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The first results on betatron radiation obtained in laser-plasma acceleration experiments at the FLAME
laser facility are presented. The diagnostic apparatus for the X-ray detection available at the facility is
described together with the experimental setup for the generation of betatron radiation.
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1. Introduction cooler for reducing the electronic noise. It combines, in a single
The betatron radiation is the wiggler-like synchrotron radiation
[1–14] emitted by electrons accelerated in laser-plasma wakefields
[16]. In the strongly non-linear regime, i.e. at laser extremely rela-
tivistic intensities, the wakefield accelerating structure for the
electrons is bubble-like [17,18] and the electrons are self-injected
from the rear of the bubble inside the accelerating and focusing
region, completely depleted from electrons by the strong pondero-
motive laser potential at its passage through the underdense
plasma. Here we present the first results on betatron X-ray detec-
tion performed at the FLAME laser facility [19–21] of the National
Laboratories of Frascati of INFN. The X-ray diagnostics available at
the facility are briefly described and finally it is shown how they
have been strategically used for the detection of betatron radiation
in self-injection laser-plasma acceleration experiments.
2. X-ray diagnostics at FLAME facility

The hard X-ray spectrometer (Fig. 1) available at the FLAME
laser facility is the CdTe (model AMPETEK X-123CdTe) [22], having
an active area of 9 mm2, a 1000 lm semiconductor thickness and a
100 lm Be window. The detector is mounted on a thermoelectric
package, the CdTe drift X-ray detector and preamplifier, the digital
pulse processor (AMPTEK DP5) and MCA, and the Power Supply
(AMPTEK PC5). It works in an energy range of 5� 150 keV with
energy resolution less than 1.2 keV FWHM at 122 keV.

The soft X-ray detector at the facility is the Andor DX 434 BR-
DD (Fig. 2), where BR-DD stays for Back illuminated CCD, Deep
Depletion NIR AR coating. The active pixels are 1024� 256, the
pixel size is 26� 26 lm, the image area is 26:6� 6:7 mm2, it is
vacuum compatible down to 10�5 millibar and below and the max-
imum cooling is about �100�.

Both the CdTe spectrometer and the CCD-X camera utilized as
spectrometer can work only with low X-ray fluxes, i.e. in single
photon counting. The X-ray scintillator [23] (Fig. 3) foil is based
on Ti� doped CsI single crystals, the pixel size is � 50 lm while
the foil area is 10 cm2.

The X-ray scintillator is positioned before the X-ray spectrome-
ter and the X-ray filters because it can work at high-flux. In this
way the scintillator allows the measurement of spatial distribution
of the X-ray radiation simultaneously to the spectrum detection,
which is performed at low flux after damping the radiation (Fig. 5).

3. Experimental results

A self-injection experimental campaign was performed at the
SPARC-LAB test facility (INFN-LNF) by using the laser FLAME. The
main pulse characteristics were changed according to various tests
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Fig. 4. Example of 2D plasma density plot from PIC Code ALaDyn simulations, in
dimensionless units. For the full 3D simulation was used a 1120� 304� 304
moving window, with a longitudinal resolution of 0.05 lm, a transverse resolution
of 0.0125 lm and 8 particles per cell. The plasma density is normalized to the
unperturbed background density (n0 ¼ 1� 1019 cm�3). The snapshot is taken at
0.7 mm propagation distance. The laser FWHM duration is 30 fs, while the initial
laser diameter is 11.76 lm.

Fig. 1. Detection efficiency of the CdTe hard X-ray spectrometer.

Fig. 3. X-ray scintillator foil based on Ti� doped CsI single crystals together with its
absorption efficiency for different thicknesses. The foil area is 10 cm2, the thickness
� 200 lm.
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and they ranged within the values � 1� 1:5 J energy, delivered in
30–35 fs over a 10 lm diameter focus. The laser was focused on a
He gas-jet target. The electron density of the generated plasma was
measured through a Mach-Zender interferometer to range as
ne ¼ 5� 10� 1018 cm�3, according to the height of the main laser
beam with respect to the basis of the nozzle and according to the
gas pressure sent into the jet. The maximum acceleration length
was measured looking at the extension of the plasma in the inter-
ferometric images of the laser propagated through the underdense
plasma and it was in the range Lacc � 1� 2 mm, according to the
diameter of the gas-nozzle and of the plasma density used shot
by shot. The energy spectrum of the electrons was measured by
using of a magnetic dipole coupled to a scintillator LANEX screen.
The regime of laser-plasma interaction, as discussed in Ref. [14],
was the bubble regime. At our laser intensity the relativistic

parameter a0 ¼ 8:5� 10�10k0½lm�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I0½W=cm2�

q
> 4 (where I0 and

k0 are the laser intensity and wavelength respectively), therefore
as described in Ref [18] we were in the condition for the complete
depletion of the electrons behind the laser pulse. The depletion
region on the wake of the laser pulse is expected of spherical
shape, whence the name ”bubble regime”. Full 3D PIC simulations
(Fig. 4) confirmed this regime of interaction. The simulations were
performed with the ALaDyn code [24–27] for a driver laser pulse
and a background electron plasma density with the same
characteristics of the experimental ones. The code predicted a
Fig. 2. Andor CCD-X for soft X-ray detection together with its detection efficiency and the number of photoelectrons per detected incident X-ray.



Fig. 6. Betatron radiation spectrum detected by the CdTe spectrometer.
Laser, plasma and electron parameters: energy per pulse EL ¼ 1:5 J, pulse
duration s ¼ 35 fs, focus rms radius rr � 5 lm. Electron plasma density
ne � 6� 1� 1018 cm�3, electron mean energy 200 MeV, energy spread 30%, elec-
tron beam divergence 12 mrad, bunch charge 20 pC. The acceleration length was
1 mm.

Fig. 5. Experimental setup: the FLAME laser beam is focused about one hundred
microns before the He gas-jet. Electrons are accelerated in the blowout regime over
a distance ranging 1–2 mm, according to the diameter of the gas-nozzle and of the
plasma density. The permanent dipole (K1 T) coupled with a LANEX screen allows
the measurement of the electron energy spectrum. The X-ray betatron radiation,
directed in the same direction of the impinging laser, crosses a X-ray scintillator in
order to detect the spatial distribution of the radiation and then it arrives at the
X-ray spectrometer, where the photon spectrum is detected. Filters of kapton and
aluminium are exploited on the light-line in order to damp the X-ray radiation and
screen the residual laser light. The Probe beam is coupled to a Mach-Zender
interferometer in order to retrieve the electron plasma density of the laser-
produced plasma channel.
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polyenergetic electron beams, with energies and energy spreads
consistent both with the measurements and with the expression
given in Ref. [18], from which the maximum electron energy gain
in the bubble regime is 2mec2a0x2

0=3x2
p , where me is the electron

mass, c is the speed of light in vacuum, x0 and xp the laser pulsa-
tion and the plasma frequency respectively.
Fig. 7. Betatron radiation spectrum detected by the CCD-X camera working in single pho
measurement) relative to the same shot detected through the X-ray scintillator position
pulse EL ¼ 1 J, pulse duration s ¼ 30 fs, focus rms radius rr � 5 lm. Electron plasma dens
electron beam divergence 5 mrad, bunch charge 5 pC. The acceleration length was 1.1 m
The betatron radiation emitted by the accelerated electrons
during the interaction of the high-intensity laser with the He
plasma was detected with three different detectors for different
configurations of laser intensity and electron plasma density. It
was detected with a CdTe X-ray spectrometer, with a calibrated
CCD-X camera and with a X-ray scintillator. The spectrometers
were positioned at 0:7 m from the interaction point, the CCD-X
camera was cooled down to �30 �C and shielded by a lead cage.
The goal was that of measuring simultaneously the spatial distri-
bution of the radiation with the X-ray scintillator and the spectrum
in single photon counting mode with the spectrometers. The X-ray
scintillator was positioned in front of the CCD-X at 0.5 m from the
interaction point. The betatron X-ray flux had to cross an overall
absorbing thickness constituted by a 280 lm kapton window, a
200 lm X-ray scintillator screen and 1 lm Al filter to screen the
residual infrared light on the X-ray spectrometers.

The CdTe was used when betatron radiation extending towards
hard X-rays above 10 keV was expected, while when soft X-ray
radiation was expected from simulations based on the actual val-
ues of the laser intensity and of the electron plasma density, the
CCD-X camera was adopted for the spectral detection. In Fig. 6
the betatron spectrum detected by the CdTe spectrometer is
reported together with the comparison to the simulation. The sim-
ulation of the betatron spectrum was performed by using the fields
resulting from 3D PIC simulations, and tracking 104 particles over a
length given by the measured Lacc. The betatron spectrum formula
used for the calculations is [28,29]:

dI
dE

¼ � 2aEffiffiffiffi
p

p
�h

Z Lacc=c

0

dt
c2ðtÞ

U0ðuÞ
u

þ 1
2

Z 1

�1
duUðuÞ

� �
ð1Þ

where UðuÞ is the Airy function of first kind where we defined:

u ¼ 2E
�hck2pxðtÞc2ðtÞ

 !
ð2Þ

dI is the differential radiated energy, a the fine structure constant,
xðtÞ is the transverse coordinate of the electron undergoing betatron
oscillations, �h the Planck constant, kp ¼ xp=c the plasma wavenum-
ber, c the electron Lorentz factor and E the energy of the radiated
photon. The measured electron energy spectrum ranged as 200–
350 MeV with an energy spread 2rc=c0 � 20—30%. We measured
the higher electron energies when the density was around
8� 1018 cm�3. This is explainable by the fact that for our laser
intensity the dephasing length 4c

ffiffiffiffiffi
a0

p
x2

0=3x3
p was well matched

to the measured acceleration length for densities around
8� 1018 cm�3. Below this value, the dephasing length was much
longer than the acceleration length, therefore the measured
electron energy gain was smaller. Also it’s wotrh noting that the
ton counting (left) and betatron radiation spatial distribution (right, simulation and
ed in front of the X-ray camera. Laser, plasma and electron parameters: energy per
ity ne � 0:9� 0:1� 1019 cm�3, electron mean energy � 300 MeV, energy spread 20%,
m.



Fig. 8. Charge profile detected with the Imaging Plate after 3 meters from the interaction point. The total charge in this case was 5 pC.
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betatron spectra we show in Fig. 6 and 7 differ from each other
about the spectral extension. Actually the parameter which deter-
mines the spectral extension is the critical energy [1], which
increases with the electron energy and with the beam size. There-
fore even if the energy of the electron beam in the case of Fig. 7 is
bigger than that corresponding to Fig. 6, we got much smaller beam
size (well below the micron scale [14]) in the first case than in the
second (the size of the bunches here was on the micron scale, mea-
sured with the technique of Ref [14]). The net effect was that the
critical energy was higher at smaller densities, because for our laser
intensities we found an optimummatching of the self-injected elec-
tron bunch for densities around 8� 1018 cm�3. The betatron radia-
tion spectrum detected with the CCD-X camera and the spatial
distribution of the radiation measured with the X-ray scintillator
are shown in Fig. 7. The spatial distribution was asymmetric in
the x-direction, the direction of the laser polarization, because for
the plasma density 9� 1� 1018 cm�3 the dephasing length was
slightly smaller then the measured acceleration length and the tail
of the laser penetrated significantly the bubble. In this condition the
tail of the laser pulse can resonantly interact with the electrons
close to the dephasing point, determining strong oscillations in
the direction of the polarization and strong emission of radiation
with typically asymmetric distributions elongated in the oscillation
direction (see also Fig. 4). We simulated the distribution of the radi-
ation by using the radiation distribution formula in Ref. [28] and the
analytical trajectories of Ref. [30] for laser-driven betatron oscilla-
tions. This regime of interaction is also called Direct Laser Acceler-
ation because the particles interacting with the laser tail acquire a
significant relativistic mass. The condition for the DLA is R � cs,
where the bubble radius is R ¼ 2

ffiffiffiffiffi
a0

p
=kp and s is the rms duration

of the laser pulse. Both the simulation and the measurement of
betatron spatial distribution gave asymmetric distributions in the
polarization plane of the laser and with fully comparable diver-
gences. The charge was measured by an Imaging Plate put 3 meters
after the interaction point. The Gray Level image is shown in Fig. 8.
The Gray Level value was converted in PSL via the calibration pre-
sented in the work [31]. Then by the characterization of the Imaging
Plates done in the work [32] where the PSL/electron values are
reported for different electron energies, we measured charges
typically in the range 1–20 pC.

4. Conclusions

The first measurements of betatron radiation in laser-plasma
acceleration experiments performed at the National Laboratories
of Frascati of the INFN have been shown and the X-ray available
diagnostics at the FLAME laser facility have been described. The
key role of betatron radiation in the laser plasma acceleration
activity at FLAME will be that to provide information about the
electron beam emittance inside the plasma accelerating structure.
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