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Electron acceleration by few-cycle laser pulses with single-wavelength spot size
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Generation of relativistic electrons from the interaction of a laser pulse with a high density plasma foil,
accompanied by an underdense preplasma in front of it, has been studied with two-dimensional particle-in-cell
(PIC) simulations for pulse durations comparable to a single cycle and for single-wavelength spot size. The
electrons are accelerated predominantly in forward direction for a preplasma longer than the pulse length.
Otherwise, both forward and backward electron accelerations occur. The primary mechanism responsible for
electron acceleration is identified. Simulations show that the energy of the accelerated electrons has a maxi-
mum versus the pulse duration for relativistic laser intensities. The most effective electron acceleration takes
place when the preplasma scale length is comparable to the pulse duration. Electron distribution functions have
been found from PIC simulations. Their tails are well approximated by Maxwellian distributions with a hot
temperature in the MeV range.
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I. INTRODUCTION two-dimensional (2D) particle-in-cell (PIC) simulation of
fast particle generation in the interaction of ultrashort laser

The fast ignitor scheme, high-energy electron injectorspulses with dense targets with preplasma conditions. Elec-
and x-ray sources have triggered a worldwide interest to geriron acceleration with preplasma is different as compared to
erate relativistic electron bunches. A remarkable result i$oth extended homogeneous plasmas and dense plasma slabs
laser-produced electron jets in the interaction of ultraintens&ith sharp boundaries. The study of possible regimes of elec-
light pulses with solid targets at tens to hundreds of joules ofron acceleration by short relativistic laser pulses in plasma
laser energie§1—4]. As tabletop lasers continue to reach coronas is still incomplete. The aim of this paper is to focus
record levels of peak power, they also can be used to acce®n the aspect of electron generation in short preplasma of the
erate beams of electrons to several MeV energies with milsize of several laser wavelengths by relativistic laser pulses
lijoule laser energy scale at a kilohertz repetition rggg  consisting of only a few optical cycles. We consider a fo-
Further improvements will allow these compact lasers to bé&used spot radius of only one laser wavelength.
useful as hard radiation sources for cancer radiotherapy, elec- These conditions are met by the chirped pulse amplifica-
tron injectors, ultrashort point-size x-ray sources, and tooldion laser at the Center of Ultrafast Optical ScieiC&OS,
for nuclear physics, chemistry, and biology on the femtosecas illustrated by Fig. 1. This indirectly diode-pumped Ti:Sap-
ond time scale and on the Spatia] scale of atoms. phire laser works at 1-kHz repetition rate and has the advan-

Because of the finite laser energy contrast ratio, the intetage of being stablé1%), compact(on a single 8x 10’
action of laser pulses with solid targets is typically charactable, highly intense(few times of 188 W/cn?) at a rather
terized by preplasma formation before the peak of the pulséow-energy level €3 mJ) and relatively low cost. Further
reaches the target. Such a preplasma is a reason for enhandeyprovement of this installation will allow interaction with
electron generation providing a plethora of mechanisms foplasma at strongly relativistic intensitiels= 10*° W/cn?.
electron acceleration. These electrons can be accelerated upWe study here the mechanisms of electron acceleration
to several MeV energies due to several processes, such 48! the conditions described. For preplasmas several laser
stimulated forward Raman scatterif, resonant absorption wavelengths thick, which can be attributed to moderate to
[7], laser wake fieldd8], ponderomotive acceleration by

standing[9], and propagatind10] laser pulses, “vacuum (a) 1l &b)

heating” due to thevX B component of the Lorentz force

[11] or the Brunel effect[12], wave breaking of self- : S 08rFWHM=8 fs

modulated laser wake field4.3], injection via coupling of . 8 Bk

Raman-backscattered radiation to the plasma Wa#g and % ’

betatron resonance provided by laser-pulse channglif  04r

Clearly, a better understanding of the mechanisms of electro =

acceleration in the interaction of the ultrashort ultrafocused 13.p0m 8

laser pulses with solid targets and quantification of the elec 0 -

tron beam characteristics in terms of laser pulse and the = A (fs)“’ =
plasma parameters is essential for the success of new appli-
cations of tabletop lasers. FIG. 1. Spatial and temporal characteristics of CUOS 1-kHz

In this paper, we report on the results of a fully relativistic repetition rate laser: focal spot siza and pulse duratioiib).
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low prepulse energy, only a few mechanisms of acceleration
of the electrons rather than the enumerated ones are most
likely. We confirm the result of Refl16] for longer laser
pulse duration, that the energy of the electron entering the
target from preplasma scales linearly with intensity at rela-
tivistic laser fieldsa>1, wherea is the dimensionless am-
plitude of the laser vector potential. However, with ultrashort
laser pulses the mechanism of electron acceleration is differ-
ent. In Ref.[10], a rare preplasma with density much lower 0.5 0.5
than critical has been considered, and electron acceleration
was attributed to the propagating laser pulse abruptly stop-
ping at the target surface, so that the highly energetic elec-
trons within the pulse continue to move forward inertially o5 10
and escape from the pulse in the forward direction. This XiAg
mechanism is also present here but is inhibited because of FIG. 2. The electron phase space platsp, at t—15 andt
the high preplasma density responsible for collective plasm&i24 (left and right upper panels, correspontiif)gﬁbr a=7, |
phenomena. ; o

. . =3, andL=2. Intensity of the electromagnetic field for the same

We found that the most effective mechanism of electron. ~' . d g
- - ; - ime intervals(left and right bottom panels, correspondingly

acceleration originates from the electrostatic self-induce

electric field behind the short laser pulse. This field accelertruncated near the plasma-vacuum boundary to hawe at
ates electrons and they even overtake the laser pulse. Thisys 2)\o. The laser pulse propagatesddirection from left to
accompanied by breaking of the formed electron wave thafight with vacuum electric field amplitudg,, and frequency
terminates further acceleration of the electrons. The stochag; . |t hasd= 2\, focal size. The position of the laser beam

tic behavior of electron motion due to wave breaking pro-axis corresponds tp=8.8. The boundary conditions for par-
duces a Maxwellian-like hot electr_on dlstn_bunon. When theticles, electric and magnetic fields are periodiyidirection.
laser pulse reaches the dense foil, the high-energy electrqp x direction, they consist of electromagnetic wave that en-
bunch penetrates through the target and escapes behind i the regiox>0 and freely leaves the computational do-
We have investigated the efficiency of electron acceleratiomain at the right boundary. Particles reflect from the bound-
versus the laser and plasma parameters and found optimugiies in thex direction. Plasma consists of protons and
conditions for energetic electron production. Normal inci- g|ectrons with ion mass, = 1836m,. The simulations were
dence laser pulses have been considered. We demonstraigstformed for normalized amplitudes of the laser vector po-
that several MeV electrons can be triggered by relat'V'St'Qential,a=eEy0/ma0=2,4,7, and 14 where is the speed
intensities few-cycle Iase_r pu!ses of millijoule energy both in¢ light, e is the electron charge, amd s the electron mass.
forward and backward directions. . These values correspond to the intensities froge 8.6
The paper is organized as follows. In Sec. II, we describe, 1418 1o 4.2 102° Wicn? for laser light with wavelength
the PIC model and demonstrate two qualitatively differenty g wm. There was a R, vacuum layer before the plasma
regimes of electron acceleration in forwdd] and both for-  target and significantly longer vacuum region behind to re-
ward and backward?) directions. In Sec. Ill, we describe §,ce boundary effects. The laser-pulse lengthas in the
the mechanisms of electron acceleration. The efficiency OFange 1.5,<I<6\, and the preplasma density gradient

electron acceleration versus plasma and laser parameters i€,je was chosema<L <6.5\,. Anywhere below, the co-
studied in Sec. IV. We conclude with a summary in Sec. V. ordinates, time, momenta, and energies are givengn

27l wg, mc, andmc?, correspondingly.
Il. ELECTRON DISTRIBUTIONS FROM ULTRASHORT An underdense plasma in front of the target even with the
LASER-PULSE INTERACTION WITH FOIL size of few laser wavelengths is crucial to high-energy elec-
tron generation. Simulations demonstrate acceleration of
Two-dimensional PIC simulations with total number of electrons in such underdense preplasma. Figures 2 and 3 il-
particles 16 and 32 particles per cell were performed for justrate production of electron jets in forward and backward
linearly polarized laser pulses with a wavelengthpropa-  directions. The mechanism of electron acceleration in for-
gating normally to a plasma targétydrogen in thex direc-  ward direction is discussed in the following section. The
tion of the X-Y simulation plane. forward-accelerated electrons escape from the region behind
This target models a thin solid dense plasma slab of thickthe incident laser pulse when it reflects and they pass through
ness 0.2k positioned ak= 12\, and having a rare plasma the foil target. As the laser pulse propagates backwards after
in front of it to model the blow-off plasma created by the reflection, it accelerates a small number of electrons to ener-
laser prepulse that interacts with the foil before the maingies that can be even higher than that of the forward elec-
pulse reaches the target. The dense plasma slab has electiagns, as shown on the right panel of Fig. 2. The strong
densityn, 40 times higher than the critical density. The  backward acceleration can be attributed to the relativistic
total simulation box is 17X,X 17.5\(. The preplasma is at return-current electrons escaping from dense plasma even
X>2\q with electron density &n.,=<1.3n, of an exponen- before the reflected pulse catches them. Having higher initial
tial profile with a spatial scale length. This profile was momenta they are accelerated by the laser pulse to higher
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FIG. 3. The electron phase space plot p, at t=16 (upper
pane) fora=7, 1=3, andL=5. Normalized intensity of the elec- 8 10 12 14
tromagnetic field), for the same time momerbottom panel X/

E,/1010 [V/cm)

energies than the electrons in forward direction. While the FIG. 5. The electron phase space plot p, at t=20 (upper
electron bunch in the forward direction is always observedpane) fora=7,1=3, andL=6.5. Position of laser pulse is shown
the electron jet in the backward direction is not generated iy dashed curve in the upper panel. The numbers enumerate the
a thick preplasma because of the low intensity of the redifferent groups of electrons. The spatial distribution of average
flected pulse in this cas@ig. 3. One concludes from this ©lectrostatice field (bottom panel

result that a better quality electron injector for the backward

direction can be achieved only with a high-intensity contrastensity the f_oryvard-accelerated electrons in preplasmas
ratio when the preplasma is short enough. with characteristic scale lengths comparable to laser-pulse

The PIC model gives details of the electron energy distri-duration have 2.5 time; higher average energy than the same
butions. A typical example is presented in Fig. 4 for7 electrons accelerated in small scale preplasmaslf. The

and for laser-pulse lengths comparable (teft pane) or left panel _in _Fig. 4 also iIIu_strates the effect mentioned
longer than(right pane) the characteristic preplasma size above, which is the suppression of backward electron accel-

Electron distribution functions consist of the thermal electroneratlon in the case of an extended plasma corona. In the

bulk and hot electron tails well approximated by Maxwellian extended pfeplasma, the laser pqlse experiences higher ab-
distributions with effective temperatures, shown in Fig. 4sorption m_amly due to the generation of hot el_ectrbljslts
over the curves. The bulk of “cold” electrons are generatedscatte”ng in the preplasma is also higher. Neither effect pro-

from both the dense plasma foil and the preplasma, while th¥ides a significant reflected pulse at the target surfaqe, ar_ld

hot component represents only electrons accelerated in tﬁ:é)nsequently, effective backward electron acceleration is

preplasma. For a preplasma scale length shorter than ﬂpéevented.

laser-pulse width, an electron from the preplasma cannot ac-

quire an energy comparable to the quiver energy correspond- !l MECHANISMS OF ELECTRON ACCELERATION

ing to the laser peak intensity. Conversely, isithe case for In Fig. 5, the simulation results for the spatial distribution

shorter laser pulses with the duration comparable 10 Opy the Jongitudinal electron momentupy averaged over the

shorter thanL. This is why forL/I~1 the effective fast y 454 the longitudinal component of electric field in a

electron production in the forward direction is possible Whe”plasma withL=6.5 andl=3 are shown shortly prior the

the propagating laser pulse is abruptly stopped at the targefise reaches the critical density surface. Four different

surface allowing the highly energetic electrons to continuegroups of electrons accelerated in the preplasma can be iden-

moving inertially. This is clearly seen from comparison of jfiaq.

the left and right panels in Fig. 4 where for the same laser Group 1. These are electrons within the laser pulse. The
pulse carries them to the foil and they escape from the laser

F F pulse when it hits the foil target. These electrons were stud-
1000 (@) 1000 () ied in Ref.[10]. For the conditions of current intere@ense
100 100}2m 1.5 MeV preplasma and short laser pulsthese accelerated electrons
eV . R . .
10 35MeV g / do not contribute significantly to the entire population of hot
= electrons
1 1 :
_1'0 (‘) 1‘0 2‘0 10 o 10 20 Group 2.The pul_se pushes the preplasma electrons simi-
p,/mc p,/mc lar to a snowplow(Fig. 5). These electrons are concentrated
X X’

at the front side of the pulse. They have less energy than the
FIG. 4. The electron distribution functions far=7, |=6, t electrons within the pulse but their density, shown in Fig. 6,

=16, andL =2 (right pane) andL =5 (left pane) with and without  is much higher. The electrons of group 2 form, in fact, a
backward-accelerated electrons, correspondingly. solitary electrostatic wave that moves with the group veloc-
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FIG. 6. Electron density in. units att=20 fora=7, =3, and

FIG. 7. The moment#2) andx coordinateg1) of two particle
L=6.5 aty=8.6, (a) and aty=8.8 (b). @) X ! ) paricles

(solid and dashed lines, correspondingfyom the group 2(a),

ity of laser pulse, which decreases while laser pulse pengroup 3(b), and group 40), (d).

etrates into a plasma. This solitary wave is stable, howevegt naricles are clearly seen, repelled electrons and electrons
the average electron energy within it experiences oscillag,ertaken by the laser pulse. The distance required for elec-
tions. Being pushed outward by the laser pulse, the electrong, s 15 pe repelled versus the laser-pulse group velocity is
produce a positive charge separation electrostatic field withiny;s5 shown in Fig. 8. Qualitatively, the,(t) dependence of
the laser pulse, which acts as a deceleration force for thgynejieqd electrons corresponds to the PIC simulations. Quan-
electrons behind the laser-pulse front. This electric field has g;tive comparison is not straightforward because of the in-
maximum at the laser beam axis and its magnitude reachgg,mogeneity of group velocity and collective plasma effects,
0.5a. A similar quasistationary solitary wave has been demy, harticular, due to the strong decelerating electrostatic field
onstrated in 1D PIC simulatidfi7]. In our 2D case, it 100KS  yhat reduces the energy of expelled electrons significantly
like 2 semihoop at the laser-pulse h¢afl panels aand bin - compared to test particles for a given laser-pulse shape.
Fig. 6] with electron density maximum at the laser a¥is, powever, this result sheds light on the nature of the electrons
=8.8. The perturbation of density in the electrostatic wave igjiscussed and demonstrates that for characteristic group ve-
several timegup to four to five timeshigher than the back- locity v,~0.7-0.8 corresponding to Fig. 5 the distance

ground density. The width of this structur_e is extremelywz)\0 is enough for the electrons to be expelled.
small, only half of a laser wavelength. In Fig@y, the re-

sults of tracing representative electrons are shown to identify
their nature. The momenta of these group 2 electrons oscil-
late [Fig. 7(a)] showing that they are captured at the laser-
pulse front. Their trajectories show that the electrons are dis-
placed with average velocity close to the group velocity of
the laser-pulse.

Group 3.The electrons of this group lead the laser-pulse
front (Fig. 5. They are expelled from the laser pulse and
move inertially in accordance with Fig(ly). Oscillations of
py in Fig. 7(b) demonstrate, indeed, that the repelled elec-

trons had been traveling with the pulse before they left it. 8

Electron momentum finally saturates when electrons leave <5

the pulse. It was demonstrated in Rf8] that for a circular <

polarized laser pulse traveling with the group velocity lower 1

than the speed of light, the electrons can be repelled if a 0

corresponding threshold is exceeded. This threshold reduces 0.5 0.7 0.9
with laser-pulse group velocity decrease. The same takes Vgic

place for a linearly polarized laser pulse. Although the ana- F|G. 8. Evolution of the longitudinal momentum of a single
lytic solution of the Lorenz equations for a single electronegjectron initially at rest in the Gaussian linearly polarized laser
interacting with a given linearly polarized laser pulse is un-pulse witha=4 andl =3 (upper paneland the distancg, required
known, we found it numerically for a Gaussian laser pulsefor an electron to be repelled vs the laser-pulse group veldioé
and a defined repelling threshold similar to the approach ofom panel. The group velocity in the upper panel is chosen 0.85
Ref.[18]. This result is presented in Fig. 8, where two kinds(solid line) and 0.95(line with markers.
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part of the distribution between the tail and the bulk origi-
0 X . . . . nates from the semihoop solitary wave at the laser-pulse
2 4 6 8 10 front (group 2. Penetrating through the foil, these electrons
a produce a nearly isotropic distribution. Their spatial distribu-

FIG. 9. The hot electron temperature dependencies of forwardtion looks like a halo surrounding a hot electron jste
accelerated electrons on preplasma ¢iZea=7, | =3, panel(a)] below Fig. 13.
and laser field amplituda [L=5, |=3, panel(b)].

IV. ELECTRON ACCELERATION DEPENDING

Group 4.Electrons with maximum energy are formed be- ON PLASMA PARAMETERS
hind the laser pulséFig. 5). They are accelerated by the high
negative electrostatic field created by ponderomotive evacu- Our simulations demonstrate that target design is a crucial
ation of the electrons within the laser pulse. The latter igssue for electron acceleration. Both characteristic preplasma
clearly demonstrated by, (t) for representative electrons of Size and laser-pulse length influence electron energy. We
group 4 in Fig. Tc). Significant numbers of the electrons have found that at the same laser intensity, hot electron en-
being accelerated by the strong electrostatic field overtak€rgy reaches maximum if the preplasma size is comparable
the laser pulse. The momentumy(t) increases nearly lin- to the pulse lengthl. ~(1—2)I. The dependencies of hot
early with time until these particles overtake the laser pulsglectron temperature on the preplasma scale length in Fig. 9
because their velocity becomes higher than the pulse grougiPper paneland on the pulse duration in Fig. 10 show this.
velocity. This corresponds to oscillationsmf(t) in Fig. 7(c) For a thin preplasma layer, electrons cannot be well acceler-
at time t>20. Similar to group 2 electrons, these electronsated and their energies grow with On the other hand, for
look like a well formed bunch of high-energy electrons extended preplasmak>1 particle mixing due to wave
[17,19,20. The corresponding density perturbation is pre-breaking and laser-pulse losses lead to the lowering of aver-
sented in Fig. 6 just behind the laser pulse. It is much widefge electron energy. This is why bot(L) and Te(l) de-
than the front density perturbation and strongly modulated irPendencies in Figs. 9 and 10 demonstrate smooth maxima.
time and in the transverse directifef. Figs. 6a) and Gb)]. The hot electron temperature dependenca @shown in
While the average density of this bunch is lower than theFig. 9 (bottom panel Electron temperature grows linearly
density of the front electron bunch, its energy is significantlywith a in accordance with relativistic scalird6]. Indeed,
higher. This electron wave similar to the front wave movesthe potential difference produced by relativistic electrons ac-
with a velocity close to the group velocity of the laser pulse.celerated by the leading edge of the laser pulse scales with
Simulations demonstrate that the structure discussed expethe ponderomotive potentiaka, so also does the energy of
ences wave breaking at later times. Corresponding electroglectrostatically accelerated electrons behind the laser pulse.
trajectories are shown in Fig(d). When electrons reach the Note that there is an indication of such scalifigs 152, in
backside of the pulse, they experience decelerating electritie experiments of Ref21]. We also quantified the depen-
field. However, electron energy does not drop strongly bedence of number of several MeV electrons on the laser field
cause the laser pulse is reflected when it hits the target suamplitude as shown in Fig. 11. More than®16f several
face and the high-energy particles continue to move forwardleV electrons can be generated bylO-fs pulses with a
inertially, penetrating through the foil. total laser energy of several millijoules.

The tracing performed allows us to identify the hot elec- Simulations performed demonstrate also that the effi-
trons generated in forward direction in the tail of the distri-ciency of hot electron production depends on preplasma
bution function(Fig. 4) as consisting of those particles ac- scale length. The electron phase space plot before laser-pulse
celerated by an electrostatic field in the preplasma behind theeflection is shown in Fig. 12 for a preplasma with a density
laser pulse(group 4. These particles form a jet at the rear profile having a plateau at low density. Comparison to the
side of the foil, which is characterized by a small angularsimilar case(Fig. 2) without preplasma density tailoring
spread. The bulk of the electron distribution is formed by theshows a fourfold increase of maximum electron energy for
particles accelerated from the foil, and the moderate energihe same laser intensity and pulse duration. The spatial dis-
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FIG. 11. The number of hot electroris, , with energy exceed- FIG. 13. Spatial distribution of accelerated electrons behind the
ing 5 and 10 MeMlines 1 and 2, correspondingly foil just after they leave the targés) and some latetb) for the

same parameters as in Fig. 12.

tribution of the electrons escaping from the target is shown in
Flg 13 demonstrating a hot electron jet due to e|eCtrOStati§h0rter than or Comparab|e to the |aser_pu|se |ength, both
acceleration and a halo from a semihoop solitary electroorward and backward accelerations of electrons take place.
wave formed at the laser-pulse front. We believe that preThe highest electron energy is achieved for preplasma size
plasma density profiling will aid experiments aimed at im- comparable to the laser-pulse length. Tailoring of the plasma
proving the acceleration properties by coherent control.  density profile is an effective way to increase electron en-
ergy.
V. CONCLUSIONS AND SUMMARY When a _relativistic laser pulse propagates through a th_in
preplasma it forms a dense bunch of electrons at the leading

In this paper, we have performed PIC simulations of elecedge of the pulse with density higher than the critical density.
tron acceleration triggered by relativistic laser pulses consistThis solitonlike plasma structure penetrates through the foil
ing of only a few optical cycles and focusing to a spot of and forms the bulk of the distribution function of forward-
only one laser wavelength. High-energy electrons originateiccelerated electrons. More energetic tails of the electron
from the interaction of laser pulses with preformed plasma irdistribution behind the foil originate from the electrons ac-
front of an overdense plasma slab. Such preformed plasmas
likely appear in most experiments because of nonideal laser-
pulse contrast. The results give evidence that a preplasma of
size of several wavelengths leads to enhanced generation of
hot electrons.

From the simulations described we inferred two
Maxwellian-like electron distributions with hot electron tem-
perature having a linear dependence on laser intensity. We
found that the characteristic preplasma size influences the
efficiency of electron generation. For preplasmas longer than
the laser-pulse length, the electrons are accelerated predomi-
nantly in the forward direction. For preplasma thickness

Ng/Ne £

11 13 15

: X/7\‘O
0 5 2\ 10 FIG. 14. The ion energy distribution functiofispper panglfor
X/ 0 a=7,1=6, andL=5 att=12(1), 17 (2), 37 (dashed ling and 47

FIG. 12. The electron phase space ptotp, shortly before (3). The timet=12 corresponds to electron penetration in the foil.
laser-pulse reflection foa=7 and|=3 for the tailored density Spatial distribution of accelerated ions behind the foll-a#7 (bot-
profile shown as inset. tom panel.
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celerated by Coulomb fields generated at the trailing edge of A kilohertz repetition rate laser with the capability of de-
the laser pulse. These electrons have several times highkvering pulses of a few optical cycles in a wavelength-scale
energy but lower density. This electrostatic mechanism ofocus and at relativistic intensities currently exists at the
electron acceleration is found to be the major effect respon€enter for Ultrafast Optical Science at the University of
sible for hot electron generation by ultrashort laser pulses iMichigan. It is coupled with a target system that allows mil-
such thin preplasma layers. lions of shots on a single target while supplying fresh target
It is well known that fast electron production is an origin surface for each shot. To the best of our knowledge, mea-
of effective ion acceleratiof22] and hence two groups of surements of x-ray spectrum and spot size as well as optical
hot electrons just mentioned above should produce similagffects and particle acceleration are possible in this
groups of ions. Figure 14 illustrates this by two plateaus inwavelength-cubed regime.
ion energy distributiorfupper pangland two corresponding

jets in ion density distributioribottom panel ACKNOWLEDGMENTS
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