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Relativistic electrons accelerated by laser wakefields can produce x-ray beams from their motion in plasma
termed betatron oscillations. Detailed spectral characterization is presented in which the amplitude of the
betatron oscillations r is studied by numerical analysis of electron and x-ray spectra measured simultaneously.
We find that r reaches as low as 1 um in agreement with previous studies of radiation based on coherence and

far-field spatial profile.
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I. INTRODUCTION

It has been many years since laser created plasmas have
been proposed to accelerate electrons [1]. Their interest
mainly relies on the fact that plasmas can produce large ac-
celeration gradients, on the order of 100 GV/m compared to
100 MV/m for conventional radio-frequency linear accelera-
tors [2]. Both three dimensional particle-in-cell simulations
[3] and experiments have shown that it is possible to gener-
ate electron beams with energies up to GeVs. More recently,
beams of quasimonoenergetic electrons have been measured
from 70 MeV to a few hundred MeV [4-8]. An important
application of these energetic particles is the production of
x-ray radiation. In a synchrotron, GeV electron beams are
injected in permanent magnet undulators with periodicities
of a few centimeters to a few millimeters to produce X rays.
Since the energy of laser-produced plasma electrons is in the
sub-GeV range, the x-ray spectral domain cannot be
achieved with such undulators. Much shorter periods are re-
quired in that case. To do so, we have recently demonstrated
[9,10] that the laser-wakefield plasma itself can act as a wig-
gler (submillimeter oscillation periods). When an ultrain-
tense laser is focused into a gas jet, the ponderomotive force
plows the electrons away from the strong field regions leav-
ing an ion cavity almost free of background electrons in its
wake [3,11]. Electrons trapped in the ion cavity feel simul-
taneously the longitudinal and transversal electrostatic fields
due to the space charge separation. During the acceleration
by the longitudinal field to relativistic energies, the electrons
acquire a transversal momentum due to the transverse field.
They oscillate across the central axis of the ion cavity in the
direction of propagation (betatron oscillation) [12—14] and a
collimated beam of keV x-ray radiation is produced from this
relativistic motion.

Following the first observation of betatron x-ray beams
[9,10], recent works have shown that electrons accelerated in
a petawatt-laser-generated plasma cavity produces as well
this type of radiation [15] and that electron trajectories can
be imaged and characterized from the spatial properties of
the x-ray radiation [16,17]. Fresnel diffraction using knife-
edge imaging of the x-ray source has shown that the maxi-
mum excursion of the electrons during their oscillation in the
ion channel is below 4 wm [17]. Higher resolution in the

1539-3755/2008/77(5)/056402(6)

056402-1

PACS number(s): 52.38.Ph, 52.25.0s, 52.50.Dg

electron motion analysis was obtained with the study of the
far field structure of the x-ray beam and showed that elec-
trons can follow similar trajectories with a transverse excur-
sion close to the micrometer [16].

Here, we present the spectral analysis of the betatron pro-
cess, and provide an accurate measurement of the betatron
x-ray spectrum. We study the plasma wiggler parameters
from the correlation between the electron and betatron x-ray
beams by recording simultaneously their spectral properties.
The paper is organized as follows: Sec. II presents the ex-
perimental and numerical methods used to analyze the ex-
perimental data and determine the plasma wiggler param-
eters; Sec. III describes the experimental setup as well as the
experimental properties of the electron and x-ray beams. The
betatron amplitude r is then characterized from x-ray spectral
measurements in Sec. IV. Conclusion and perspectives are
discussed in Sec. V.

II. METHODS FOR PLASMA WIGGLER
CHARACTERIZATION

The plasma wiggler consists of an ion cavity where the
charge separation is at the origin of the forces driving the
motion of the electron. The electron is submitted to a longi-
tudinal accelerating field and to a transverse field with cylin-
drical symmetry around the cavity axis. The oscillation mo-
tion has been described by the equation

i—i:—mwﬁﬂ/2+mcwpﬁz, (1)
where p is the relativistic momentum of the electron, m is the
electron mass, 7, is the transverse position of the electron,
and w,=(n,e?/mey)"? is the plasma frequency, with n, the
plasma electron density, e the electron charge, and u, the unit
vector in the channel axis direction z.

For small amplitude oscillations, the electron has a har-
monic motion at the fundamental betatron frequency

wg= wp/\e"Zy, (2)

where v is the relativistic Lorentz factor of the electron. Due
to its relativistic motion, the electron emits synchrotron ra-
diation [13,14] at the fundamental wavelength A=N\g/ 2y
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where A is the period of the betatron oscillation.

High harmonics are radiated in the forward direction and
within a cone of divergence #=K/vy in the case of high
amplitude oscillations in the wiggler of strength parameter
K:

K=1.33 X 107"% yn,(cm™)r(um). (3)

The radiation consists of a broadband spectrum if K becomes
large (K> 1), and the spectral intensity % can be described
by the synchrotron radiation function [18,19]:

dl 1 By e w7
el Bale—y—
do 4me, c 4

K5/3(x)dxs (4)

cvY oo,

where w, represents the cutoff frequency, and K53 is a modi-
fied form of the Bessel function. The x-ray intensity per
spectral bandwidth increases up t0 w,;=0.29w,, and then
drops exponentially to zero [18]. The cutoff frequency is [14]
given by

hw. =5 X 1072*y’n,(cm™)r(um)keV. (5)

We have used a test particle model to describe both the
electron orbits and the features of the betatron radiation. This
simple model can properly represent the electron dynamics
in the plasma cavity [10,12,14-17] for our experimental con-
ditions. In the code we integrate the equation of motion and
calculate the resulting synchrotron emission. The initial con-
ditions are the electron plasma density, the transverse posi-
tion r=ry, and the momentum of the electron p, along the z
channel axis at the trappin% position in the wakefield cavity
[initial energy Ey(MeV)=y(1+p3)/2 with p, normalized to
mc]. The ion cavity is centered on the laser propagation axis
(r=0), where the transverse field is zero. The fields used in
the equation of motion [Eq. (1)] depend on the plasma elec-
tronic density and r. The radial field can be expressed by

E,(MV/m) =9.06 X 10~ n,(cm™)r(um). (6)

It reaches 55 GV/m at r=1 um and for an electronic density
n,=6x 10" cm™. This is five times smaller than the ampli-
tude of the maximum longitudinal field (mcw,/e). The in-
crease of n, results in an increase of the radial field and
shorter betatron period. Figure 1 shows the electron trajec-
tory, the variation of the plasma wiggler strength parameter,
and the transverse position r for a single electron of initial
energy 2.5 MeV propagating along a 550 wm typical accel-
erating length obtained in our experiment. The initial posi-
tion ry of the electron in the ion cavity is 1 wum from the
axis. Increase in electron mass with propagation (longitudi-
nal acceleration) causes both increase in betatron period and
decrease in amplitude. K reaches a maximum value close to
3 when the electron has gained its maximum energy (160
MeV). Emission in the x-ray spectral range is then likely to
be produced at the end of the acceleration process. The am-
plitude of the oscillation r is decreased to less than 0.4 wm,
more than one-half its original value. In the simulation, the
longitudinal field is kept constant. This assumption is correct
if the electron beam remains accelerated within less than the
dephasing length L, of the plasma cavity, where the elec-
tron only feels the accelerating part of the plasma wave. This
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FIG. 1. (Color online) (a) Electron trajectory (Cartesian coordi-
nates) for the case of a single electron with rg=1 um, and E,
=2.5 MeV. The plasma electronic density is n,=1x 10" cm™,
The electron propagates along the z axis in the transversal plane
(x=r, y=0). (b) Distribution of the plasma wiggler parameters K
(dotted line) and r (solid line) generated by the electron trajectory

(a).

is the case for the low electronic density of our experimental
conditions for which L, =1.3 mm. Taking into account the
dephasing effect provides a final electron energy decreased
by 5% for the parameters used in Fig. 1. This error remains
below the resolution of the electron spectrometer used in the
experiments and will not affect the x-ray analysis in the de-
termination of ry,.

The parametric dependence of the x-ray spectra on the
initial electron oscillation amplitude and on the total accel-
eration is displayed in Figs. 2 and 3. For these simulations,
the electron plasma density is kept constant at n,=1
X 10" c¢cm™ and the electron parameters (energy and r,)
were varied in regard to our experimental conditions. In Fig.
2, electrons are accelerated from 10 to 150 MeV for ry=1
and 3 um. The x-ray intensity increases up to w=w,; and
then drops exponentially. Both the peak x-ray energy and
intensity increase with ry, as expected from Egs. (4) and (5).
The x-ray intensity distribution is almost flat in the few keV
spectral range for ry=3 um. For ry=1 um the intensity pro-
duced at 3 keV decreases by one-half compared to the maxi-
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FIG. 2. Theoretical variation of the x-ray spectrum with r. solid
line: ro=1 um; dashed line: ry=3 um. Electrons are accelerated
from 10 to 150 MeV.

mum centered at 0.3 keV. Proper accounting of the evolution
in electron energy, betatron period, and oscillation amplitude
significantly affects the radiation: the x-ray intensity pro-
duced by an electron of 120 MeV (ry=3 wm) along its
whole trajectory overestimates by a factor of 2 the x-ray
intensity per spectral bandwidth as well as the peak x-ray
energy compared to the distribution shown in Fig. 2.

The behavior of the x-ray spectrum for electrons acceler-
ated up to 40 and 150 MeV is displayed in Fig. 3. r( is equal
to 1 wm in each case. The peak x-ray energy varies qua-
dratically with the electron beam energy and the spectrum
becomes significantly broader for the more energetic electron
case. Electrons accelerated up to 40 MeV do not participate
significantly to the x-ray emission in the few keV range.

The x-ray spectrum is as well strongly affected by the
decrease of the betatron amplitude and the increase of the
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FIG. 3. Theoretical variation of the x-ray spectrum with electron
energy (rp=1 um). Electrons are accelerated from 10 MeV up to
150 MeV (solid line) and up to 40 MeV (dashed line).
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FIG. 4. X-ray intensity generated in the 1-3 keV spectral band-
width by monoenergetic electrons accelerated from 2.5 MeV to fi-
nal energies between 27 and 164 MeV. Each electron propagates in
the plasma wiggler with the initial conditions: ry=3 wm and n,
=1x10" ecm™.

oscillation period as the electron accelerates in the cavity.
The resulting x-ray wavelength and flux emitted by the elec-
tron vary as it propagates, and each electron energy does not
participate equally to the overall spectrum. Figure 4 shows
the theoretical case of the x-ray intensity generated by mo-
noenergetic electrons of final energies between 27 and 164
MeV. The x-ray flux is integrated within the 1-3 keV spectral
range from a single electron accelerated up to its final energy,
represented on the x coordinate. Each electron propagates in
the plasma wiggler characterized with Ey=2.5 MeV, r,
=3 pum, and n,=1X 10" cm™. We can see that, in this
x-ray spectral range, the electrons that produce a significant
amount of x-ray radiation have energies larger than 60 MeV.
This confirms as well that an electron accelerated in the ion
cavity mainly produces keV x rays at the end of the accel-
eration process and within the very last betatron oscillations.
Assuming validity of the single particle model, these strong
dependencies of the x-ray spectrum on the electrons proper-
ties will allow the direct analysis of K and r from experimen-
tally measured electron and x-ray spectra.

III. EXPERIMENTAL ELECTRON AND X-RAY
PROPERTIES

The experiments were performed with the 50 TW laser
system at the Laboratoire d’Optique Appliquée [20]. The
Ti:Sa produced laser beam has a 40 nm broadband spectrum
centered at A\y=820 nm. The pulse duration is 30 fs and
energies up to 1.5 J can be delivered on target with a linear
horizontal polarization. We used a 1 m focal length parabolic
mirror to focus the 55 mm diameter laser beam onto the edge
of a supersonic Helium gas jet (Fig. 5). The jet profile, which
has been fully characterized, shows a uniform and sharp edge
density distribution [21]. The laser focal spot has a beam
waist wy of 18 wm which contains 50% of the total laser
energy. This system produces a vacuum focused intensity up
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FIG. 5. (Color online) Experimental setup for the x-ray and
electron beams’ characterization.

to 3 10'® W/cm?, which corresponds to a normalized vec-
tor potential a, of 1.2. The electron plasma density can be
tuned from 10'8 to 5X 10" cm=.

In the experiment we measured the electrons accelerated
above 40 MeV from plasma electronic densities n,=6
X 10" cm™ to n,=1.5X 10" cm™ by deviating them (with
a 1 T permanent magnet) onto a phosphor screen imaged
with a visible charge coupled device (CCD) camera. The
energies below 40 MeV could not be recorded as the particle
deviation was too strong in that case and the electrons were
blocked by the magnet. Lesser strength magnets result in
excessive noise on the x-ray detector. The resolution of the
spectrometer is limited by the dispersing power of the mag-
net and also by the electron beam spatial quality. For our
experimental arrangement, it reaches 17 and 6 MeV for, re-
spectively, 200 and 100 MeV electron energies. The phos-
phor screen was placed 12 cm away from the magnet and
tilted at 45° compared to the laser axis so that electrons up to
200 MeV could potentially be measured. A 100 um thick
aluminum foil was inserted in front of the screen to avoid its
direct exposure to the laser light.

The x-ray spectrum was obtained by using a set of dif-
fractive crystals coupled to a toroidal focusing optic. The
gold coated 1° grazing incidence toroidal mirror, which has a
20X 10 mrad® acceptance angle, was placed 50 cm away
from the source. It focused the x rays 50 cm further away
where a back illuminated x-ray CCD was positioned. Be-
tween the mirror and the CCD, x rays from 700 eV to 3.5
keV were diffracted using two different flat crystals: TIAp
(thallium acid phtalate, 2d=25.9 A) and ADP (ammonium
dihydrogen phosphate, 2d=10.648 A). The spectrum could
not be recorded in a single laser shot as the x-ray monochro-
mator must be tuned to measure each spectral bandwidth.
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FIG. 6. (Color online) X-ray intensity generated in the 1-3 keV
spectral bandwidth as a function of electron energy. The experimen-
tal electron distribution used for the simulation is shown. It is av-
eraged over 30 shots. Ey=2.5 MeV, ry=3 um, and n,=6
X 10'"% ecm™.

All electron spectra considered in the present analysis
were obtained in the same regime of wakefield acceleration
for which an exponential distribution function of electrons is
produced [22]. Occasional shots showing monoenergetic fea-
tures were not considered. Electrons below 40 MeV were
assumed to obey previously measured Maxwellian distribu-
tion [22]. Figure 6 shows the calculated integrated x-ray flux
within 1-3 keV generated by an experimental electron beam
with respect to the electron’s final energy. The x-ray flux
emitted by the high energy electrons (>130 MeV) drops
due to the low charge of the electron beam at high energies.
Thus the electronic energy that contributes the most to the
x-ray emission in the 1-3 keV spectral range is close to 120
MeV.

IV. CHARACTERIZATION OF THE PLASMA
WIGGLER FROM SPECTRAL MEASUREMENTS

In our experimental conditions, the x-ray emission is pro-
duced in the plasma wiggler regime (K> 1), where high har-
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FIG. 7. (Color online) Experimental and calculated x-ray spectra
displayed for an electronic density 7,=6X 10'® cm™. Each experi-
mental data point corresponds to an average of ten laser shots. The
simulated x-ray spectra is shown for ry=1, 2, and 3 um and E,
from 2.5 and 10 MeV before acceleration in the ion channel.

monics are radiated. r is indeed not unique in the ion cavity.
Since electrons are accelerated to relativistic energies (up to
180 MeV in our experimental conditions), the effective mass
ym increases which results in a reduction of r and of the
betatron frequency. Thus a distribution of K and r must be
considered as a function of the electron energy rather than
constant values. The numerical x-ray spectra are calculated
from the measured electron spectra, and initial electron en-
ergy and r act as free fitting parameters. Variation in accel-
eration length accommodates differing electron energies; this
corresponds physically to differing injection times of elec-
trons in the wakefield. The relative intensity of the numerical
and experimental x-ray spectra are normalized to each other
at the lowest x-ray spectral bandwidth.

The use in the analysis of the real electron spectra ob-
tained from the experiment instead of a theoretical maxwell-
ian distribution fitting the data is required to properly deter-
mine ry. As well, since each spectral point corresponds to an
average of ten laser shots, the x-ray spectrum is not corre-
lated with a single electron spectrum. Several of those ex-
perimental electron spectra were then averaged in the analy-
sis to improve the signal to noise ratio.

Figure 7 shows the experimental x-ray spectra for plasma
electron density 7,=6 X 10'® cm™ and the ones calculated
with the code for different values of ry and E,. We can see
that the x-ray signal exponentially decays from 1 to 3 keV.
The absolute x-ray intensity has been obtained by taking into
account the reflectivity of the mirror, the diffraction effi-
ciency of the crystal, as well as the transmission of the Be
filter used to block light with energy below 700 eV. The
simulated spectra are normalized with respect to the experi-
mental point at 800 eV. The best fit is found for ry=1 um
and Ey=2.5 MeV, in agreement with the far field imaging
analysis of the x-ray beam [16].

If we increase the value of r, and keep the initial electron
energy E, at 2.5 MeV, the experimental spectrum cannot be
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fitted properly anymore. With ry=2 um and ry=3 um, the
simulated spectrum highly overestimates the experimental
data. This effect becomes even more important at higher
x-ray energies. We also varied the initial electron energy and
kept rp=1 um constant. For ry=1 wm, 5 MeV remains an
acceptable value to fit the experimental data, and higher val-
ues of the E, are no longer valid. This is in agreement with
the recent result proposed by Lu er al. [23] where p,
=wy/\3w,, which in our case means p,=10 (E)=5 MeV).
We have found that initial betatron amplitudes below
0.5 um cannot provide accurate fit of the experimental data
with physically meaningful values of E. It is very likely that
in the conditions of our experiment we are at the boundary
between the bubble regime and the forced laser wakefield
regime of electron acceleration. By looking separately at all
the electron spectra, several (one out of five) have small
monoenergetic components. Taken separately, each of these
spectra are then likely to generate slightly different x-ray
spectra. We estimated the influence of this averaging process
by taking into account 10, 20, and 30 spectra in the analysis.
The resulting averaged electron spectra have a 100% energy
spread and their slope and intensity remain very similar as
we increase the number of averaged shots. For E,
=2.5 MeV and ry=1 um accurate fits of the experimental
data can be obtained by averaging over at least ten electron
spectra, as was done in the present analysis.

V. CONCLUSION AND PERSPECTIVES

We have used the x-ray spectral distribution of the beta-
tron radiation to characterize the initial amplitude oscillation
ro of the electrons accelerated in the wakefield cavity. The
analysis shows that ry=1 wm for our experimental condi-
tions. The possibility in the future to acquire such high res-
olution spectrum in a single shot and with a spectral band-
width extended to 10 keV will further improve the
determination of r(. This first spectral analysis of the beta-
tron properties strongly confirms the tiny (close to a mi-
crometer) nature of the transverse electron excursion during
its acceleration in the wakefield cavity, as was previously
inferred from the spatial x-ray properties [16,17]. The recent
promising results on the production of quasimonoenergetic
electron beams as well as the development of injection tech-
niques to stabilize the electron beam shot to shot (charge,
energy, position) [4-8,24] open the way toward an even
more precise correlation between x rays and electrons, and
will be a direct probe of the electrostatic fields structure gen-
erated in the ion channel produced by laser wakefields. So
far, the highest monoenergetic electron beam with our 50
TW laser has been observed at 170 MeV [6] for the same
experimental conditions and 250 MeV using the newly dem-
onstrated injection technique [24], and given the efforts that
are realized around the world to produce higher energy elec-
tron beams, it is likely that intense (nC) electron beams could
reach 1 GeV in the very near future. On the other hand, the
use of modulated plasma density wakefield cavities [25] or
higher power lasers to increase the focal spot size while
keeping a, constant can both lead to larger K and r(, values.
Hence if we consider a 1 GeV electron beam, with particles
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oscillating with betatron amplitudes of 10 um, K reaches
188 for n,=1X 10" cm™ and the spectrum peaks at about
600 keV [26]. As the number of photons is proportional to K
[14] with N,=5.6 X 10NyK, where N, is the number of
betatron oscillations undergone by the electron, a factor of
100 can then be gained on the number of photons compared
to the present x-ray flux (10° photons/shot/0.1% BW). Those
perspectives open the way to a series of promising applica-
tion experiments as the betatron source possesses a time du-
ration that is matched with that of the laser [27], and a per-
fect synchronization to drive femtosecond pump-probe
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experiments. Ultrafast x-ray diffraction investigations
[28-32] could potentially be extended to ultrafast x-ray ab-
sorption with laser-produced plasma radiation sources.
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