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Betatron x-ray sources from laser-plasma accelerators reproduce the principle of a synchrotron at the
millimeter scale. They combine compactness, femtosecond pulse duration, broadband spectrum, and
micron source size. However, when produced with terawatt class femtosecond lasers, their energy and flux
are not sufficient to compete with synchrotron sources, thus limiting their dissemination and its possible
applications. Here we present a simple method to enhance the energy and the flux of betatron sources
without increasing the laser energy. The orbits of the relativistic electrons emitting the radiation were
controlled using density tailored plasmas so that the energetic efficiency of the betatron source is increased

by more than one order of magnitude.

DOI: 10.1103/PhysRevX.10.011061

I. INTRODUCTION

Betatron x-ray sources, produced from relativistic laser-
plasma interaction, have the potential to become invaluable
tools for modern x-ray applications. Their broadband
spectrum, femtosecond duration, and micron source size
are ideal features for femtosecond x-ray absorption spec-
troscopy [1], femtosecond x-ray diffraction [2], or high-
resolution phase contrast x-ray imaging [3-5]. They are
also often used as diagnostics for laser-plasma accelerators
[6,7]. However, they remain marginal in the panel of the
commonly used x-ray sources, mainly because of their
limited photon energies and relatively low flux. In this
paper, we show that the use of density tailored plasmas can
dramatically improve the efficiency of betatron sources and
push their energy and flux in the typical range of conven-
tional synchrotron facilities.

A Dbetatron source reproduces the principle of a
synchrotron in a millimeter-scale laser-produced plasma
[8,9]. Experimentally, it consists of focusing an intense
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femtosecond laser into an underdense plasma, usually a
low-Z gas jet. As the laser propagates in plasma, its
ponderomotive force pushes electrons away from the
high-intensity regions and drives an ion cavity in its wake.
The cavity, almost free of background electrons, simulta-
neously acts as an accelerator and a wiggler. Electrons
trapped in the cavity are accelerated in the longitudinal
direction (Z, direction of the laser propagation) and are
wiggled in the transverse direction (X,9) by strong space-
charge electromagnetic fields. In a typical parameters
regime, electrons reach energies of a few hundred MeV
and oscillate with a few hundred micron period and a
micron transverse amplitude. When electrons reach rela-
tivistic energies, they emit x-ray photons—the so-called
betatron radiation. All the features of this radiation depend
on the electron orbits, which are defined by the electron
Lorentz factor y (>>1), its transverse oscillation amplitude
rg, and the background electron plasma density n,. The
oscillation frequency of the electron is given by
wp = w,//2y, where w,=k,c=/4nc*r,n, is a
plasma frequency and r, is the classical electron radius
[10]. We define the parameter K = rgk,/y/2, which is
the equivalent of the undulator strength parameter in
synchrotrons. For K > 1, typical for laser-plasma accel-
erators, the betatron radiation of each electron is emitted
into an aperture angle 6 ~ (1 + K)/y centered on the laser
axis and has a broad synchrotron-type spectrum char-
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acterized by a critical frequency E. = 3/ 2K}’2fl(0ﬂ [11].
The effective number of photons produced by each
electron per oscillation period can be estimated as Ny, ~
K/30 [10].

When produced with tens-of-terawatt class lasers, the
betatron radiation is emitted by electrons with energies in
the hundred MeV range, undergoing a few oscillations with
K ~ 10. The x-ray pulse duration is of the order of the
duration of the electron bunch [2,12]. The source delivers
few femtosecond x-ray pulses with a broadband spectrum
extending up to a few keV and containing about 103
photons/shot/0.1% Band width (BW) at 1 keV [13-16].
From the discussion above follows that to further increase
E. and Ny, it is necessary to increase y, rg, wp, or the
electron bunch charge. The most straightforward way is to
raise the laser power. It results in an increase of y, the bunch
charge, and the propagation length [17-19]. The betatron
emission becomes therefore brighter, more energetic, and
more collimated [20-23]. This is the best method to
increase the peak brightness of the source, but it comes
at the cost of a lower repetition rate, presently inherent to
the large-scale lasers, which is unattractive for applications.
A promising alternative to raising the laser power is to
modify the electrons’ orbits. Electrons’ orbits in laser-
plasma betatron sources are mainly governed by the plasma
fields [24] and can therefore be modified by tailoring the
plasma density profile along the laser propagation axis. The
possibility to enhance the betatron source by plasma
density tailoring was discussed theoretically in Ref. [25].
It was shown that the values of y, rg, or w; can be
significantly increased for an appropriate choice of the
density profile. For example, a recent study has shown that
the refraction of the laser on a tilted density shock can result
in an increase of r4 and a significant x-ray signal enhance-
ment [26]. Here we present the experimental demonstration
of a simple and efficient density tailoring technique to
simultaneously increase y, ry, and wg. We show that the
photon energy and the total radiated energy of the betatron
source can both be increased by an order of magnitude with
respect to the commonly used constant density plasma,
further referred to as the reference case.

II. RADIATION ENHANCEMENT WITH
TAILORED DENSITY PROFILES

Figure 1 schematically shows how density tailored
plasmas can be used to enhance y, ry, and wp, and
consequently increase E, and N, according to the expres-
sions given above. In Fig. 1(a) the plasma density profile is a
longitudinal density up ramp along the laser propagation axis
(Z axis). Here, as the laser propagates through the plasma, the
cavity radius decreases as R, nz"/? and the plasma fields
increase as £,  /n,. The advantage of the up ramp is that it
counteracts the electron-wake dephasing which occurs when
electrons, traveling faster than the laser in the plasma,
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FIG. 1. Schematic representation of the role of density gra-

dients to improve the efficiency of the betatron source. (a) A
longitudinal density gradient results in an increase of y due to
rephasing and an increase of the betatron oscillation frequency
wg. (b) A sharp transverse density gradient results in a shift of the
cavity axis due to the refraction of the laser pulse and in an
increase of the oscillation amplitude r4. (c) Combining longi-
tudinal and transverse density gradients increases simultaneously
Y, wp, and rg.

overrun the plasma wake (middle of the ion cavity) and
start deccelerating. The density up ramp allows us to
maintain electrons in the strongest field at the back of the
cavity over a longer distance, therefore increasing y with
respect to the reference case [27,28]. It is important to
mention that the simultaneous increase of the plasma density
and the electron energy can be balanced to preserve the
oscillation frequency wy o \/n,/y, or even increase it (if n,
grows faster than y). In this case, along with an increase of g,
one may also anticipate increase of K through y.

Figure 1(b) shows how a density gradient along the
transverse (e.g., along ¥) direction provides another degree
of optimization. When the laser encounters a tilted density
slab it is refracted in one direction at the front interface and
in the other direction at the back interface of the slab. As a
result, the laser axis and the ion cavity are both shifted
transversely [26]. The amplitude of the shift depends on the
density, the thickness, and the angle of the slab with respect
to the laser axis. When the density gradient is sufficiently
sharp, ly.q < Ag = 27c/wy, the $ positions of the laser and
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the ion cavity change abruptly. In that case, the relativistic
electrons experience a significant sidekick and their oscil-
lation amplitude is increased. A sharp transverse gradient
will therefore result in an increase of K through ry.

In Fig. 1(c) longitudinal and transverse density gradients
are combined so that y, r4, and w; are simultaneously
increased. This is the most favorable configuration to
maximize the efficiency of the betatron source.

For all cases [Figs. 1(a)-1(c)], the modification of the
electrons’ orbits by the density gradients also results in
changes of the spatial profile of the x-ray beam. If we
consider the values of y(; ), n.(12), and 75(1@, denoted 1
and 2, respectively, corresponding to the cases without
and with density tailoring, the beam divergence 6
will be modified such that (6,/60,) = /(na/n1)\/(r1/72) %
(74,/7p,). Together with the spectra measurements, the
changes of the beam divergence are therefore signatures
of the modification of the electrons’ orbits due to the density
gradients.

III. RESULTS

The experiment has been performed at Laboratoire
d’Optique Appliquée using a 50 TW/30 fs, linearly polar-
ized (along % axis) laser focused with a f/20 parabolic
mirror onto a gas target containing a mixture of helium
(99%) and nitrogen (1%) gases. The mixture is used for
ionization injection whose advantages for the production of
betatron radiation are discussed in Ref. [16]. Furthermore,
it is the optimal injection mechanism in the case of an up-
ramp density profile, where commonly considered mech-
anisms (down ramp or shock injection, self-injection) are
inefficient. Accelerated electrons were bent toward a
scintillator screen using the static magnet (1 T field over
40 cm). However, in our experiment (1, > 10'° cm™3, gas
length ~5 mm) the goal was to maximize the production of
betatron radiation, and the propagation length exceeds the
dephasing length. The measured spectra were therefore not
representative of the energy of the electrons when they emit
most of the betatron radiation. X rays were observed using
either a deep-depletion x-ray CCD (for radiation up to
15 keV) or a scintillator screen imaged with a 16-bit camera
(for radiation up to 100 keV). Measurements of the x-ray
flux through metallic filters was used to characterize the
betatron radiation in the range 1-10 keV. Pairs of Ross
filters were used in the range from 10 to 70 keV. Plasma
density profiles were estimated using a Nomarsky inter-
ferometer. A second laser pulse (300 mJ/30 fs) was used as
a machining beam to estimate where electrons are injected
and where x-ray radiation is produced along the laser
propagation axis [29,30].

A. Slow longitudinal density ramp

We first studied the case of a slow longitudinal gradient.
For this, we compared the betatron radiation from two
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FIG. 2. Measurements and simulations of the density
profiles used to improve the efficiency of the betatron source.
(a) Measured density profiles of the gas used for the reference
case (dotted line) and the longitudinal gradient (solid line). The
beveled and tilted gas jets were used to produce the longitudinal
gradient. (b),(c) openFoam simulation of the transverse gradient
obtained by placing a 100 ym wire on top of the nozzle. Density
profile along the laser propagation (red line) without (solid line)
and with (dotted line) the wire.

nozzles: one with a constant density profile and the other
with an up-ramp density profile. The density measurements
are shown in Fig. 2(a). In both cases the x-ray emission was
maximized by adjusting the nozzle position with respect to
the laser focus and the gas pressure. We observed an
increase of the flux by a factor of ~3 without noticeable
changes in the x-ray beam profile. In order identify the
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FIG. 3. Measurements of the betatron radiation spectra for a
constant density plasma (purple) and for an up-ramp density
plasma (green). The shaded area represents the intervals of
betatron spectra that fit the x-ray signal measured through
metallic filters. The thick solid lines within these areas are the
fits obtained from particle-test simulations. Only the density
gradient, set as initial condition, distinguishes the two cases in the
numerical simulation. The experimental measurements and
numerical fit agree and demonstrate that a longitudinal density
gradient enhances the energy and flux of the betatron radiation.
The critical energy E.. characterizing the spectrum shifts from 5 to
10 keV.

origin of the flux enhancement, it was measured through an
array of aluminium, copper, and titanium filters. The range
of betatron spectra that can fit the measurements is
represented by the shaded areas in Fig. 3. As expected,
the critical energy of the betatron radiation is increased. It
shifts from ~5 to ~10 keV. In order to make sure that the
flux enhancement results from the change of the electron
orbits associated with the up-ramp density, we estimated
the x-ray emission regions using the method described in
Ref. [29]. We found that the plasma lengths over which
betatron radiation is produced were 1.5 £ 0.5 mm for the
up-ramp density and 2 4+ 0.5 mm for the constant density
cases. Such difference of the propagation lengths cannot
account for the observed flux enhancement. This confirms
the role played by the density gradient.

This result is supported by test-particle simulations
based on the ideal ion cavity model [31]. With this
simplified approach we have first identified the betatron
spectrum that fits into the spectral interval of Fig. 3 for the
constant density case. It was obtained using as initial
conditions ry = 1.25 ym, n, = 10" cm™, and a 2 mm
propagation distance (this choice of parameters is not
exclusive, but this has no importance since we focus on
the relative differences in the spectra calculated with and
without gradient). The spectrum for the up-ramp is well
reproduced using the same initial conditions, but with
the density profile that increases from 10! cm™ to
2 x 10" ¢cm™ over 2 mm.

mrad

FIG.4. Measurements of the x-ray beam profiles corresponding
to the plasma density profiles displayed in Fig. 2(c). The upper
image corresponds to the case without the wire and the lower
image to the case with the wire. The images were obtained by
imaging a scintillator screen intercepting the x-ray beam (the
vertical line is a damage on the camera). The fact that the beam
divergence is increased in one direction only demonstrates that
the energy y and the transverse amplitude of oscillation 74 of the
electrons are both increased thanks to the density gradient
produced by the wire.

B. Sharp tilted density ramp

The effect of the sharp tilted density gradient was then
studied. It was created by inserting a 100 ym diameter wire
into the gas flow of a tilted supersonic nozzle. The density
profile obtained reproduces the case of Fig. 1(c). For an
accurate estimate of the density profile, we performed two-
dimensional gas flow modeling using the OpenFoam soft-
ware [32]. The result is shown in Figs. 2(b) and 2(c).

We first measured the x-ray beam profile with and without
the wire. Figure 4 presents typical results. Without the wire,
the x-ray beam is quasicircular with a mean FWHM
divergence 6, ~42 + 2 mrad. When the wire is inserted,
the radiation profile becomes elliptical with a main axis along
the ¥ direction. The mean divergences are #, = 38 £ 2 mrad
and 6, = 84 + 3 mrad.

The essential features of the electrons’ orbits can be
inferred from a simple analysis of the x-ray beam profile
[33]. The divergence scales as rz+/n,/y. Since it remains
almost constant along the X axis while the density is
increased, it implies that y is increased. We could estimate
an electron energy gain of the order of 50%-100%. In the
direction of the density gradient tilt, the radiation diver-
gence is significantly increased. This is the signature of an
increase of the electron oscillation amplitude ry along the

v axis. The measured asymmetry translates into the ratio of
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FIG. 5. Betatron radiation spectra measured for the constant
density (purple), longitudinal gradient (green), and combined
longitudinal and transverse gradients (blue). Thin and thick lines
respectively correspond to the test-particle and particle-in-cell
simulations. As expected, the increase of y and r; deduced from
Fig. 4 results in a shift of the radiation spectrum toward higher
energies. The critical energies shift from 5 to 10 and to 50 keV
for, respectively, for the purple, green, and blue fits.

the oscillation amplitudes rp, / rg. =0, /6, ~22. This
analysis confirms that the transverse density gradient
allows us to increase both y and ry.

The spectra with and without wire were measured using
Ross filter pairs. They are presented in Fig. 5 together with
the reference spectrum. The thin solid lines correspond to
the spectra obtained using the test-particle simulations with
the same parameters as before, but with rg = 2.5 in the case
of the wire, which is in good agreement with the ratio
deduced from the x-ray beam profiles. We can estimate the
critical energies at 50 and 10 keV with and without the
wire, respectively, and at 5 keV for the reference case.
The total radiated x-ray energy is further increased by a
factor of ~4 when using the wire. Although a parametric
study of the gradient features was not performed (because
of the complex interplay between the different parameters
such as the gradient length, sharpness, and angle), we found
that the effect was sensitive to the wire Z position within a
4500 pum interval, the ascending density gradient must be
sharp to the level of typically 100 microns, and the wire
position defines the energy and the charge of the electron
bunch when it encounters the transverse density gradient.

C. Particle-in-cell simulations

For additional insight into the physics of x-ray enhance-
ment, we performed particle-in-cell simulations. We used the
quasi-3D pseudospectral code FBPIC [34]. The target was
considered to be a fully ionized He plasma with 2% of N*+>
ion plasma. The density profile is an asymmetric Gaussian
density profile defined by n(z < 0) = nyexp(—z>/L)),

Electron density (10*° cm™) Peak laser field (103 V/m) Electron energy (MeV)
02 0,6 1 0 1 2 200 400 600

Y (um)

2.0 25 3.0 35 4.0 45
Z (mm)

FIG. 6. Particle-in-cell simulations showing the laser propaga-
tion (thick curve) and the particle trajectories (thin curves) in
(z,y) plane. The orbits are colored according to the laser peak
field and the particle energy, respectively. Gray levels represent
plasma density. (a) Up-ramp gradient. (b) Up-ramp gradient and
transverse density gradient.

and n(z > 0) = nyexp(—z?/L,), where L, =3 mm and
L, =1 mm. The peak density is 1y, = 1.64 x 10" cm™.
We considered the cases of gas flow without and with the
tilted shock (gray colors in Fig. 6). The shock with a peak
density ny/2 isadded at z; = —1.2 mm; it has an asymmetric
Gaussian density profile with Ly = 0.1 mm, L, = 0.7 mm.
The angle between shock and laser estimated from gas flow
simulations is ¢, = 20, and this tilt is introduced by
replacing z — z — z; + y tan ¢;.

Figure 6 shows the plasma density in gray scale in the
(z,y) plane, as well as the laser centroid (thick curve) and
particles (thin curves) trajectories, colored according to the
laser peak field and the particle energy, respectively. When
only the longitudinal gradient is considered [see Fig. 5(a)],
the acceleration is continuous and the oscillations’ ampli-
tudes do not change significantly during the interaction.
When the transverse gradient is added in Fig. 5(b), the tilt
produces laser refraction and leads to the displacement
of the propagation axis by ~4.5 ym. It induces a kick onto
accelerated electrons increasing their amplitude of oscil-
lation ryz. Moreover, the sharp rise of the plasma density
relocates particles to higher accelerating and focusing
fields, which boosts electrons’ energies and induces higher-
frequency oscillations.

The spectra for each case were calculated to estimate the
overall effect on the betatron emission. They are shown
with the thick solid curves in Fig. 5. A good agreement with
the experimental measurements in the photon energy
distributions (blue and green curves) is obtained. The total
radiation energy produced per charge is increased by a
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factor of ~3, which is close to the experimental values. The
estimates of the critical photon energies 7., deduced by
fitting the calculated spectra, are 14 and 46 keV for the
cases without and with the tilted shock, respectively. For
these cases the normalized angle-integrated source bright-
ness at 30 keVis 3.4 x 107> and 2 x 10~* photons per 0.1%
BW per electron, respectively.

IV. CONCLUSION

In conclusion, we demonstrated that the efficiency of
betatron sources can be significantly improved by using
longitudinal and transverse density gradients. The radiation
produced has a critical energy 10 times higher than the
betatron radiation produced in a homogeneous plasma.
While the number of photons remains in the range of a few
10° photons/pulse/0.1% BW at 1 keV with and without
tailoring, it is increased by almost 2 orders of magnitude in
the hard x-ray region. At 30 keV the source brightness is
estimated to be of the order of 10° photons/pulse/0.1% BW.
We anticipate that this progress will represent a significant
milestone in the development of tabletop femtosecond
x-ray sources since this method can be applied to all betatron
sources and can be combined with the recent developments
in laser-plasma accelerators to further improve the source
performances [35]. Moreover, it opens a novel route toward
the production of a keV compact betatron source produced
with a few terawatt-class lasers with repetition rates up to a
kilohertz.
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