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Beams of x rays in the kiloelectronvolt energy range have been produced from laser-matter
interaction. Here, energetic electrons are accelerated by a laser wakefield, and experience betatron
oscillations in an ion channel formed in the wake of the intense femtosecond laser pulse.
Experiments using a 50 TW las€B0 fs duration are described, as well as comparisons with
numerical simulations. These results pave the way of a new generation of radiation in the x-ray
spectral range, with a high collimation and an ultrafast pulse duration, produced by the use of
compact laser system. @005 American Institute of Physid®DOl: 10.1063/1.1842735

I. INTRODUCTION demonstrate a novel concept that combines these features.
o Recently, it was demonstrated that the large electrostatic
Secondary x-ray radiation sources from laser-producegeqs generated in a laser produced plasma can be efficiently

pulse duration they can provigéemtosecond time scalee_\s dreds of MeV. In addition they have the unique property to
well as the compactness of the laser systems required as ; .

. : . . e ultrafast(femtosecongd This mechanism, called forced
compared with the conventional large scale installations suc

as synchrotrons. High-order harmonics from solid or gas taro>c" wakefield, has been observed experimeritafig from

. . . . . . 6
gets, extreme ugxuv)-ray lasers antk« x-ray sources have three-dimensional3D) particle-in-cell (PIC) simulations’

been shown to produce ultrashort pulses in the xuv or x-ray’lrafast synchrotron-type radiation can subsequently be

spectral range. However, beams of x-ray radiation could nopreduced by wiggling the laser-produced electron beam, out-
be produced until very recenﬂyHigh—order harmonics of Side of the plasma, in a periodic electromagnetic structure.
the fundamental laser light and xuv lasers can generate colHowever, for specific interaction parameters, the plasma gen-
limated radiation but only down to wavelengths of about 10erating the electron bunch can in fact play itself the role of
nm?Z At shorter wavelengthKe x-ray sourcelcan provide  wiggler. In this interaction regime, as the intense and femto-
subnanometers radiation. They are presently the uniqugsecond laser propagates in the underdense plésithaion-
plasma based x-ray sources usable for applications in uized helium gag the ponderomotive force pushes plasma
trafast x-ray sciencéHowever, their monochromaticity and electrons away from the high intensity regions, leaving an
full divergency(over 4 solid angle severely limit the ap- jon channel almost free of background electrons in the wake
plications that could be undertaken. At first, only sampleof the laser® As the relativistic electrons propagate in the
showing high structural periodiciticrystalg can be studied. jon channelFig. 1), they experience a radial restoring force
Information on transient atomic structures is then limited be,e to the transverse electrostatic field generated by the
cause very few Bragg peaks can be followed simultaneouslgpaCe charge separation with the ions. They undergo
dunng a time resolvgd eXPe”mem- Furthermprg, Cc_’mple)f)scillations—called betatron oscillations—and, as in a con-
materials cannot be investigated due fo the finite size angentional synchrotron, a collimated beam of synchrotron ra-

small efficiency of the x-ray optics used to collect the radia- ,._.. S . s :
. . . diation originates from this relativistic and oscillatory
tion. This leads to a dramatically reduced x-ray flux onto the 7.8.10

sample(5x 10* photons to be compared to the®lhotons motion.

emitted at the sourgeTo extend ultrafast x-ray techniques to i rlfollofwmg our recent p;lt)llclatlohhere we shovr\]/ in de-
more complex applicationgo biological and chemical ap- tail how femtosecond and kiloelectronvokeV) synchrotron

plications, a brighter x-ray source, produced as a collimated@diation is produced by this fully laser-based concept. First,

beam and with a broadband spectrum is needed. Here wSimple model is used to describe the betatron motion of a
single electron and the synchrotron radiation it emits. Then, a

3Author to whom correspondence should be addressed. Electronic maigD_PIC code is used to simulate the full Iaser_plgsma_lnter-
kim.taphuoc@ensta.fr action and to calculate the produced x-ray radiation. Finally,

1070-664X/2005/12(2)/023101/8/$22.50 12, 023101-1 © 2005 American Institute of Physics
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FIG. 1. (Color online. Betatron oscillation and radiation produced by a '4f 3
relativistic electron oscillating in an ion channeld is a scaled angle cor- .5 . : —_ . : . : .
responding to the peak angular deflection of the electron. We define the 0 20 40 60 80 100
parametelK=y6 as the strength parameter associated to the channel. The Z(c/
produced synchrotron radiation is confined in a narrow cone of divergence (C mp)
0.

FIG. 2. Betatronic orbits of one electron for various pairs of parameters
(1=60,rp=1 um), (1=60,r,=0.1 um), (y9=20,r7=0.1 um). The plasma
. . itv i =1X 9 _3_
experimental results are shown and compared with the n(fensity isne=1x 107 cm
merical simulations.

a period Ay, and a strength paramet& given by K=vy6
Il. X-RAY FEATURES FROM A SINGLE = Ykl o=1.33%X 10710 yn(cm3)ro(uwm), whered is the peak

ELECTRON MODEL angular deflection of the electron traject@hig. 1). Conse-

We consider a simple model of a single electron propaduently, as in a conventional insertion device, synchrotron
gating in a uniformly charged and cylindrical ion channel in radiation is emitted by the relativistic electron. The electron
the z direction (Fig. 1). The electron has an initial velocity {rajectory determines the divergence of the produced radia-
alongz with an energyy,me (wherey, is the initial Lorentz ~ tion. It consists of a narrow cone of divergengeK/y di-
facton and an initial transverse positiog from the channel rected in the forward direction. The radiation is emitted in
axis. As the electron propagates in the channel, it experiencé§gimes that are distinguished by the strength paranteter
the transverse restoring fOFé%es due to space charge sepa- For K< 1, the electron motion is near axis and has a weak

ration with the ions. The equation of motion of the electron isampllt.ude_. Th? |oq cawt_y then acts as an undulator and the
then given by radiation is primarily emitted at the fundamental frequency

dp_- Wi = 0(297) = (2N2) 0,7,
— =Fes=— mwgl’l/Z,

dt which corresponds to the betatron frequency Doppler shifted

- in the laboratory reference frame. A1, the amplitude of
whereF ¢ is obtained from the Gauss lam is the electron  the electron motion is increased, the plasma acts as a wig-
mass,r, the transverse position of the electron, aag  gler, high harmonics are radiated, and broadband radiation is
=(4me’/m)"? the plasma frequency, with, the plasma produced. In that case, the spectrum is described by the func-
electron density ané the electron charge. We assume thatgjgn S(w/wc):((U/wc)f:/chS/s(X)dX' characteristic of the

the restoring force is only transverge the directionx). The gy nchrotron radiationt The spectral intensity grows up to a
motion of the electron then lies in th&,z) plane and the frequency given by

axial momentum of the electron is a constant of motion. In
the transverse direction, the electron oscillates at the betatron  @c=(3/2) YCIR=(3/2)y’crok),
frequencywy,~ wy/\2y zind the motion_ is, at the first order, whereRzll(rOkﬁ)
Xx~rqco9ky,2), wherek,=w,/c. The trajectory obtained nu-
merically by integrating the equation of motion using a
Runge—Kutta algorithm is displayed in Fig. 2 for various
pairs of parameters(y,=60, ro=1 um), (=60, rq
=0.1 um), (=20, rp=0.1 um). The electron plasma den-
sity is n,=1x 10'® cm2 for these simulations. The ampli-
tude of the betatron oscillation is. We can see that the

is the effective radius of curvature of the
electron path, and then exponentially decreases. We have cal-
culated the radiation emitted by the electron oscillating in the
ion channel by using the trajectories obtained above. The
general expression for the spectral flux emitted in the direc-
tion of observatiom is given by

2

2 +o0 2 = _n z
frequency of the betatron oscillation decreases when the d :i J eiw[t—ﬁ-r‘a)/c]n x[(n 9/8) X mdt ,
electron’s initial energy increases. dwdQ  47%c| ). (1-8.n)?

The oscillatory motion of the relativistic electron in the . -
ion channel is comparable to that of an electron oscillating irwvherer(t), B(t), and B(t) are, respectively, the position, the
an insertion devicéundulator or wiggler of a synchrotron. normalized velocity, and the acceleration of the electron as a
Here, the ion channel acts as a wiggler—or undulator—withifunction of time(obtained previously from the electron equa-
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__ 3,0x10° 1,2x10°
3 —_
«© 25x10° a 2 a0
% 2,0x10° - % 8,0x10*
_g 1,5x10° ke 6,0x10°
Ni 1,0x10° - o 40x10°
5,0x10°-| 2,0x10*
0,0 s ‘ . : 0,0
0 500 1000 1500 2000 4 5 6 8 9 10
o/ o, Energy (keV)
3.2,0)(105— FIG. 4. Spectrum estimated on axis for an electron wit=60, r,
< b =5 um). The plasma density is,=1 % 10'° cm3. The wiggler strength pa-
c 1.5x10° rameter isK=16.
T
S s
E 1,0x10°
© s oxtot] could be produced. For properly chosen parameters, we
| therefore expect to generate an intense beam of keV radia-
" A Ao . . .. . . .
" 500 1000 1500 2000 tion during the relativistic laser-plasma interaction.
o)/oap
_ Ill. X-RAY FEATURES FROM 3D PIC SIMULATIONS
S 25x10° . .
o Electrons accelerated in plasmas by wakefields have a
g broad energy spectrum and their trajectories in the plasma
S are much more complex than in the simple model depicted in
S the preceding section. To obtain a more accurate description

of the laser plasma interaction in this high intensity regime,
which comprises the electron acceleration, the ion channel
1;’°° formation and the resulting x-ray radiation, we have used a
@7% 3D PIC codé? that has been modified to properly model the

FIG. 3. Spectra on axis fa@) (=20, p=0.1 um) K=0.18, (b) (yo=20, synchrotron emiss_ion. In the co_d_e,_we suppose t_hat at any
r,=0.5 um) K=0.94, and(c) (y,=20, r,=3 um) K=5.6. The plasma den- given moment of time, the relativistic electron emits, along
sity is ne=1Xx 10" cm . For K<1, the radiation is emitted at the funda- jts momentum direction, a radiation spectrum defined by the
meptal. As the a_mplitude of the betatron qscillation increases,_the EIECtroﬂJnCtionS(w/wc). We follow the trajectories of each electron
radiates harmonics. Fét> 1, the spectrum is a broadband continuum. .. . . . .

and calculate the emission during the interaction. The emit-

ted radiation, exerting a recoil on the electfdris included

into the equations of the electron motion. In the calculation
tion of motion. The spectrum of the radiation estimated onwe have used the parameters of the experiment. The laser
the laser axigin the propagation directioris presented in pulse is Gaussiana(t,r)=ag exp(-r2 /r2=t?/T?), with a
Fig. 3 for the sets of parametefg=20,r,=0.01) K=0.018, wavelengthA=0.820um, wherea=eA/m¢c is the normal-
(y=20,ry=0.1) K=0.18, and(y=20, rj=3) K=5.6. ForK ized vector potentialy, =18 um, T, =30 fs, and an initial
=0.018 andy=20, the radiation is emitted in the undulator a;=1.2. For these parameters, the laser power exceeds the
regime at the fundamental frequenc;a/wp:(2/\"’2);/3’2 critical power for relativistic self-focusing. The PIC simula-
=126.5. ForK~1, the first few harmonics appear. FEr  tion shows that the laser beam self-focuses, ayid slightly
=5.6, the radiation is emitted in the wiggler regime and has ancreased in the plasma. As the laser propagates in the
broadband spectrum peaked caglwp:(3/4c)y2wpr0:540. plasma, it leaves a large amplitude plasma wave in which
In this paper we will consider electrons accelerated in electrons are trapped and accelerated up to about 100 MeV
plasma by wakefield with energies extending up to 200and an ion channel almost free of background electfdns.
MeV.®> As a first example, let us consider an electron withthe channel, the simulation shows that the electrons execute
y=60 and with an amplitude of oscillatiag=5 wm. Figure  betatron oscillations with an amplitude of a few microns and
4 represents the spectrum obtained in that case for wkich produce a beam of keV x rays. The maximum x-ray emission
=16. It extends from eV to a few tens of keV and is peakeds observed ah,=1x 10 cm3. At this density, the wake
at 1 keV. The radiation is collimated in the forward direction amplitude maximizes because the laser pulse duration reso-
with a divergence(6=K/y) of a few hundreds mrad and nantly fits the relativistically corrected plasma wave period
maximum on axis. Finally, the average number of photonsl,=27/w, where w§:47rnee2/(ym). The x-ray spectrum
with mean energyiw. emitted by one electron is given by obtained numerically, represented as a function of the obser-
Ref. 7,N,=5.6X 103NgK, whereN, is the number of beta- vation angle, for the optimal plasma density.=1
tron oscillations undergone by the electron. Fe¥r60, n, X 10 cm™3, and for a laser propagation distance of 3 mm, is
=10 cmi 3, and an amplitude of oscillation,=5 um (ob-  shown in Fig. 5. It gives the number of x-ray photons emitted
tained from PIC simulation an x-ray beam providing 8 within 0.1% of the energy bandwidti\zw=103%w) per
X 1072 photons/electron/betatron oscillation centered at arsolid angle(27 sin 6 d6). The energy and the angkaxes
energy around 1 keV within a full divergence of 300 mradare logarithmically scaled. In our parameter regime, the ex-

Downloaded 30 Oct 2006 to 129.93.16.206. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



023101-4 Phuoc et al. Phys. Plasmas 12, 023101 (2005)

Photon number 100 cm off axis
parabola

4x10°

3x10° Electron spectrometer

2x10°

1x10°

Detectors

(@) Laser

Magnets

Deviated electrons

FIG. 5. The numerically predicted synchrotron spectrum from the plasma
with densityn,=1x 10'® W/cn? after 3 mm propagation distance. The dis-
tribution gives the number of x-ray photons emitted within 0.1% of the

energy bandwidttiAzw=10"%w) per solid angle, Z sin 6dé. Xy CCD

pected spectrum is a continuum with a maximum of the /
x-ray emission located in the energy range of 1 keV, and the Be filter
divergence of the x-ray beam is about 50 mrad full width at

half maximum(FWHM). This is in close agreement with the (b)

simple test-particle model described previously.

FIG. 6. (Color onling. Experimental setup for the electréa® and x-ray(b)
IV. EXPERIMENTAL SETUP beams characterizations.

The experiment was performed at the Laboratoire
d’'Optique Appliquée using a titanium-doped sappliirieSa)
laser Operating at 10 Hz with a Waveien@t@of 820 nm in regime of forced laser wakefield described in Ref. 5. In Flg
chirped-pulse amplification mod&.The laser delivers ener- 7 is represented the electron spectrum measured at a plasma
gies up b 1 J on target in 30 fFWHM) pulses, with a linear densityne=1x 10" cm™ as well as the result of 3D PIC
horizontal polarization. The laser beam was focused with agimulation performed under our experimental conditions. For
f/18 off-axis parabolic mirror onto the edge of a supersonidhese parameters, electrons were detected up to 100 MeV
heiium gas je(diameter 3 mm Wthh was Characterized by with an effective |Ongitudinal temperature of 20 MeV. The
interferometry_ The densiw profiie ShOWS high uniformity tOtal Charge Of the eIeCtron bunCh, measured W|th the ICT,
throughout the jet as well as sharp eddtEhe laser distri- Wwas about 5 nC.
bution at full energy in the focal plane was Gaussian with a
waistwy of 18 um containing 50% of the total laser energy.
This produces vacuum-focused intensitig®n the order of
3x 10 W/cn? for which the corresponding normalized
vector potentiaby is 1.2. By varying the backing pressure of
the gas jet, the electron plasma density can be tuned betweer
2x 108 cm™ and 6x10®° cm. We followed the laser
propagation in the plasma using side and top Thomson scat-
tering imaging as well as time resolved shadowgraphy. In
this experiment, we characterized the electrons accelerated
above a few MeV and x-ray emitted in the forward direction.

Electrons /| MeV / sr

V. EXPERIMENTAL RESULTS

At first, the electron beam created and accelerated in the
plasma was characterized on axis using a magnetic electron
spectrometer covering energies up to 200 MeV and an inte-

grating current transformeitCT) (Fig. 6). The plasma anq FIG. 7. (Color onling. Experimental(squarg electron spectrum and nu-
laser parameters were chosen to accelerate electrons in therical electron spectruisolid line) obtained using a 3D PIC simulation.

Energy (MeV)
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FIG. 8. X-ray flux obtained experimentally within the spectral bandwidths 14
determined by 2mm Be filter (1<E <10 keV), 25um Be filter +40um Al a B )
filter (4<E<10 keV), 25 um Be filter +25um Cu filter (6<E< 10 keV). |
The distribution gives the number of x-ray photons emitted within 0.1% of 1,2+
the energy bandwidth and per solid angk10?). — 1

S 1,0

A

L . 2 0,8
The x-ray radiation produced in the plasma was mea- 7
sured using a cooled x-ray charge-coupled deic€D) S 0,6-
. h

camera place@0 cm after the plasmalirectly on the laser £
axis without any focusing x-ray optid=ig. 6). For all mea- 5 0,4+
surements, a 2om beryllium filter is kept in front of the v, 02'
CCD camera to block any radiation below 1 keV. Permanent ]
magnetg0.3 T along 20 cmare inserted between the plasma % [ —
(10 cm after the plasmand the x-ray CCD to deviate off- —

. T ¥ T ¥ T ¥ E T T T T
axis the accelerated charged particles, spatially separate therr -200 -150 -100 -50 0 50 100 150 200
from the x rays, and minimize the noise level onto the de- Observation angle (mrad)
tector. We have characterized the x-ray emission by measur-
ing its spectral and spatial distribution, the X-ray intensityF'G- 9. (Color onling. Angular distribution of the radiation for x-ray inte-

. L . . rated energies beyond 1 k Beam profile of the x-ray beam at=8
and the spatial distribution as a function of the electron den? g Y oy P Y ¢

X 10 cmi 3 and the corresponding lineout graphi@s.Angular distribution

sity of the plasma, the variation of the flux with the laser of the x-ray intensity fomn,=1.1x 101 cmr2 (dotted lin@. The x-ray inten-

energy. We have observed a beam of x-ray radiation. Theity has been normalized.

radiation is intense, broadband in the keV spectral range, and

confined in the forward direction within a 50 mrad cone

(FWHM). As we will see, the properties of this x-ray beam electron spectrum as shown in Fig. 7 and the dependence of

are in a good agreement with the synchrotron radiation emitthe betatron x-ray radiation on the electron parameters

ted by the trapped electrons undergoing betatron oscillations.ay?, Nyavy, 6al/\7y). More statistics, simultaneous

in an ion channel as it is described by the numerical simulameasurements of the electron and x-ray spectrum and spatial

tions. divergence as a function of the x-ray energy are needed to
The spectral distribution of the radiation was measuredllow a reliable and fine comparison between the PIC simu-

from 1 keV to 10 keV by placing a set of Be, Al, Cu, and Ni lation and the experimental results.

filters in front of the detector. The back-illuminated CCD did The most important feature of the observed x-ray emis-

not allow the characterization of the radiation above 10 keVsion is its collimation in a low divergence beam centered

due to the weak sensitivity for high x-ray energies. Further-onto the laser axis. As shown on the beam profile in Fig. 9,

more, the spectral resolution was limited by the bandwidthgsecorded for x-ray energies above 1 keV and fg=8

of the filters. We can see in Fig. 8 that the spectrum dex 10'® cm3, the beam divergence is found to be 20 mrad

creases exponentially from 1 to 10 keV. The total number of FWHM). In addition, we observed that it strongly depends

photons(integrated over the bandwidths of the filters andon the electron density and goes from 20 mrad to 50 mrad

over the divergence of the x-ray bepi found to be more (FWHM) asn, is increased to 1.% 10'° cm™3. At larger den-

than 16 photons(per shot/solid angle at 0.1% BWThe sities, the x-ray beam divergence is further increased. This

spectrum observed is in reasonable agreement with the tedeature can be correlated to tKeparameter, proportional to

particle and PIC simulations, even if slight differences arethe divergencé9=K/y), which increases as, is increased.

observed in the shape and the total photons number. This Is is also strongly linked to the divergence of the electron

not surprising if we consider the large fluctuations of thebeam for which similar dependencies are observed.rzor
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FIG. 10. (Color onling. X-ray signal as a function of the plasma electron

density for x-ray energies beyond 1 keV. Each data point corresponds to an
average value over ten shots. The square along the dotted line correspond 3,5x10* -
to the results obtained using a 3D PIC simulation. —

El

o 30x10'
=1.1x 10" cm™3, at which the x-ray intensity is maximum, ‘%‘ 25x10°
the spatial distribution was larger than the size of the CCD s
area(using our experimental setuprhese results were then € 20x10°
obtained by rotating the x-ray CCD around the gas jet. The 5,
x-ray beam divergence, averaged over more than ten shots, i ? 1,5x10°
found to beA#=50+20 mrad at FWHM. X

Another unique feature of the x-ray beam is its intensity 1,0x10°

as a function of the electron density of the plasma. It is found 50 100 150 200 250 300 350 400 450 500

to be sharply peaked ag=1.1x 10*° cm3 (Fig. 10). Below
this critical density, the x-ray signal rapidly vanishes mainly
beca_-use th.e number of.trapped elec.trons is too low. This ifig. 11. (Color onling. Schematic diagram of the source size measurement.
confirmed in the experiment for which no electrons werewe placed a 13im diameter wire mesh in the beam. The shadow of the
detected by the spectrometer. At |arger densities the X_ray]esh obtained on the detector is shown on the lower figure. A simple geo-
. . netrical relation provides the source size in the transverse direction from the
signal drops qun and a plategu is reaghed. For these expeﬁ;}e_out graph presented hefknife edge technique
mental conditions, the resulting amplitude of the plasma

wave becomes too weak. The pulse must first be modulated

and additional laser energy would be needed. As a result, thequired. Nonlinear Thomson scattering radiation, emitted by
temperature of the electron beam decreases and its divafe electrons of the plasma oscillating in the intense laser
gence increases. The PIC simulations clearly reproduce thige|d, has been proposed as a source of femtosecond >%Srays,
experimental behavior: a sharp increase of the x-ray intensitynq was demonstrated, in a collinear geometry, to produce
followed by a smoother decrease of the signal. high-order harmonics in the vacuum ultraviolgtuv)

We have determined the radiation source size in thqange}G and continuum radiation in the 100 eV ranger
transverse direction by using shadows by the wires of th%o~6).17 But, in this geometry, much higher laser intensity
nickel grid acting as knife edges. As shown in Fig. 11, the(at |easta,~ 10) than used in the present experiment would

grid was placed along the x-ray beam path at 10 cm from th@e needed to extend the spectrum up to the keV range.
source. The detector was located 40 cm after the grid where

|t_s shadow is detected. A S|r_nple geometrical relation then\/l_ PERSPECTIVES

gives a transverse source sig20 umX 20 um) from the

shadow of any wire of the mesh. It is in the same order of We have measured the betatron radiation of relativistic

magnitude than the laser focal spot. electrons oscillating in an ion channel. The features of the
Other radiative processes, such as relativistic Bremsebserved radiation are in agreement with the analytical esti-

strahlung radiation or nonlinear Thomson scattering, couldnations and the numerical simulations. According to the

potentially produce a collimated beam of x rays in the keVtheory, we have also observed that the x-ray and electron

energy range. However, the intensity of the relativisticbeams properties are closely linked.

bremsstrahlung radiation—emitted by the electrons undergo- The x-ray flux as a function of the laser energy is pre-

ing collisions with the ionic background—is too inefficient sented in Fig. 12. A minimum laser energy is needed to ob-

under our experimental conditions to explain the resultsserve the betatron emission. This energy threshold is related

Much higher electron density and laser intensity would beto the wave breaking condition to accelerate background

X(a.u)
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FIG. 12. X-ray signal as a function of the laser energy. ) o
FIG. 13. (Color onling. Spectrum of the betatron radiation for electrons

energiesy=600 (dotted ling, y=400(dashed ling andy=200(solid line).
In all the cases the intensity is normalized.

electrons. Below this energy, no accelerated electrons are

observed, while above, the total x-ray flux increases nearl)é nb lected and f d. On target. intensit high
as the square of the laser energy. In addition, as it was a2 2 € coiected and focused. 1N target, INtensities as hign as
i . 102 W/cn? can be achieved which corresponds to abodt 10
ready mentioned, an increase of thdactor of the electron
hotons focussed on a 3dn focal spot. In 0.1% of the

result in a significant increase of the x-ray flux, energy, ancﬁ ) : .
produces a more collimated beam. The energy of the electronandwIdth it corresponds to A(photons at 4 keV in the

beam can be enhanced by increasing the laser pulse ener@ﬁam' It is two orders of magnitude more than tKe
In the highly nonlinear broken wave regirﬁenumerical urce.
simulations have shown that monoenergetic electron beams
can be produced at about 300 MeV by using a 33 fs, 12 ¥!l. CONCLUSION
(363 TW) laser. The number of electrons in the bunch is
about 3x 10%. In this regime, the maximum electron energy der
scales roughly likea,. Recently, monoenergetic beams of
electrons up to 180+20 MeV have already been produce
experimentally at LOA using a 100 TW lasér.

Following these results, it is realistic to consider that
electrons will be accelerated up to 300 MeV in a near future

Assuming that these electrons undergo betatron oscillatiorl% be femtosecondl® The brightness of the produced x-ray
with :m e_lgnphtuderO:S pm in a plasma at the densitf, 4 jation i estimated from the pulse duration and the size of
=10" cm™3, the plasma wiggler strength parameter is thenthe x-ray source. The average brightness is 5

K=1.33x 10*%yngfo~50. Becaus&> 1, the produced ra- 10° ph/s/mm?/mrad?/0.1% BW and the peak spectral
diation has a broad synchrotronlike spectrum and the maXibrightness is X 1072 ph/s/mni2/mrad2/0.1%BW

mum dx—ray g;zrgyzprtl)(ducedh by .the elt(ajgtrcins b(re]am IS Iex— Beyond the demonstration that compact synchrotron ra-
pected at 0.28w,~26 keV. The Fig. 13 displays the result diation can be produced with femtosecond laser systems, this

of the test-particle simulation performed under these Cond'Fadiative process opens very promising perspectives in a near

tions. We have also represented the spectrum for electror}ature Presently, its reasonably high flux(5

with y=400 _and 7':.200' As we can see the peak of _th:_a X 10° photons/pulsts/0.1% BW and its perfect synchro-
spectrum shifts to high energy as the electron energy is Ny, ation with the laser system enables visible pump/x-ray

creased and x-ray radiation at about 5, 10, and 30 keV iBrobe experiments with insignificant time jitter. Multiple-

expected to be produced for respectively 200, 400, and  gaqq giffraction and absorption x-ray studies can be

600. achieved, which will significantly extend the first x-ray dif-

The number of photons emitted by one el3ectron, OV€lraction studies already demonstrated in ultrafast x-ray
one betatron oscillation, is given Byy=5.6X10"NoK~1 o J9-22

(for Ng=1). If we consider that the electron executes five
betatron oscillationgfor these parametens,~ 360 um) 5

The x-ray radiation produced by relativistic electrons un-
going betatron oscillations in ion channel combines syn-
hrotron features and femtosecond pulse duration in a com-
gact source. We have observed a collimated beam of keV
radiation with a broad energy spectrum. The x-ray pulse du-
ration has not yet been measured but should be of the same
order of the duration of the electron bunch which is expected
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