet. The input aperture was 2 cm; however, the full solid
angle of acceptance was limited to 7 mrad by the undulator
exit. The magnetic-field strength was 720 mT, extending 20 cm
in length (2) and 10 cm in width (z), with a gap of 2 cm (y).
Scintillating screen (Konica KR) in combination with a CCD
camera was used for online electron detection, covering elec-
tron energies from 14 to 85 MeV. The screen images were
calibrated in terms of measuring charge against an imaging
plate (Fuji BAS-MS2025), which could be inserted 15 mm
in front of the scintillating screen. Data for the response of
the imaging plate and the scintillating screen are taken from
[21] and [22], respectively. The spectrometer sensitivity is
better than 0.5 pC/MeV. Dispersion was determined by particle
tracking based on the 3-D measurements of the magnetic field
including fringe effects.

In principle, there is a large energy uncertainty due to
the unknown input position and angle of the electrons. The
10-mm-wide undulator exit limits electrons to a maximal devia-
tion of 3.6 mrad from the z-axis. However, a second retractable
scintillating screen, similar to the one in front of the undulator,
was placed between undulator and electron spectrometer (not
shown in Fig. 1). Images from that screen exhibit a focusing
effect of the undulator for electrons in the z-direction, which
is also the dispersing direction of the electron spectrometer
(cf. Fig. 1). The screen images show an average localization
of electrons within a range of 2 mm from the z-axis, which
is in reasonable accordance with particle-tracking simulations
of the undulator, proving this focusing effect. The resulting
electron-spectrometer-energy uncertainty is smaller than 10%.
Note that there was no possibility for simultaneous detection of
electron-beam profiles, electron-energy spectra, and radiation
spectra. The scintillating screen blocks the undulator radiation
and scatters the electron beam. In addition, we refrained from
smaller input apertures for the electron spectrometer because
that reduced the radiation signal dramatically.

However, for a well-collimated and monoenergetic electron
bunch, the discrimination between beam divergence and energy
spread may be accomplished by measuring the electron beam
divergence along the y-direction (nondispersive) and assuming
the same divergence along the x-direction. This assumption is
reasonable, since the electron-beam profiles show only little
asymmetry for such bunches. Thus, despite the mentioned
uncertainty of the peak-energy position, the spectral width can
be determined within 2%.

D. Optical Detection System

Undulator radiation was collected and focused into the en-
trance slit plane of a symmetrical 200-mm Czerny—Turner
spectrometer. A thermoelectrically cooled CCD camera
(Andor DO-420 BN) was used as detector, shielded with lead
against X-rays from electron stopping in the vacuum-vessel
walls. The 26.6 x 6.7-mm? CCD chip (1024 x 256 pixels)
was operated in hardware-binning mode, merging arrays of
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8 x 12 pixels together to superpixels which is useful, since
there is no need for high spectral resolution, and thermal noise
and quantization errors are reduced. The spectral range was set
to 560-990-nm; wavelength calibration was accomplished with
a Hg-vapor lamp. The spectrometer efficiency was carefully
calibrated by means of a calibrated visible light source. Due
to the intrinsically parallel photon detection within each CCD
pixel, saturation of the signal from the ultrashort pulses did not
occur. In order to screen the optical spectrometer against direct
exposure with laser and plasma light, a 15-pm-thick aluminum
foil was placed in front of the undulator.

Raytracing simulations of the optical system show that the
collection angle for undulator radiation is about 2 mrad, which
is significantly smaller than from simple geometrical estima-
tion. The light source to be imaged is extended 1 m in depth
(demands an extremely high depth of focus), which is difficult
to image onto the slit plane without significant loss of flux. In
the experiment, the longitudinal center of the undulator was
imaged onto the slit plane, resulting in a maximum of intensity
and average image quality.

III. UNDULATOR RADIATION

The relativistic laser-accelerated electrons undergo oscil-
lations in the undulator perpendicular to the magnetic field
and the propagation direction and, therefore, emit polarized
radiation. Due to the relativistic movement, the emission is
anisotropic and peaked in forward direction. The wavelength
A of the emitted light is mainly determined by the undulator
period \,, and the electron energy E, = ymgc? (7 is the
Lorentz factor) and to second order by the undulator param-
eter K, determining the amplitude of the oscillatory motion.
Furthermore, the emission wavelength depends on the angle of
emission ¢ with respect to the propagation direction [23]

A K?
— u_ 1 - 292 1
A vn (+ 2+’y19> (1)

where n is the harmonic order of the emission. For K < 1,
as in the case of our undulator, the emitted wavelength in
forward direction is approximately A =~ \,/272. For electron
energies around 55-75 MeV, the wavelength of fundamental
radiation emitted with our undulator (A, =2 cm) is in the
visible spectral range (560-990 nm). The natural linewidth of
undulator radiation is given by the number of oscillations which
is equal to the number of periods N: AM,.i/\ = 1/N. This
amounts to 2% in our case. Furthermore, due to the angular
variation of the emitted wavelength, the observed spectrum also
strongly depends on the solid angle of observation and electron-
beam divergence.

The energy F, emitted by a single electron for funda-
mental undulator radiation (n = 1) increases linearly with the
number of periods N and quadratically with the electron en-

ergy v [23]
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TABLE 1
PROPERTIES OF LASER-ACCELERATED ELECTRONS, DETERMINED
(Tor) FROM ELECTRON-BEAM PROFILE IMAGES AND
(BELOW) FROM THE ELECTRON SPECTROMETER

Property Quantity

relative frequency of well-collimated beams 0.7 per shot
divergence of well-collimated beams 3 -7 mrad

average divergence of electrons 30 mrad

mean variation of well-collimated beams 60 mrad
rel. frequency monoenergetic spectra 0.25 per shot
predominant charge of monoenergetic peak 10 pC -20 pC

predominant peak energy 40 MeV - 45 MeV

where ¢ is the permittivity of free space. Considering the mean
photon energy Ej, = he/ A, one can estimate the number of
emitted photons per electron to be Ny, = E) / .

For more than one electron, the emission can superimpose
coherently or incoherently. An incoherent superposition takes
place if the electrons are distributed over a distance significantly
larger than the emitted wavelength A. In that case, the number
of emitted photons scales linearly with the number of electrons
N,, respectively, the total charge in the pulse. This is the
situation of the experimental conditions described here. In the
vice-versa case of a coherent superposition, which is possible if
all electrons are bunched within a range significantly shorter
than the wavelength (or become microbunched as inside a
FEL), the emission scales with the number of electrons squared
N2, until saturation sets in due to a significant energy exchange
from the electron to the radiation.

For this experiment, accurate calculations of incoherent ra-
diation spectra are necessary which regard the collection an-
gle and electron-energy spectrum. Undulator-radiation spectra
were computed as follows. For the given magnetic field, the tra-
jectory and the Lienard—Wiechert-potentials are calculated with
dependence of the electron energy. Integrating over the solid
angle of detection and convolving with the electron spectrum,
the radiation spectrum is obtained for arbitrary electron spec-
tra [24]. By that, we were able to compare measured radiation
spectra with simulations based on measured electron spectra.

IV. RESULTS
A. Electron Beams

The laser-driven electron source was optimized prior to shots
through the undulator and measurements of optical radiation.
Properties of the produced electron beams with relevance to this
experiment are given in Table I.

Observations of the electron-beam profiles with the scin-
tillating screen show two types of electron beams: a weak
and divergent electron “cloud” which is observed almost every
shot. Well-collimated electron beams occur quite often but
with significant fluctuations around their average direction and
are superimposed to the cloud. The probability that a well-
collimated beam propagates through the undulator is about
one in hundred shots. From previous experiments [13]-[16],
[19], [25], we assumed only well-collimated beams to give
narrowband spectra. Surprisingly, the electron spectra show
one out of four shots having narrowband features in the full-
detection range of the electron spectrometer from 20 to 80 MeV.
That must be explained by the cloudy fraction of electrons
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Fig. 3. (a) Electron spectra and (b) corresponding optical-radiation spectra

for three shots. The vertical gray bars in graph (a) indicate the range of electron
energies (55-75 MeV) where undulator radiation would be within the range of
the optical spectrometer (560-990 nm). The right-hand-side ordinate in graph
(b) is for the red shot.

present in every shot, which were, so far, expected to be
broadband. The narrowband peak energies vary between 20
and 70 MeV with a maximum in the range of 40-45 MeV,
and the charge of such peak is mostly below 40 pC. There
are considerable fluctuations of electron-beam position and
electron energy spectrum, induced by the little fluctuations of
the gas jet, laser-beam profile, and pulse energy, but boosted
by the highly nonlinear acceleration regime. Despite this, the
parameters are very encouraging for a further use of such
electron beams like passing through an undulator. Results of
undulator radiation are presented in the following.

B. Undulator Radiation

Fig. 3 shows three examples of pairs of electron spectra
(top) and corresponding optical-radiation spectra (bottom, same
color means same shot). The gray vertical bars at the electron
spectra indicate the energy range where undulator radiation
would be expected within the spectral range of the optical
spectrometer.

The red electron spectrum is peaked at 64 MeV, right within
the energy range of interest, and has almost no electrons at
lower energies. We observe a very strong peak at 740 nm
with the optical spectrometer (right-hand-side ordinate due to
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Fig. 4. (Red) Measured optical-radiation spectrum and (green) simulated
undulator-radiation spectrum which was calculated from (inset) the correspond-
ing electron spectrum.

rescaling with the other shots). The peak positions agree very
well with (1).

The green electron spectrum is broadband, however, with a
particular spectral shape in the detection range: slowly increas-
ing toward a slight peak at 67 MeV and then a faster decrease.
The same spectral shape with a corresponding peak position is
observed with the optical spectrometer.

The black electron spectrum shows a peak as strong as the red
one but at 30 MeV electron energy and no electrons for energies
above 40 MeV. Hence, the radiation is expected around \ =
3 pm, beyond the detection range of the optical spectrometer.
Indeed, no optical radiation was detected.

A more precise data evaluation was carried out with the help
of simulations. Fig. 4 shows again the red displayed shot from
Fig. 3. It shows as inset that the electron spectrum, which is
peaked at 64 MeV, has a width of 3.4 MeV (FWHM) and
contains a charge of 10 pC. Optical radiation (red) is peaked
at 740 nm and has a bandwidth of 55 nm. The total number of
photons within the linewidth is determined to be 280 000. Based
on the electron spectrum, the undulator-radiation spectrum was
simulated as described earlier and is shown as green line in
Fig. 4. It shows an excellent agreement with the measured
undulator radiation. The slight offset of the peak positions
is negligible in consideration of the uncertainty for electron-
spectrum peak positions, and spectral width and photon num-
bers are in perfect agreement.

Fig. 5 shows the correlation between electron-spectrum peak
energy and optical-radiation peak wavelength. For each shot
having a peak with a sufficient charge (spectral intensity greater
than 1 pC/MeV) within the energy interval of 55-75 MeV, a
peaked undulator-radiation spectrum was measured, and the
peak wavelengths correspond very well to the expected wave-
lengths. Shots generating electron pulses with energies below
55 MeV—corresponding to undulator radiation beyond the
optical spectrometer’s range—produced no signal on the optical
spectrometer, with the exception of a few shots with peak
energies between 40 and 50 MeV and with very high charge
within the peak. These shots produced a very small signal on
the optical spectrometer at wavelengths corresponding to the
second harmonic of undulator radiation [n = 2 in (1)]. For
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undulator-radiation spectra peak wavelengths. The solid lines display the the-
oretical relation between electron energy and undulator-radiation wavelength
according to (1) for (blue, n = 1) the fundamental and (green, n = 2) second
harmonic. The gray bars arise from the detection range for optical radiation
(560-990 nm) and guide to ranges for electron energies where electrons should
produce an optical signal. Note: The error bars do not show an error in the sense
of an uncertainty but the width of the electron and optical spectrometer signal,
respectively.

these shots, the electron spectral intensity had to be above
7 pC/MeV in order to produce a detectable optical signal, which
were indeed very faint with a typical signal-to-noise ratio < 2.
This behavior is consistent with simulations of undulator
radiation—based on the actual undulator parameters—which
exhibit an intensity ratio of 10:1 for fundamental to second-
harmonic undulator radiation.

All shots shown in Fig. 5 fit well whether to fundamental
undulator radiation (blue line) or second harmonic (green line).
Over and above, it must be noted that there were no shots with
an optical signal but without a corresponding electron spectrum,
and vice versa.

Further sources of light, which possibly could have been
detected by the spectrometer, are excluded as follows. Direct
laser light, plasma emission, and transition radiation from the
plasma—vacuum boundary are completely blocked by the alu-
minum foil in front of the undulator. Furthermore, tiny leakages
in the foil would easily be uncovered by the laser light as the
most intense fraction. Laser light would be observed and, thus,
easily identified via the constant spectrum at 800 nm.

In fact, only transition radiation from the foil-vacuum
boundary is a conceivable source of interfering light. Transition
radiation occurs if an electron pulse crosses an interface where
the dielectric function varies. The interaction of the current
with the boundary generates broadband radiation. However, for
wavelengths longer than the bunch length, a coherent superpo-
sition results and increases the intensity for such wavelengths.
For coherent transition radiation with wavelengths detectable
by our spectrometer, the bunch duration would have to be
shorter than 3 fs. Furthermore, if there is a periodical modu-
lation on the longitudinal structure similar to microbunching
in a FEL, such coherent transition radiation will be produced
as well, leading to increased intensities at wavelengths given
by the periodicity. Recently, coherent transition radiation from
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laser-accelerated electrons at wavelengths from 400 nm—1 pm
was observed [26]. The laser pulse interacts with the laser-
accelerated electrons and imprints its periodicity. But this im-
pression is washed out with increasing distance between the
laser—plasma accelerator and metal foil due to space-charge
effects of the electron bunch. Referring to [26], in our case
of 400-mm distance between aluminum foil and acceleration
region, the imprint of the laser is faded. Thus, in the wave-
length range of our spectrometer, only incoherent broadband
transition radiation may be produced, unable to explain neither
the correlation between electron spectrum peak energies and
optical spectrum peak wavelengths for various shots (Figs. 3
and 5) nor the agreement between simulated and measured
spectrum (Fig. 4). In addition, in contrast to undulator radi-
ation, transition radiation is emitted into lobes separated by
an angle ¥ ~ 1/ with zero intensity on axis. Hence, the lens
collects transition radiation around its intensity minimum, and
the imaging of this source onto the entrance slit plane of the
optical spectrometer is worse than for undulator radiation, and
the overall signal will be very small. All in all, in fact, we did
not observe an optical background signal. In conclusion, we
show strong evidence that the observed narrowband radiation is
indeed generated by electrons wiggling through the undulator.

V. CONCLUSION AND PERSPECTIVES

As aforementioned, electron acceleration with high-intensity
lasers has made rapidly significant progress within the last
five years. Stimulated by 3-D particle in cell simulations [12],
the acceleration of narrowband electrons through the bubble-
acceleration mechanism was experimentally demonstrated in
2004 [13]-[15]. A maximum electron energy of 1 GeV was
achieved in 2006 by replacing the gas jet by a 3-cm-long
gas-filled capillary discharge waveguide [16]. Finally, the re-
producibility of electron energy and charge in the pulse was
improved and became controllable by triggering the electron
injection into the accelerating plasma wave by means of a
counterpropagating laser pulse [25]. The authors have no doubt
that this worldwide development will rapidly proceed in the
next few years toward predictable electron pulses in the giga-
electronvolts range with percent energy width, still generated
by present-day tabletop high-intensity lasers.

In order to improve the reliability of producing synchrotron
radiation from laser-accelerated electrons as described in this
paper, it is necessary to have a stable electron beam with very
good collimation. Furthermore, predictable electron energies
and very small energy spread would be desired. The use of
capillary discharge waveguides [16], as well as the triggered
injection by a counterpropagating laser pulse[25], give stable
electron beams with very little divergence. However, the use
of a counterpropagating laser beam is difficult and complicates
the setup together with an undulator. The use of a capillary dis-
charge waveguide seems more promising, since the divergence
is even smaller than with a counterpropagating laser beam
(2 mrad instead of 6 mrad), but the electron-beam energy is
not as selectable as with triggered injection.

Due to the favorable 1/+? scaling of the undulator radiation
(1), ultrashort incoherent light pulses in the UV and soft X-ray
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spectral range will soon be produced by the method described
in this paper. Considering the laser-produced 1 GeV electron
beam [16] in combination with our undulator (A, = 2 cm), (1)
predicts radiation with 2.5-nm wavelength or 500-eV photon
energy, respectively.

The generation of coherent undulator radiation is more
challenging, since it requires electron pulses (or pulse struc-
tures) shorter than the emitted wavelength. With today’s laser-
accelerated electrons, this might be possible in the infrared
spectral range using undulators with long period. This is possi-
ble since the electron pulses are effectively prebunched in order
to produce coherent synchrotron radiation [27]. However, in the
UV or even X-ray region, one has to rely on the SASE process
[28]. The core of the SASE process is the interaction between
the electron pulse and its own undulator radiation, which leads
to a spatial modulation of the electron density and, finally, to
a break-up of the electron pulse into a trace of equidistant
short pulses; each of them then emitting coherent light. This
requires high-quality electron beams in combination with long
and highly engineered undulators, since this process starts from
spontaneous synchrotron radiation and takes a certain length
(gain length) in order to modulate the electron pulse. The gain
length is determined by the inverse of the Pierce parameter p,
which may be written as follows [27], [29]:

2 1/3
p~t ( o I’“) 3)
Y \0z0y Iy

where o, and o, are the beam diameters in 2- and y-directions,
respectively, [, is the peak current, and I4 = 17 kA is the
Alfven current. In order to reduce the gain length and therewith
the undulator length, the Pierce parameter has to be large.
Usually, the beam size is reduced by focusing the electron
beam, which requires electron beams with extremely low emit-
tance. However, as shown in (3), the gain length may also be
reduced with a high current of the electron beam. Due to the
ultrashort pulse durations of electron pulses from laser—plasma
accelerators, the peak current will be much higher as from RF
accelerators. Hence, laser—plasma-based electron accelerators
might be ideal drivers for FEL [29], [30].

An additional advantageous aspect of a purely laser-driven
undulator radiation is the temporal coupling of the laser light
and the undulator radiation. Each time-resolved experiment
relies on the pump-probe technique. Microscopic dynamics
are started to be an ultrashort pump pulse and are probed by
a second ultrashort pulse after a certain time delay. Without
ultrashort pulses, no sufficient time resolution would be ob-
tained. Thus, a laser-based source is perfectly suited. Splitting
and delaying optical pulses may be accomplished with sub-
femtosecond time resolution and perfect reproducibility. Up to
now, one of the two pulses is typically a femtosecond laser
pulse, externally coupled to the accelerator RF source or with
a separate delay measurement for each shot. That would be
overcome with a laser-based synchrotron source. Furthermore,
there are possibilities to convert the laser pulse into a second
laser-driven electron pulse, X-ray pulse [31], [32], or even ion
pulse [33], [34]. The second pulse just has to be amplified with
a second arm of the laser system, and the multitude of laser-
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driven sources with all their unique properties and exotic states
of matter are accessible as pump or probe pulse.

Other laser-based radiation at short wavelengths are Betatron
radiation, Thomson-Backscattering, and X-ray line emission.
Betatron radiation [35] from laser-produced plasmas is gener-
ated by laser-accelerated electron, which undergo a transverse
oscillation in the plasma wake. Thus, the implementation is
quite easy, but the radiation strongly depends on the transverse
excursion of the electrons and their energy. Hence, the radia-
tion is broadband, and this method turned out to be rather a
diagnostic tool for electron acceleration [36]. For Thomson-
Backscattering [20], the static magnetic field is replaced by a
counterpropagating electric field of a laser pulse. This allows
again for ultrashort narrowband-polarized pulses and wave-
length tuning and has the advantage that, for the same electron
energy, the photon energies are higher as for an undulator
because the undulator period is now submicrometer [37]. How-
ever, the experimental setup is difficult to handle [20]. X-ray
line emission [38] is monochromatic, with appropriate target
choice as short as the laser pulse, and rather straightforward to
produce. However, its brightness is very small due to isotropic
emission and a lack of appropriate X-ray optics. In addition,
polarization control and continuous tuning is not possible.

In summary, we have demonstrated an all optically driven
undulator-radiation source. Ultrashort monochromatic electron
pulses with energies around 60 MeV are produced by the inter-
action of a high-intensity laser with a gas jet. These electrons
propagate through a static undulator of 2-cm period length
and generate synchrotron radiation in the visible wavelength
regime. This experiment marks an important step toward the
application of high-intensity laser accelerators in conventional
accelerator science. With a further increase of electron energy
and the consequent reduction of undulator wavelength into the
UV and even soft X-ray region—and with a future success-
ful generation of coherent undulator radiation with the same
method—this novel radiation source will be a valuable tool for
a number of applications currently dependent on large free-
electron laser installations like time-resolved X-ray imaging,
diffraction, or microscopy.
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