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Production of ultracollimated bunches of multi-MeV electrons by 35 fs
laser pulses propagating in exploding-foil plasmas
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Very collimated bunches of high energy electrons have been produced by focusing super-intense
femtosecond laser pulses in submillimeter under-dense plasmas. The density of the plasma,
preformed with the laser exploding-foil technique, was mapped using Nomarski interferometry. The
electron beam was fully characterized: up t8 &@ctrons per shot were accelerated, most of which

in a beam of aperture below 18 sterad, with energies up to 40 MeV. These measurements, which
are well modeled by three-dimensional numerical simulations, validate a reliable method to generate
ultrashort and ultracollimated electron bunches.2@2 American Institute of Physics.
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The advent of extremely powerful femtosecond laserailtrashort laser interactions with matfeé® A special feature
based on the chirped pulse amplificati®PA) techniqué  of the experiment we present here is that we used the ASE
has opened new horizons in laser-matter interaction studigsedestal in order to produce, via the exploding-foil tech-
at ultrarelativistic intensitie$In this interaction regime sev- nique, a preformed plasma, providing favorable conditions
eral new phenomena have been discovered and promisirfigr electron acceleration with a 35 fs pulse. This technique,
applications foreseehAs originally proposed by Tajima and already tested and validated in previous experimental
Dawson? electrons can be accelerated by the very strongvorks!!? provides a novel method to investigate accelera-
longitudinal electric fields associated with plasma wavegdion schemes in conditions different from the ones using gas-
generated, for example, by the beating wave process or byjat targets. In fact, our technique allows interactions to be
wake-field. The latter requires a suitable matching betweeachieved with preformed plasmas of smaller sizpically a
the plasma density and the laser pulse duration. Howevefew tens ofum scale lengthcompared with the size of typi-
even when matching is not satisfied, self-modulation of thecal gas-jet plasmag=2 mm length used in recent accelera-
pulse can provide useful conditions for acceleration. In facttion experimentg®
the self-modulated laser wake-figl8MLW) has been dem- The control of electron density, size, and homogeneity of
onstrated experimentally as a scheme suitable for the accehe plasma is a basic issue for a reliable acceleration tech-
eration of electrons trapped from the plasma it28lMore  nique. In this experiment, we were able to measure simulta-
recently, an additional mechanism has been proposed ineously the basic properties of accelerated electfonm-
which electrons are accelerated directly by the super-intendeger, spectrum, and angular distribution a plasma of which
laser electric fields in the presence of autogenerated quasie also measured density distribution. Consequently, not
static magnetic field&direct laser acceleratiofl Experimen-  only have we achieved record values in terms of accelerating
tal evidence for such a mechanism has been also regbrtedfield and number of electrons per unit solid angle, but the

All these acceleration mechanisms can be investigatedetailed knowledge of plasma and laser parameters allowed
experimentally with powerful CPA pulses. CPA pulses, how-us to perform accurate numerical modeling of our data. As
ever, are accompanied by a low intensity “pedestal” of nano-we will see at the end of this paper, the results of three-
second duration arising from amplified spontaneous emissiodimensional3D) simulations show striking similarities with
(ASE) in the amplifier chain. This pedestal results in a pre-our experimental data and strongly suggest a possible physi-
cursor target irradiation which can affect the dynamics ofcal interpretation of our results. The laser-target configura-
tion is basically the same already used in previous
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Jauneg, 1 J in 35 fs at 815 nmvavelength, was focussed by
an off-axis F/5 parabola on 1.am thick, 500 um wide
plastic foil target, at an angle of incidence of 20 degrees. The
laser intensity distribution in the focal spot was Gaussian,
with 50% of the total laser energy within a circle sf4 um
diameter resulting in a laser intensity on targetlpf=8
X 10'° W/cm?. The CPA/ASE intensity contrast ratio was of /
the order of 16. Part of the main bearfl00 mJ, frequency /
doubled usig a 2 mmthick KDP crystal and timed within a S S S
. i . : -100 -50 0 50
fraction of a plgosecond with respect to the main bgam, was Position X[um]
used as an optlcal probe beam parallel to the thin foil SurfaC(?EIG. 1. Longitudinal electron density profile of the plasma as inferred from
In this experiment we were able to produce for the first timean interferogram taken 50 ps before the arrival of the 35 fs pulse. The arrow
interferograms in the Nomarski configuration with a femto- shows the direction of the laser pulse propagation. Xked position indi-
second probe pulse. A detailed description of these femtoseéates the initial position of the foil target. The critical densityrefers to
ond interferometry measurements will be given in a forth-*~81° M-
coming paper.
Energetic electrons emitted forward were the main sub-

ject of the experimental investigation. Three distinct diagnos- The glectron angular dlstr!buuon is a crucial measure-
tics were used in order to measu@ the number of elec- ment which was performed using a detector based on radio-

H : 16,17
trons, (b) their angular distribution, andc) their energy Ccnromic films (MD55-GAFCHROMIE). Electrons

spectrum. Further diagnostics included optical imaging and"PINgINg ?q” a rad_|(_)chrlom|c f'rlr:n release a fralcn(_)n of thhe|r
spectroscopy of the transmitted laser light and detection bﬁnergy to the sensitive layer. This energy results in a change

scintillator detectors of the gamma-rays emitted by bremsplc th? optical der_lsny of the film which can be read using a
strahlung of the energetic electrons. Optical and gamma-ra ensitometer as in the case of a standard photographic film.
fter calibration, radiochromic films straightforwardly pro-

diagnostics gave very similar results to those obtained in’ R =
previous experiments!? and therefore they are not pre- vide the ar)gular dlstrl_butlon of impinging eIe.ctrons. The.de—
sented in detail in this paper. We only mention that, as oplector baS|c§1IIy consists of a stack of .rad|ochrom|c f|Im§
served in those experiments, the transmission of the CPRO™ME of which were separated by aluminum plates of suit-

pulse after the interaction was rather high and its spectrurﬁﬂetg‘igl:gfsit' 'g‘i rle@é':nl z':‘slef?i:r\rlva?j?altji?)id;? Ir:(;n;ilcr):] tzt?aéilftin
basically unchanged, suggesting a basically smooth propaga- ! ) =
y g 99 g y prop ggact no film darkening was observed when the laser was fired

tion of the pulse through the plasma. As previously observed”, h AL Al bl . db h
in gas-jet experiments, these circumstances indicate(ithat W't out target. = mm, Al p ate was msert_e_ ) etween the
sixth and seventh film to increase the sensitivity of the de-

the plasma is fully ionized andi) SMLW does not play a hiah | he d laced
significant role in our experimental conditions. tector to higher energy electrons. The detector was placed 2.6

The plasma density was measured using interferogram%mhbﬁh'rl‘d the target, .W'th the center of the films aligned
taken at different probing times before and after the arrival otVit t, € laser propagatlorl axis. -
the main pulse in the plasma. The phase-shift maps were Figure 2 shows a typical radiochromic film result after a
obtained from the interferograms using a new metfod single exposure to the electrons generated by focusing the

. . 9 .
based on Continuous Wavelet Transforms. After a generalgrl]DA plulse atan mter:jsny ?k? X 10 _\Nécmzén thel plz_ismaf.
ized nonaxisymmetri€ Abel inversion, plasma density maps The plasma was produced by ASE-induced explosion of a 1

were obtained. Figure 1 shows the longitudinal plasma der#M thick target. These images show a small central spot

sity profile (along the laser pajtas obtained from a typical aligned with the laser propagation axis. This feature is visible

interferogram taken 50 ps before the arrival of the mainen all seven layers while other features surrounding this

pulse. The laser pulse propagates from the right to the left i#right spot are qnly ViSit.)le on the first layer. These results
this figure. Although the target shadows the fringes close t&uggest that besides an intense electron 'flux of lower energy
the peak density region, our interferograms show a welll" @ €ONe Ofthing~18 deg aperture, there is a bunch of very
defined density profile, having an exponential decrease Witﬁolhmated, high energy electrons accelerated along the laser
a scale length typically of a few tens of micrometers starting
from a top density that can be reasonably inferred to be ap-
proximately 4x 10'° el/cn?.

The number of electrons emitted forwafde., in the
direction of the laser pulgevas measured with a calibrated
coil-based charge detector having an acceptance cone of g|
erture 6.4~ 7 deg. The detector was placed beyond the tar-
get and after a 10Qum thick quartz plate(necessary for
optical measurementsavhich substantially cuts-off electrons FIG. 2. Densitometer scans of the radiochromic films after exposure to the

of energy below 0.2 MeV. The charge collected in this Con_energetic electron beam produced by interaction of an ultraintense laser
' ) _pulse with a preformed plasma located at 26 mm on the left. The angular

dition was about 0.2 nC per shot, corresponding to approXiscaje is also shown for reference. The arrow indicates the electron beam
mately 10 electrons. propagation axis.
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FIG. 4. Spectrum of the electrons in the collimated beam. Black dots rep-
resent the experimental data. Also shown is the detection threshold of the
electron spectrometer. The solid line is the spectrum of the electrons in the
collimated beam{within 3 deg around the axis in Fig) &s obtained from

the PIC simulation.

FIG. 3. 3D PIC simulation: angular distribution with respect to the laser axis,
of the electrons emitted forwar(deft), to be compared with the radiochro-
mic film data(right). The two arrows indicate the energetic electron beam in
the two cases.

propagation axis. This electron bunch is confined in a solid
angle <10 3 sterad. The solid angle has been evaluated
from the central spot size in the first layer and the distancé&lectron beam consists of a sizeable number of electrons with
between that layer and the plasma. Multiple scattering of th&€nergies from a few MeV up to 40 MeV. Also plotted in Fig.
electrons in the radiochromic films increases appreciably thé (solid line) is the calculated spectrum of the electrons ob-
spot sizes on the other layers. For the first one this effect ifained from the PlQparticle-in-cel) simulation relative to
negligible. To our knowledge, it is one of the most colli- the electrons in the central feature of Fig. 3. There is a good
mated electron beams ever observed in laser-plasma accédreement between the experimental spectrum of the high
eration experiments. energy electron beam and the simulated one, mostly for the
It is interesting to compare the experimental results withhigher energy componeitabove 10 MeV. Also interesting
the predictions of numerical simulations carried out using dS the 40 MeV energy cut given by the simulation consis-
three-dimensional partic'e_in_ce” Cd&e,\”th a p|asma den- tently W|th the experimental data. ThIS iS an indication that
sity profile and a laser pulse intensity distribution very closethe acceleration is limited by some experimental parameter.
to the experimental ones. More precisely, the analytical forn¥Ve believe that in our experimental conditions the limiting
for the simulated laser pulse is factor is the acceleration length, which is basically given by
the plasma length, that in our case is much smaller than the
I =lgcoS[(m/2) (t/7)]coS[(m/2) (rlry)], dephasing length.
wherel ,=3.4x 10" W/ecm 2, =30 fs, andr,=9 um; the The numerical simulation also provides the evolution of
simulated plasma density profile along the laser propagatiohoth the electron density distribution and the electromagnetic
axis had a plateau of 40m at density 4.%10'°cm 2 and field distribution during the propagation of the femtosecond
density decreases both sides with a scale length ofh0  pulse through the plasma. In fact, the temporal evolution of
The laser wavelength used in the simulation was 800 nm. Ahe electron density reveals that a number of electrons are
comparison of the angular distribution obtained from thetrapped in the wake of the pulse and are efficiently acceler-
simulations with the radiochromic film data, shown in Fig. 3, ated in a collimated beam up to 40 MeV. The formation, in
clearly shows that the main feature of the angular distributhe wake of the pulse, of an electron wave is clearly visible
tion observed experimentally, namely the central, collimatedn Fig. 5 which shows the calculated electron density map
electron beam, is reproduced by the simulations. (left) and the electromagnetic field magpght), respectively.
The electron energy spectrum was obtained with a spedie observe that the electron wavelength, as measured
trometer based on an electro-magnet coupled with a set ¢fom these images, corresponds to the one expected in the
four photodiodegsurface barrier detectorsBy changing the ~ background plasma whose densitynis=4.3x 10" cm™2:
current of the electromagnet, electrons from a few MeV u T _
to 200 MeV can be anjyzed with an acceptance angle gf Ap=1(3.34x 10°)/ndem ®J}fem]~5.1x10"* cm.
Ospec=0.6 deg. The entrance axis of the spectrometer wa$he simulation evidences also the strongly nonlinear wake-
carefully aligned on the laser propagation axis in order tdield conditions due to the ultrarelativistic intensity in the
analyze the spectrum of the electrons in the central brighlaser spof
beam. To study the contribution of the gamma rays on the Later in time, simulation frames show that on the axis of
spectrometer, some zero shots, without the magnetic fieldhe electron wave an electron beam is created, which then
were made, and the photodiodes did not generate a detegiropagates outside the plasma while keeping its strong col-
able signal. The data were processed using a Monte Carlamation. The PIC code also predicts that some other elec-
code (based on the CERN library GEANT)4wvhich also  trons are not trapped and are deflected at larger angles due to
enabled us to account for the presence of the quartz plateansverse wave breaking of the laser wake. The spectrum of
between the plasma and the spectrometer. A typical spectruthese less collimated electrons given by the simulation ex-
is shown in Fig. 4(black dot3. According to this plot, the tends up to 10 MeV. This is the only point of disagreement
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Electron density [cm™] Intensity [W/om’| analytically and numericallythe possibility of producing
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electron bursts of a few femtoseconds by wake-field accel-
—‘l_r_'—_ eration of seed electrons in the colliding-pulse laser-injection
10f3 T 7 scheme. This scheme, never implemented so far, could in
] H] principle provide quasi-monochromatic electron bur&is
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few percent of energy spread is expegtdd our case the

1 energy spread is much largéof the order of 100% but

_1ol8 1 i some 16 electrons with an energy spread of a few percent

’ y , , , , could be extracted using magnetic deflection techniques.

30 40 50 30 40 50 Finally, we note that the exploding foil technique allows
Xk Xk us to obtain a higher number of electrons and a more effi-

FIG. 5. 3D PIC simulation: electromagnetic field distribution of the laser _. . S
pulse (right) and electron density distributiofieft) at the time when the cient acceleration by optimizing target, laser pulse, and fo-

laser pulse X =800 nm) is going to leave the plasma. Clearly visible is the CUSING geometry.
formation, in the wake of the pulse, of an electron waveNgf=5.1
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