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An innovative, single-shot, non-intercepting monitor of the transverse profile of plasma-accelerated

electron beams is presented, based on the simultaneous measurement of the electron energy and

the betatron radiation spectra. The spatial resolution is shown to be down to few tens of

nanometers, important for high-precision applications requiring fine shaping of beams and detailed

characterizations of the electron transverse phase space at the exit of plasma accelerating structures.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4998932]

The transverse profile of plasma-accelerated electrons is

a primary information in order to qualify the beams and

characterize them for different applications. These kinds of

beams are accelerated over lengths ranging from millimeters

to centimeters where standard intercepting diagnostics,

normally exploited in conventional RF accelerators,

become non-implementable. Both in the schemes of Laser

WakeField (LWFA) and Particle WakeField (PWFA)

Acceleration,1 in the extremely non-linear regime of interac-

tion, the accelerating wakefield assumes the shape of a bub-

ble.2 Beside the impressively strong longitudinal fields

associated with the wake (up to TV/m), the transverse fields

in this configuration are much favorable for the acceleration

of high-quality beams because of their linear trend, which

can preserve efficiently the emittance of the injected electron

beams. Furthermore, these transverse focusing fields are

responsible for intra-envelope betatron oscillations of elec-

trons,3 whence the so-called betatron radiation is produced.4

Because of relativistic effects, the betatron radiation spec-

trum normally extends over the X-ray region of the electro-

magnetic spectrum.5,6 The use of betatron radiation as

transverse diagnostics for electron beams accelerated in plas-

mas is to date largely diffused and demonstrated.7–11 The

main advantages associated with this diagnostics are two: it

is not destructive/intercepting and it can work for single-shot

experiments due to its high flux. Since there is no general

reason for the beam envelope to be unaffected by the passage

from the plasma into vacuum, the use of intercepting diag-

nostics in vacuum, just after the plasma, is not generally reli-

able if the goal is that to infer information about the beam

while it was accelerating. Intercepting diagnostics imple-

mented outside the plasma like scintillator screens, or even

non-intercepting techniques like, for example, those based

on diffraction radiation,12 cannot be considered of practical

utilization whenever the electron beam profile is modified at

the exit of the plasma in virtue of a smooth (on the scale of a

betatron wavelength) plasma-vacuum interface or because of

possible space-charge effects. Concerning the determination

of the rms beam size inside the plasma, different works have

been performed in the recent past, based on Fresnel X-ray

diffraction by sharp metallic edges and by X-ray spectros-

copy of betatron radiation,7–11 with an uncertainty very close

to 1 lm or, at the best, slightly below. Nevertheless for high-

precision applications requiring fine transverse shaping and

controlling of electron beams, the complete spatial distribu-

tion of the charge is needed more than just the beam’s rms

size. A high-resolution determination of the beam profile is

necessary also for a detailed characterization of the electron

transverse phase space at the exit of plasma, whenever the

beam has to be exploited for interactions with matter (inverse

Compton scattering, irradiation, generation of coherent sec-

ondary radiation, etc.) or it has to be matched to and trans-

ported through dedicated optics.13 The only way to directly

determine the beam transverse distribution starting from the

betatron radiation would be the X-ray imaging of the whole

spectrum emitted by the accelerated electrons. On the other

hand, being the betatron radiation extremely broadband, it

would be not trivial not to lose information and signal when

using standard X-ray optics such as Kirckpatrick-Baez

mirrors, Bragg crystals, pin-hole cameras, Fresnel lenses, or

polycapillary lenses, due to structural limits related to

frequency-selection, absorption, aberrations, etc., appropriate

of all the above-mentioned devices. Therefore, we propose

an innovative technology based on the single-shot spectral

detection of both the betatron radiation and the electron

beam energy.

The experiment has been performed at the SPARC LAB

test facility via the interaction of the ultra-short ultraintense

Ti:Sa laser FLAME with a He gas-jet target, in the bubble

regime of the LWFA. It has been shown in Ref. 14 that thea)alessandro.curcio@lnf.infn.it

0003-6951/2017/111(13)/133105/5/$30.00 Published by AIP Publishing.111, 133105-1

APPLIED PHYSICS LETTERS 111, 133105 (2017)

http://dx.doi.org/10.1063/1.4998932
http://dx.doi.org/10.1063/1.4998932
http://dx.doi.org/10.1063/1.4998932
mailto:alessandro.curcio@lnf.infn.it
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4998932&domain=pdf&date_stamp=2017-09-25


laser-plasma system in the bubble regime is associated with

an unique matrix SðI0; k0; n0;CðcÞÞ � Sij, depending only on

the laser intensity and wavelength, I0 and k0, respectively, on

the background electron plasma density n0, and being a func-

tional of the spectrum CðcÞ of the accelerated electrons, with

c the electron Lorentz factor. For a detailed definition of the

S-matrix, we refer to Ref. 14, focusing from now on only on

the description of our methods and results. The S-matrix can

be related to the measured betatron spectrum R via the

equation

Dj � riPiSij � RðEjÞ ¼ 0; (1)

which is nothing but the statement that the theoretical spec-

trum must be equal to the detected one. In Eq. (1), the

Einstein summation convention has been used, where ri is

the ith betatron oscillation amplitude chosen in some reason-

able range of values ½0; rmax� and Pi is the vector representing

the beam’s radial profile. The first addendum of Eq. (1), i.e.,

riPiSij, represents the theoretical betatron radiation spectrum

calculated by summing up all the contributions coming from

electrons belonging to a beam with a charge spatial distribu-

tion Pi. The presence of ri in the sum comes from the

Jacobian determinant for cylindrical coordinates.4 The

detected spectrum is a vector RðEjÞ, where the j-index runs

over the values of the detected photon energies Ej, being the

step Ejþ1 � Ej ¼ dE equal to the resolution of the X-ray

detector. The flowchart of our methodology is shown in

Fig. 1. Once the laser parameters, the electron plasma den-

sity, and the spectrum of the accelerated electrons are experi-

mentally known, the S-matrix can be numerically built.14

The measured electron and betatron spectra are given as

input to the algorithm, which combines the betatron spec-

trum RðEjÞ with the S-matrix through Eq. (1), yielding the

electron beam profile as output. The algorithm is a least-

square algorithm which looks for the vector Pi minimizing

the norm of the difference vector Dj, defined by Eq. (1).

For sake of clarity, the first approach given in this letter

is one-dimensional, and by consequence, we have selected a

special case where the laser and the plasma were matched

together in such a way to produce an electron beam with

cylindrical symmetry, suitable for our 1D approximation.

This was accomplished by having control of the geometrical

aberrations in the laser focus and also matching the length of

the laser pulse to the electron plasma density for avoiding

the regime of Direct Laser Acceleration (DLA).15 For a laser

pulse length shorter than the bubble radius, the electrons can

be accelerated up to the dephasing point without significantly

interacting with the tail of a linearly polarized laser, so with-

out generating an asymmetry both in the electron beam and

in the betatron radiation beam. The symmetry of the beams

was checked by detecting the spatial distribution of the beta-

tron radiation. In fact, the angular distribution of the betatron

radiation is known to be related to the electron trajectories

inside the plasma bubble, therefore also to the geometry of

the beam while it is evolving during the acceleration. A cir-

cular spot of betatron radiation indicates a radially symmet-

ric electron beam. The error on the final electron profile we

were able to reconstruct was estimated by taking into

account of the errors associated with the betatron spectrum,

the electron spectrum, the laser intensity and bandwidth, the

electron plasma density, and to the algorithm itself. In partic-

ular, the electron energy spectrum, as well as the betatron

radiation spectrum, was affected by errors due to finite reso-

lution of the detectors and to the amplitude of the noise fluc-

tuations. The algorithm was affected by an error fixed by an

arbitrary threshold for the minimization process and also

related to the role of the parameter rmax in the convergence

of the result. Concerning the resolution of our detector, it

was as small as tens of nanometers, as it is shown in the fol-

lowing. The setup of the experiment is reported in Fig. 2.

The main laser pulse characteristics during the experiment

were �1 J energy, delivered in 30 fs (FWHM) over a 5 lm

rms 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 be n0 ¼ ð260:2Þ
�1019 cm�3 (see the up-right inset of Fig. 2). The energy

spectrum of the electrons was measured by using a magnetic

dipole coupled to a scintillator screen. The betatron radiation

emitted by the accelerated electrons during the interaction

of the high-intensity laser with the He plasma was detected

simultaneously both by a X-ray scintillator and a CCD-X

camera, positioned at 0.7 m from the interaction point,

cooled down to �30 �C, and shielded by a lead cage from

broad-divergence bremsstrahlung. The goal was to measure

simultaneously the spatial distribution of the radiation with

the X-ray scintillator and the spectrum with the CCD-X cam-

era working in single photon counting mode. The X-ray scin-

tillator 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 fil-

ter to screen the residual infrared light on the camera. The

spectra of the betatron radiation (already deconvolved with

the transmission function of the filters) and of the electron

energies are reported in the up-left and the bottom insets,

respectively, of Fig. 2. We used these spectra as input for

our algorithm, finally getting the result reported in Fig. 3.

The 1D radially symmetric profile is relative to a beam of

sub-lm size, rms 250 nm.

When referring to Eq. (1), for a square matrix Sij, the

number of components of the solution vector Pi in the range

½0; rmax� is as much as the components of the vector Rj, which

represents the detected spectrum. The number of components

of the vector Rj is determined by the dynamic range and the

resolution of the X-ray spectrometer. For the laser and

plasma parameters of our experiments, we expected a rmax

parameter of about �1 lm, since the scaling laws for beta-

tron radiation16 gave hint for a submicrometric beam’s rms

FIG. 1. Flowchart of the method for the electron beam profile monitor: once

the laser and plasma parameters are experimentally known, the S-matrix of

the system can be determined. The measured electron energy and betatron

radiation spectra are given as input to the algorithm, yielding the electron

beam profile as output.
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size. The number of components of Rj in our particular case

was 140. The best resolution achievable by reasoning in

these terms was therefore 1lm/140 �7 nm. This resolution

would be very high, and, in principle, our method would be

able to provide it. Nevertheless the relative error affecting

the coefficients of the S-matrix was >10%, falling from the

experimental determination of the electron plasma density,

the laser intensity, and the electron energy spectrum.

Considering that the rms size of the retrieved beam was

250 nm, a 7 nm resolution would set a relative error of about

3%, less than the error related to the S-matrix. For this rea-

son, the 7 nm resolution had no empirical significance and a

more reasonable estimation of the resolution should be done.

Once ensured that the code was stable with respect to small

variations of the rmax parameter, we gradually reduced the

number of components of the vector Rj with a decimation

procedure, until the reconstructed electron profile (the output

of our analysis code) started to show modifications, in partic-

ular, in the rms size. This threshold number of points was

used to define a more realistic resolution for the profile moni-

tor. The resolution found in this case sets a relative error of

about 16%. A lower resolution (>40 nm) could bring to an

erroneous result, not consistent with the scaling laws of beta-

tron radiation and numerically unstable (i.e., unreliable).

Therefore, we finally concluded that the resolution of our

monitor was 40 nm. The fact that the result of our measure-

ment was quite smooth (by the way not perfectly Gaussian if

carefully looking) was due at least to two main reasons. The

first one is that the geometry and symmetry of interaction

was highly cylindrical with no particular inhomogeneity/

anisotropy in the laser focus and in the plasma profile; thus,

no microstructures and asymmetries had to be expected in

the profile of the accelerated electrons. The second reason

was that during our measurement, we adopted the 1D version

of the method, which naturally averaged out asymmetries or

microstructures, even if any. Actually, there was a further

smoothing factor, not so easy to argue at first sight: our mon-

itor is time-integrated on the acceleration time (this is auto-

matically taken into account through the choice of the

betatron trajectories for the determination of the matrix Sij,

see Ref. 14); therefore, any transient beam microstructure

was necessarily averaged out. Despite the monitor was time-

integrated over the duration of the electron acceleration

inside the bubble, since the emitted power of betatron radia-

tion scales as c3=2,16 it was possible to be confident that the

profile of Fig. 3 referred more to the last phase of accelera-

tion (basically around the exit of the plasma accelerating

FIG. 3. Beam profile detection in the radial approximation (red curve). The

blue curves delimit the error range. The beam’s rms size rr ¼ 0:2560:04 lm.

The monitor resolution is 40 nm.

FIG. 2. The laser beam is focused on the He gas-jet. Electrons are accelerated in the bubble regime over a distance � 1 mm. The permanent dipole (�1 T)

coupled with a scintillator screen allows the measurement of the electron energy spectrum. The X-ray betatron radiation, directed in the same direction of the

impinging laser, crosses an X-ray scintillator and then it gets the X-ray spectrometer. A probe beam is coupled to a Mach-Zender interferometer in order to

retrieve the electron plasma density of the laser-produced plasma.
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structure, where the energy gain was supposed to be maxi-

mum) then to the precedent ones.

The idea to overcome the 1D approximation and to

design a 2D beam profile detector is related to another alge-

braic problem, very similar to the problem of Eq. (1), which

involves now the use of a fourth rank tensor. The S-matrix

can be extended to a 4th rank tensor when considering that

the electron independent coordinates in the transverse plane

are in general two (r;/) with / the azimuth angle, and also

the spectrum of radiation depends on two variables that are

the photon energy and the solid angle X, as expressed in fol-

lowing equation:

Dkl � riPijSijkl � RðEk;XlÞ ¼ 0: (2)

Now the matrix Pij represents the 2D beam profile

matrix with i representing the radial coordinate and j the azi-

muth. The index k runs over the detected photon energies

and l over the solid angle within which the radiation spec-

trum is collected. A 2D beam profile monitor based on Eq.

(2) could be therefore possible only when the correlated

angular-spectral distribution of the betatron radiation is

detected. This last task is not trivial to accomplish because it

requires the detection of the X-ray spectrum in different

regions of the X-ray beam spot. Some work has already been

done in this sense by exploiting stacks of imaging plates to

characterize the angular dependence of the critical energy of

the synchrotron-like betatron spectrum.17 In our experiment,

with our diagnostics, we were not able to perform the same

measurements as in Ref. 17. Nevertheless we aim to demon-

strate in the following the feasibility of our 2D beam monitor

through a numerical simulation. In order to shed more light

on the resolution capability of our monitor, a numerical

example was prepared. It was decided to retrieve the profile

of an elliptic-hollow electron beam, whose internal diameter

was below 100 nm in both planes. The ellipticity was meant

to demonstrate the 2D operation of the retrievement proce-

dure, while the hole in the beam was thought to be useful to

show the resolution performances of the monitor. The

spectral-angular distribution of betatron radiation RðEk;XlÞ
was determined through formulas reported in Ref. 4 for a fic-

tious electron beam having the same energy-spectrum shown

in Fig. 2, and for the same laser and plasma parameters used

earlier. A reasonable number of points (ten) was chosen in

the range ½0;Xmax� for the solid angle, simulating a realistic

measurement in which for logistic/technological issues it

would be not possible to detect the betatron spectrum in

correspondence of an arbitrary number of solid angles. The

linear size of the pixel, i.e., the monitor resolution, of

our detector was 2� xmax=10 ¼ 2� ymax=10 ¼ 500 nm/

10¼ 50 nm, where xmax and ymax are the parameters defining

half of the x and y position ranges, respectively. In Fig. 4, the

result of our simulation is shown. The ellipticity and the hole

at the center of the beam were resolved with an accuracy of

tens of nanometers. In the case of a real experiment, the

increase of angular resolution of the betatron radiation detec-

tion apparatus could bring to even finer resolution perform-

ances of the monitor, nevertheless provided that the relative

error (given by the ratio between the resolution and the rms

sizes) has empirical significance. This has been properly

pointed out earlier when discussing our measurements and it

consists in the real limit of the diagnostics, which in princi-

ple could provide any desired resolution just by refining the

angular sampling of the betatron radiation distribution.

The 2D beam profile monitor as conceived in this letter is

naturally a beam position monitor as well. In fact, following

the X-ray beam position on the X-ray scintillator gives indica-

tions on the relative position shot-to-shot of the electron beam,

due to the collimation properties of the betatron radiation. In

conclusion, we reported on an innovative technological con-

ception for a beam profile/position monitor based on betatron

radiation, suitable for electron beams accelerated in the bubble

regime of plasma acceleration. Our fundamental achievement

was to demonstrate a high-resolution down to few tens of

nanometers, for a monitor which is non-intercepting, non-

destructing, and revealing good performances in single-shot

experiments. Our result is a large improvement with respect to

other beam diagnostics based on betatron radiation to date,

paving the way to fine transverse shaping (down to nanometric

scale) of beams and detailed characterizations of the transverse

phase space of plasma-accelerated electrons.
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