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G o W N

Abstract: We present an analysis of the performance of a broadband secondary radiation source
based on a high-gradient laser-plasma wakefield electron accelerator. In more detail, we report
studies of compact and ultra-short X-ray generation via betatron oscillations in plasma channels. For
the specific working point examined in this paper, determined by the needs of other experiments
ongoing at the facility, at ~0.02 Hz operation rate, we have found 5106 photons emitted per shot
(with a fluctuation of 50%) in the soft X-rays, corresponding to a critical energy of ~0.8 keV (with a
fluctuation of 40%). The source will be implemented for experiments in time-domain spectroscopy,
e.g., biological specimens, and for other applications oriented to medical physics.

Keywords: laser-plasma wakefield acceleration; secondary radiation sources; broadband sources

1. Introduction

The expression (laser-)plasma wakefield acceleration refers to schemes of charged-
particle acceleration exploiting the highly electric fields that are sustainable by plasmas [1-12].
Electric fields in plasmas can exceed the so-called wave-breaking limit for a cold non-
relativistic plasma [13,14]:

Eypp ~ 96 /1.[10¥cm—3] GV/m 1)
where the electron plasma density is denoted by #,. The term wave-breaking indicates
indeed a breakdown phenomenon, the one involving the fronts of the Langmuir waves [15].
Wave-breaking can be responsible for the onset of regions of high-amplitude electric
fields, reaching extraordinary values as high as STV /m [16-18]. Langmuir waves, also
known as electron plasma waves, are collective oscillations of the electron plasma density.
These oscillations can be induced by perturbing the plasma with an external excitation.
The external excitation can be realized either through a laser pulse or by means of a bunch
of charged particles. In fact, both a laser pulse and a bunch of charged particles can be
associated with an electric field Eo. This driving field can act on the plasma electrons as a
collectivity, generating a Langmuir wave in its wake. In the frequency domain, it is possible
to establish a relationship between the pumping field Ey and the wakefield E [19]:
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E(?,w) = <€(w_, — 1) : Eo(?,w) ()

where we have introduced the dielectric function of the plasma e(w, Eg). The explicit
dependence of the dielectric function upon the driving field is shown with the aim to
remind that a non-linear response of the plasma, when excited by high-intensity drivers,
must be expected. This also means that the effective driving field may not be directly
provided by the pumping field Ey (as for the case of an intense laser pulse) but rather a
complicated non-linear function of the same field hidden within the dielectric function.
Furthermore, the vectorial dependence is also explicitly shown since the plasma response
may be anisotropic. Indeed, we have introduced the double dot product “:” due to the fact
that, at high intensity, the polarization of the excited wave can be different from that of the
pumping field. The latter is particularly true when a high-intensity transversally polarized
laser induces a longitudinal (in the direction of light propagation) plasma perturbation
through the so-called ponderomotive force [13]. In the self-injection regime, the laser excites
plasma wakefields above the wave-breaking threshold in such a way that electrons from the
background plasma, concentrated in the region of wave-breaking, can be injected into the
wakefield and accelerated spontaneously. Since 1/¢ tends to zero for some value of the ex-
citing frequency w ~ wp, where wy, (Ep) is the non-linear plasma frequency, the wakefields
are efficiently generated when the spectrum of the effective driver extends over the w),
range. Furthermore, Equation (2) also shows that a resonant plasma excitation (1/& >> 1)
corresponds to a wakefield amplitude that can be orders of magnitude higher than the
electric amplitude of the pumping field. In Figure 1, the laser-plasma wakefield (LWFA)
accelerator at the CLPU facility (Salamanca, Spain) is shown. The present paper aims to
be an overview of the performance of the latter accelerator and of the secondary source
of X-rays based on it for a specific working point, i.e., for a particular case of operational
conditions. Such conditions were determined by the needs of another experiment ongoing
at the facility [20]. Keeping the parameters of the plasma-electron source as they were
set for the experiment in [20], the betatron radiation was studied (therefore there was no
optimization work on the betatron source but only characterization). The motivation was
two-fold: to characterize the background provided by the betatron radiation mechanism
to the ongoing experiment, and to individuate the parameters of the betatron source in
order to possibly use it in the future as a standalone tool for irradiation and spectroscopy.
Experimental data will be reported both concerning the plasma-electron accelerator and
the X-ray secondary source. A detailed and correlated analysis of the fluctuations of both
the electron and radiation sources will be finally presented, with the goal of explaining the
experimental findings by means of scaling laws provided by well-established literature
and eventually listing the performance parameters of the betatron source for future use.

Figure 1. Real image of the VEGA 2 laser-plasma accelerator. The plasma filament is visible above
the conical gas nozzle. Given the scale of the picture, the plasma accelerator is as short as a few mm.
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2. Fluctuations of the Plasma Source and the Electron Beams

In this section, we present a working point of the VEGA2-based electron source. We
stress that a single working point is shown, despite many other operational conditions being
available at the facility. This one was found to be the most stable for the type of gas nozzle
and gas species/density adopted. In more detail, a conical gas jet was used, 5 mm long at
the exit-plane of the nozzle, along the laser propagation axis (see Figure 2 for the schematics
of the experimental setup). The gas used for the experiments was pure helium, therefore
the mechanism of electron injection was the pure self-injection. Alternative injection
mechanisms can be implemented at the facility, and would give different performances of
the electron and relative radiation sources. Future experimental campaigns will be devoted
to this aspect. Besides the scenario of exploiting and/or mixing different gases, also
different nozzle designs with different lengths, different conical apertures and/or capable
of sustaining different density regimes may be considered. We do not go further in this
vast topic, since the data presented in this paper refer to a single operational configuration,
above described. Furthermore, we present a sequence of 10 shots for each data collected in
the campaign, in such a way as to observe and quantify the shot-to-shot fluctuations over
a significant amount of acquired data corresponding to 10 min of operation (indeed, the
working rep rate was one shot per minute, dictated by the recovery of the vacuum level
after shooting the laser on the gas target).
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Figure 2. Experimental setup (X-rays detected after deflecting the electrons into the spectrometer).

The plasma filament was studied by means of a visible camera, watching the filament
from the top, with an angle of 90°, detecting the light from the plasma, dominated by
the mechanism of Thomson scattering. The experimental results are shown in Figure 3.
The maximal plasma density is measured starting from the density of neutrals, which
is characterized prior to the experiment on a separate interferometric station. The laser
intensity is such to ionize the gas completely before the main pulse arrives on target, in such
a way that the core laser energy is transferred into the plasma. The laser beam arrives on
the nozzle with a height of ~2 mm with respect to it. The ionization rate over one cycle of
the laser field is given by the Landau expression for tunneling ionization [21]:

E _ 2Eq ,3/2
w = 4wau5/2|E—Ze El 3)
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Figure 3. (Left): Reconstructed electron plasma density axial profiles from the Thomson scattering
optical diagnostics. (Right): shot-to-shot fluctuation of the plasma filament length, assumed to be
as long as the electron acceleration length; the uncertainty is determined by the resolution of the
imaging system.

The quantity u takes into account for a hydrogen-like atom different from hydro-
gen (for which u = 1). Indeed, u is the ratio between the ionization potential of a
considered atom/molecule and that of the hydrogen atom/molecule. For He, consid-
ering the second ionization potential, which is larger than the first, we obtain u = 4.
The atomic frequency is constantly equal to w, = 4.134 x 10'® rad/s, while the atomic
field is E; = 5.14 GV/cm. For an electric field Ey ~ 2.7 GV/cm, corresponding to a laser
intensity 10'© W/cm?, within an integration time corresponding to a laser cycle 271/ wy

(for VEGA2 wy = 2.35 x 10'° rad/s), fozn/ “0 dtw ~ 1, which means that the atom is surely
ionized much before interacting with the peak of the laser pulse. The peak intensity of
VEGA 2 used for the experiments in this paper was 10'° W/cm?, on average, much larger
than 10'® W/cm?, therefore the front tail of the laser pulse was able to fully ionize the
helium gas. The first ionization in fact occurs even more easily than the second, because it
corresponds to a lower ionization potential (please notice that the approximation of a
hydrogen-like atom cannot hold true for the He atom, thus the u factor should in that case
take into account for the screening effects, but this eventually does not affect the validity of
our arguments). The number of photons needed for a single He atom ionization (second
ionization) is approximately 35. For a laser beam radius of ¢ ~ 15 pm and a propagation
length in the plasma of L ~ 2 mm we obtain that the total number of atoms involved
effectively in the interaction is n,7to?L ~ 3 x 1012, given a neutral density ~ 2 x 1018 cm 3.
Thus, the number of photons lost in ionization is 35 x 3 x 102 ~ 10'4. The number of
photons carried by a laser pulse with peak intensity of Iy ~ 10’ W/cm?, corresponding
to a laser energy of ~3J, 30 fs (FWHM) pulse duration and focal radius ¢ ~ 15 pum, is of
the order of Ny ~ 10'°. This demonstrates that ionization is a loss channel for the laser
energy with a branching ratio of ~1075, i.e., most of the laser energy is coupled into the
plasma. Knowing the maximal density, we can set a scale on the left plot of Figure 3. This is
performed also under another consideration: Thomson scattered light is proportional to the
local electron plasma density. Even if it remains true that electrons scattering the laser light
are located in a region corresponding to a local plasma density higher than the background
plasma density (due to the ponderomotive action of the laser pulse-front that accumulates
electrons at the head of the pulse), such density must be proportional to the background
plasma density (the amount of charge blown by the laser is proportional to the amount of
charge available before such interaction). The visible camera can record scattered light at
wp and 2wy, the latter being produced via non-linear Thomson scattering. The amount of
power scattered by the unit volume of plasma is therefore found through (for a linearly

polarized laser):
dpP I’leI()O'T LI%
- = 1 4

1+3
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where 7, is the electron plasma density seen by the laser pulse, o7 is the classical Thomson
cross-section, while the terms in ag = eEg/mwyc are relativistic corrections (m is the electron
mass, e is the elementary charge and c is the speed of light in vacuum). In particular,
the second term within brackets is associated with the emission of the second harmonic
of the laser frequency. The laser beam is guided by relativistic self-focusing in the plasma
channel and its energy is depleted in generating strong plasma perturbations, i.e., the
plasma wakefields. In the extremely non-linear regime of interaction ag >> 1, the pump
depletion length is L4 = wiet/ w}%, with T the laser pulse length. The plasma frequency is

related to the electron plasma density as w, = +/n.e?/gom, where the vacuum dielectric
constant is . In our experiment L,; ~ 4.1 mm, which was larger than the average
plasma filament length, meaning that the laser was only moderately depleted during
the propagation. Moreover, the laser beam envelope oscillations, typical of self-guiding
phenomena, could not be properly resolved by the Thomson imaging system. In conclusion,
Equation (4) could be used to argue that the amount of light detected locally from the
plasma filament was dominated by the electron plasma density more than by the laser
beam evolution (unappreciable local intensity changes). In other words, the high-frequency
modulations of the scattered light due to laser beam evolution in the filament could not be
observed and the low-frequency modulation due to depletion was negligible. The average
plasma filament length on the left of Figure 3 was calculated as:

L J ne(z)zdz )

[ ne(z)dz

where the profiles n,(z) are given on the right of Figure 3. The average value of 1.7 mm
corresponds to the distance along which the laser pulse is relativistically self-guided in the
plasma. Given the above assumptions, the axial profile of the accelerating field could be
indirectly measured, as shown in Figure 4. In fact, the formula relating the accelerating
field to the electron plasma density and laser intensity is found in the literature [14]:
E_ me./agwy ©)
e

On the right of Figure 4 the average gradients of acceleration are reported, in the order
of 1.5 GV/cm. The axial profiles of such longitudinal plasma wakefields along the plasma
“accelerating cavity” (indirectly reconstructed via Equation (6)) are depicted on the left
of Figure 4. When the beam was not magnetically deflected for energy characterization,
the bunch charge was measured via a beam charge monitor after the plasma source [20].
The mean charge was around ~370 pC, as shown in Figure 5. The scaling for the bunch
charge with the laser peak power Py is also found in the literature in the non-linear regime

of laser wakefield acceleration [14]:

Ao [P[TW]
.8[um] 100

Q[pC| ~ 400O (7)
where the laser wavelength is defined as Ag = 27t¢/wy. During the experiment, the laser
peak power on target was ~100 TW, therefore we had to expect ~400 pC per bunch
according to the existing scaling laws. The experimental result was rather in agreement
with the expectations. The electron beam profile at the exit of the plasma accelerator is
measured by means of a Lanex scintillator screen. The shot-to-shot variation of the mean

radial divergence ,/< 02, + GEy > (where 6,y is the electron divergence in the horizontal

direction, in the same plane of laser propagation and parallel to the polarization direction,
and 6,y is the vertical-divergence direction, transverse to the propagation and polarization
directions) is reported on the right of Figure 6. A typical electron beam profile is reported
on the left of Figure 6. Finally, a typical electron energy spectrum obtained by a magnetic
deflector coupled to a Lanex scintillator is depicted on the left of Figure 7. On the right
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of the same figure the shot-to-shot variations of energy and energy spreads are reported.
The magnetic deflector was composed of a 10 cm long magnet, with field amplitude 1.2 T,
coupled to a LANEX scintillator screen 15 cm away from the exit slit of the magnet.
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Figure 4. (Left): Reconstructed accelerating wakefield axial profiles. (Right): shot-to-shot fluctuation
of the peak of the longitudinal electric plasma wakefield; the uncertainty is determined by standard
deviation of the measurements.
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Figure 5. Shot-to-shot fluctuations of the charge of the accelerated electron bunches.
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Figure 6. (Left): Example of electron beam profile on the diagnostic scintillator, plotted in divergence
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units (Right): shot-to-shot fluctuation of the beam radial divergence; the uncertainty is determined
by standard deviation of the measurements.
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Figure 7. (Left): Example of electron beam energy spectrum on the diagnostic scintillator placed
after the bending magnet, plotted in vertical-divergence/MeV units (Right): shot-to-shot fluctuation
of the beam energy and rms energy spread; the uncertainty is determined by standard deviation of
the measurements.

3. Betatron Radiation Sources

Plasma wakefield acceleration has also been demonstrated to be a promising platform
for producing secondary radiation [22-33]. The compactness of plasma wakefield accel-
erators is correlated with the shortness of the accelerating buckets so that only very short
bunches of particles can be accelerated down to a few femtoseconds [27,28]. This means
that the radiation pulses secondarily emitted by these particles will also be short, delivering
high peak power. The fact that plasma wakefield accelerators produce for ultra-relativistic
electrons also makes possible the emission of intense bursts of light with extremely interest-
ing angular and spectral properties, e.g., the high-energy photon emission within narrow
solid angles. Here, we focus on incoherent radiation, which is the case for the radiation
emitted in plasma wakefield accelerators by beams undergoing betatron oscillations [22-33].
The radiation field far from the source is found as solution of the Maxwell equations [19]:

Lo w T L =

where the observation vector is R = R{cos ¢ sin 6, sin ¢ sin 8, cos 8}, with 8 the polar angle
and ¢ the azimuth. The Fourier-Laplace transform of the current density (7, t) = qd(7 — 7,)
associated with a single electron, whose motion is described by 7, = 7,(t), evaluated in the
spatial-frequency/time domain, is:

TN die —ik-7,
jlk t) = q-e )

The trajectory of a generic electron injected in the plasma accelerator is given by [33]:

Y0 v+ 03

| : I
xgsin (wgpt + Px + @o), (’Y(ﬂ) ypsin (wpt + ¢y + (PO)'/O dtc\/l O (19

where the velocity of the particle is 7, = {vy, Zy, v,} = d7./dt and the transverse coordi-
nates (i.e., the first two components of 7,, since we have chosen z as beam axis) represent
the so-called betatron oscillations occurring at frequency wg = wy/+/27(t). The Lorentz
factor of the particle gaining energy from the plasma wakefield is y(t), while 7 is the
initial value for the same particle at the injection plane. The phase shift, related to initial
injection condition for the electron, is for the two planes:

# {xp yphw
Py, = arctan l<7,)(/2)) ﬁc@jy ﬁ] (11)
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where Gx,y = vx,y/ v, is the injection angle of the electron into the plasma wakefield.
With writing {xg, )5} we mean “either xg or y4, according whether the x or the y direction
is considered, respectively”. The phase ¢y is instead the phase retardation with respect to a
reference particle, which accounts for the fact that not all particles are injected at the same
time. All the above equations make a self-consistent set to calculate the number of photons
dN emitted in the frequency bandwidth dw, through the Lienard-Wiecher formula [34]
starting from the magnetic field at Equation (8):

an dQdxgdygd0,doydpod L/C iwt—K-7,
dw W/ Qdxpdypd0xddyddodyoOpeam R / o(t)e (12)

where Ppeqn = Oveam (Xp, Y, d0x,d0y, Po, Y0) is the trace space density of the particle beam
at the injection plane. The lower limit of the time integral must depend on ¢y, since in
injection schemes as the self-injection the particles can be continuously injected all through
the laser propagation in the plasma, so that they can have very different acceleration lengths
(this is source of energy spread at the end of the acceleration process). Despite Equation (12)
not being possible to be solved analytically, in general, asymptotic limits can be guessed
for particles such that yvy, /c >> 1. In that case, vy, exp (iwt — k- 7o) & Ky /3(w/we) for
radiation emitted on axis. The modified Bessel function K, (x) of the second kind presents
a parameter called critical energy w,, determining the shape of the betatron spectrum.
For synchrotron radiation, the same parameter divides the spectrum in two regions, each
carrying half of the total energy irradiated. Choosing a description of the betatron spectrum
as a synchrotron-like spectrum, we expect for high-frequencies (w >> w,) that AN /dw
e~@/w@e_Figure 8 shows experimental data of measured betatron spectra at VEGA 2. The
critical energies reported in the legend E. = fiw, have been fitted with the exponential
function introduced above. The curves have been represented in order of consecutive
shots, where a higher critical energy does not necessarily correspond to a higher number
of emitted photons due to the fluctuations of other experimental parameters. The most
critical parameter determining instability for critical energy is the electron energy, since
critical energy scales non-linearly with it. In the following, we provide the scaling of critical
energy upon all the experimental parameters. Experimentally, a shot-to-shot fluctuation of
E. up to 40% has been observed. An expression for this parameter can be found [28,33]:

1 2
3 vo \*{xp yptws ’
Ec = Zhy3(¢ x y(t)4n 13
c 27() ~0) c Y(t)ine (13)
10° vy — Ec=0.44 keV
L N — Ec=120 keV

e
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g 10 — Ec=107 keV
3 — Er=055 keV/
S 10 = = Simulation
45' ]
-£2
[+
£ 1071
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=
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100 .

2 3 4 5 & 7 ;]
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Figure 8. Measurements of betatron radiation spectra. For “Betatron Photon Number”, ~(dN/dw) x
Aw with Aw = 0.13 keV, which the resolution of the diagnostic apparatus.
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A fluctuation of the mean energy ~10%, such as that shown by the data of Figure 7,
together with an energy spread of 13%, is translated already in a critical energy fluctuation
of ~40%. Adding the measured density fluctuation of 5% would not change the result
much; therefore, we believe that the main sources of critical energy instability were the
energy gain and the energy spread of the electron beam. Moreover, in the above reasoning,
we neglected fluctuations of the betatron oscillation amplitudes, which apparently are also
less important than the energy /spread fluctuations, since the latter can already explain the
observed shot-to-shot variation of the critical energy of the betatron spectrum. The mean
critical energy for the shots in Figure 8 was 0.78 keV. We consider a quadratic energy
gain, as in [33], and averaging Equation (13) on the acceleration length we can infer an
effective value (one for both directions) for the betatron oscillation amplitude equal to
~0.2 pm, where in Equation (13) we have replaced E; with the measured mean value
of 0.78 keV as well as replacing y(L/c) ~ 468 given the results in Figure 7. Figure 8
also shows a simulation performed using analytical formulas of synchrotron-like betatron
radiation, including electron acceleration [33]. The parameters used for the simulation
have been: rms betatron oscillation amplitude equal to ~0.2 um (gaussian beam), electron
final Lorentz factor at z = L = 1.7 mm equal to 468, and finally the laser and plasma
parameters used in the experiment. The effect of the electron energy spectrum and of the
radial distribution of the beam has been obtained by summing incoherently the betatron
radiation emission from a statistical sample of 10,000 electrons, representing the total
charge of 373 pC. The simulation is reasonably in agreement with the results, even if
the synchrotron-like approximation seems to overestimate the low-energy photons. The
mean number of measured photons per shot in the range >2 keV was ~4 x 10°, with a
fluctuation of the 50 %. The detector response (a CCD X-ray camera operated in single
photon counting) for lower photon energies was not reliable so it was neglected, due
to thermal noise. The used camera was a Great Eyes 1024 256, with an image area of
26.6 mm X 6.7 mm, a pixel size of 26 pm x 26 pm, operated at a pixel readout frequency of
500 kHz and a temperature of the sensor equal to —20°. The algorithm used to retrieve the
photon spectrum has been based on the determination of isolated illuminated pixels on
the sensor matrix and in the construction of the histogram of their values. This algorithm
can lead to a slight underestimation of photons, in general, but this was not the case in our
experiment, as no significant contiguous events were detected on the sensor. The process
has been implemented after background subtraction and considering only photons above
the thermal noise threshold. Moreover, a deconvolution with the transmission function of
2 um thick Al window in front of the sensor (to reflect spurious laser light preventing the
sensor damage) has been performed. If simulated within a synchrotron-like approximation,
as in shown in Figure 8, the number of measured photons would correspond to 1% of the
total photon number, which is <108, The missing photons, constituting the majority of
emitted radiation, have not been detected as they fell below 2 keV. The scaling for the total
photon number can be expressed as [33]:

& QneLy~1 (14)

N, _ (10 %ZHaQ{xﬁ,yﬁ}wzz,L
F v(t) 18ec?

Considering the fluctuations of the quantities upon which the betatron photon number
scales, we obtain an overall fluctuation ~45 %, which explains rather well the observed
results (still neglecting the fluctuations on the betatron oscillation amplitudes). Once
evaluated for the parameters of our experiment, Equation (14) yields a photon number
<108 for a betatron amplitude ~0.2 um, which is in agreement with our previous estimation
based on a simulation of a synchrotron-like spectrum (see Figure 8).

4. Discussion

We would like to stress that our working point at E; < 1 keV is unique in the litera-

~

ture, since most of the previous works and published papers show critical energies on the
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several to many keVs level. With a more appropriate UV detector, we would have been able
to detect ultra-short bursts of ultraviolet radiation, demonstrating a promising radiation
source in that range of frequencies. However, our experimental conditions are quite well
explained by scaling laws found in the literature, as discussed in the previous section.
Concerning the literature, we also would like to recall that with a similar laser system,
with a longer off-axis parabola, and similar conditions for plasma density and injection
scheme, other authors have demonstrated the same electron energies but higher critical
energy (in the few keVs) and number of photons (~108) [26]. In another work, with a
similar experimental setup, larger electron energies up to 500 MeV have been demonstrated
and larger critical energies of the betatron spectrum up to <10 keV [35], but smaller bunch
charges. The reason for these differences may be attributed to different conditions for laser
guiding and/or different injection schemes realized, e.g., with a mixture of gases, affecting
the electron beam emittance, the bunch charge and the energy spread. A similar photon
number but higher critical energy has been obtained in [36], obtained with a slightly longer
off-axis parabola and higher electron plasma density. In conditions of direct laser—electron
interaction, the critical energy may be even shifted towards y-rays [30,37,38]. With compara-
ble laser intensity but different systems with longer pulses, different regimes have been
studied, as the self-modulated regime [39], demonstrating large photon number and critical
energies on the tens of keVs. Further enhancing techniques for photon number and critical
energy are based on the addition of wiggling sources and/or density tailoring [31,32,40-45]
or with different gas targets [46,47].

5. Conclusions

We have reported a detailed study on a high-gradient laser-plasma accelerator and
its related synchrotron-like source. Diagnostic methods based on Thomson scattering
allowed the reconstruction of the accelerating field axial profile and amplitude. Electron
and photon numbers, as well as their spectral-angular characteristics, have been measured
and explained through the established literature, with particular focus on the fluctuation
theory of such observables. For the operational conditions considered here, driven by
an ongoing experiment at the facility, with a ~0.02 Hz operation rate, we have found
<10° photons emitted per shot (with a fluctuation of 50%) in the soft X-ray range, corre-
sponding to a critical energy of ~0.8 keV (with a fluctuation of 40%). Future developments
will be needed for improving and/or expanding the above performances, especially with
the aim of extending the range of applications of the betatron radiation source.
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