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A study, with particle-in-cell simulations, of relativistic nonlinear optics in the regime of tight focus
and ultrashort pulse duratidthe \° regime reveals that synchronized attosecond electromagnetic
pulsegN. M. Naumova, J. A. Nees, I. V. Sokolov, B. Hou, and G. A. Mourou, Phys. Rev. Baft.
063902 (2004] and attosecond electron bunchfd. Naumova, |. Sokolov, J. Nees, A.
Maksimchuk, V. Yanovsky, and G. Mourou, Phys. Rev. L&8, 195003(2004) ] emerge efficiently

from laser interaction with overdense plasmas. Xheoncept enables a more basic understanding
and a more practical implementation of these phenomena because it provides spatial and temporal
isolation. The synchronous generation of strong attosecond electromagnetic pulses and dense
attosecond electron bunches provides a basis for relativistic attosecond optoelectroR@&5 ©
American Institute of PhysicgDOI: 10.1063/1.1880032

I. INTRODUCTION tions was established in experiments on harmonic generation

. 0-13 . . . 4,15 _
The possibility of eventually generating electromagneticfrom solid target§. An oscillating mirror modef** ex

. ) ) . Iplaining harmonic generation from relativistically driven
fields capable of distorting or breaking down vacuum neal N
L , -overdense plasmas, was developed for plane-wave incidence
the quantum electrodynamics limit is one factor drawing SCI_and captured the basic features of interaction
ence toward extreme intensitit€urrent technology allows Basped on the oscillating mirror model at. normal inci-
the construction of petawatt laser systems with focal intenSiaence 4 suggestion was mg de to generate attosecond pulse
ties of 1G> W/cn?. By focusing 0.8um, 30 fs laser pulses 99 9 P

. . . trains in the reflection of intense laser pulses from solid
to a 1A diameter spétan intensity of 18 W/cn? has now .
been demonstrate?gThe further dyevelopment of highly fo- surfaces? In this work the attosecond feature of the reflected

cusable laser systems toward exawatt and zetawatt feigels r?dlatlonbwr?s _emphgs;f]ed, hO\I/;/_ever,ttlt was Ztatef[jt that the
potentially achievable but prohibitively expensive. piasma behavior an € resulting atlosecond pattern were

Relativistic nonlinear optical effecté should have the "°t Well understood.

strength to enable a more practical path to higher intensities. In realllty a laser pbulse ‘_N'th Aa finite fofcgl s_got, cannolt
These effects are based on the relativistic velocity of elecPOSSESS plané-wave behavior. A range of incidence angles
trons, with y=(1-v?/c®)~12 driven by light with field appears along the interaction surface because of the trans-

verse gradient of the pulse, coupled with significant excur-

strengthay,=eE,/ c>1 (i.e., with intensity wherel\2 ) o . - i
gthao=eEo/Mew ( y sions of relativistic electrons. This modifies the effective in-

>1.37x 10" W cm™? um?). At these intensities matter is _ ;
transformed by light into highly ionized plasma. Laser pulsesteractlon surface contour. ) . .
interacting with the plasma are then capable of efficiently I3nves_t|gat|on of laser-plasma Interaction in the relativis-
producing electromagnetic radiation patterns and dense elefiC A regwn_e(5 fs_ laser pulses focused to?\lellqmeter Spot
tron bunches each with attosecond structifeThese at- with two-dimensional(2D) and 3D particle-in-cell(PIC)

tosecond structures then can be useful for producing higheqjmulations reveals that the radiation observed in reflection
intensities. On one hand, electromagnetic radiation of atl’©M Overdense plasma is a train of attosecond pulses, with

tosecond duration may be focused to a smaller volume, proQach pulse deflected to a specific angle, with a path different

viding higher intensity. While, on the other hand, attoseconcIrorn the specular direction, and with a broadband spectral

7,8 . . . . . 3
electron bunches may be used to coherently up—conveﬁontent' This view is in agreement with experlmeH{’sl

counterpropagating radiation which can also be focused to which indicate spectral broadening with higher intensity and
minute volume. spreading of radiation over larger angles. Matching plasma

conditions with steplike profiles or exponential plasma gra-

dients allows one to separate from the resulting radiation an
Il. ATTOSECOND PHENOMENA IN LASER-PLASMA isolated attosecond electromagnetic pul&eln addition,
INTERACTIONS with increased incident intensity these attosecond pulses are

In  relativistic overdense  plasmas[wy< wp, wp scalable to still higher intensities, .where shortenlng of the

= (471 ymy)*?] a framework for attosecond pulse dura- generatgq attosecond pulse durations leads to their greater

focusability.
Tpaper FILB 1, Bull, Am. Phys. Sod9, 134 (2004, In overdense plasmas the Iaser' pulse interacting with a
Ynvited speaker. Electronic mail: naumova@umich.edu; URL:http://target beC_Ome_S a subwavelength driver for ele_:ctr_ons because
www.eecs.umich.edu/CUOS/attosecond of the oscillating nature of the electromagnetic field. These
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laser-plasma interactions have been extensively investigated (a) (b)
theoretically and experimentally.Recently evidence of ul- yporo e
trashort electron bunches has been found experimentally at /

the rear surface of thick solid targéfsThe bunched elec-
trons were assigned to either vacuum ©X B heating Sr
mechanisms>?° These mechanisms are based on a 1D ap-
proach and the action of electric and magnetic parts in the
Lorentz force on electrons that heat plasmas. or

Analysis with 2D PIC simulations of laser-plasma inter- \
action in the relativistio\® regime reveals that dense attosec- \ ©

3

ond electron bunches can be formed in vaciufihe at-
tosecond pattern appears due to the joint action of incident
and generated electromagnetic fields. In addition, the 1t
bunched electrons, escaping the target with relativistic ve- TR R o ~
locities, compress the reflected radiation, generating the train 12 -8 4 X 6 7 8 9t
of attosecond pulses. This illustrates a connection between

G. 1. Generation of attosecond electromagnetic pulses in a 2D PIC simu-

the origin of attosecond e|ECtromagnetIC pUIseS and bunCh{Qion. (a) The electromagnetic energy density of the reflected radiation

electrons, and their SynChronized beh_aVior- ) (W=E2+B?) att=11. Numbers 1, 2, and 3 indicate the most intense pulses
In underdense plasmaso,™> w,) with laser wakefield in the reflected radiation: 1—uwith the highest intensity, 3—with the lowest

acce|erato|2§‘ the typ|ca| duration of electron bunches is in intensity.(b) Snapshots of the electron density at instant8.2,t=0.9 when

. . attosecond pulses: 3 and 1 are form@l.The time evolution ofW at the
the femtosecond time SCEﬂéjn the regime of wave break point x=-3.5,y=3. The arrows indicate the half-intensity level of an iso-

ing, use of sharply spiked electron structure has been praated pulse that contains 10% of the incident pulse energy. Simulation pa-
posed for up-conversion and focusing of counterpropagatingametersa;=3, 7=5 fs, ng=1.5n,.

radiation®® On the other hand, overdense plasmas driven in

the relativisticA® regime unconditionally emanate stable at-

tosecond features due to superior spatial and temporal gradit|Se was initiated at the left-hand boundary and propagated
ents. in vacuum along thex axis toward the target. Periodic and

absorbing boundary conditions were applied for electromag-
netic fields and particles in transverse and longitudinal direc-
Ill. THE A% REGIME AND PIC SIMULATIONS tions, respectively.
Studying attosecond phenomena with few-cycle incident

The idea to work in the relativistik® regime, with few- . . . .
cycle laser pulses focused toMdiameter spot, came from pulses, we observed, that ion motion did not influence the
' fast electron dynamics. We choos$e0 to be the instant

the fact that the maximal intensity can be achieved withWhen the peak of the pulse envelope reaches the focal plane
available laser pulse ener@;ﬂ'he properties of the highest P P P P

. : . at x=0. In simulations spatial coordinates are measured in
gradients are enhanced in th& volume of laser-plasma in-

teraction, when the laser pulse is incident on plasmas of Criti\_/vavelengths, and time is measured in optical cycles.

cal or overcrltl_cf';\l _densﬂy. In this case the d_rlver p_ro_duceﬁv ISOLATED ATTOSECOND PULSES
coherent relativistic motion of electrons, which efficiently
interact with the electromagnetic environment. We begin the analysis of the relativisti¢ regime with
The laser-plasma interaction in thé regime is by its 2D PIC simulations op polarized laser pulse incident on a
nature extremely nonlinear. PIC simulatiéhwith fully rela-  plasma layef. Taking into account strong alternating electro-
tivistic self-consistent electromagnetic codes can provide inmagnetic fields of such a driver, we intend to separate a
sight to these interactions. The regime, from first sight, subcycle cut from the radiation. To reduce the number of
demands 3D simulations. However taking into account gparameters to be optimized we fix the pulse duration, focal
strong anisotropy of the interaction for linear polarizedspot size, and the amplitude in focus. We choose a pulse
light,>®> many details can be analyzed with 2D simulationsdurationr of 2 cycles(or 5 fs for A=0.8 um), a 1\ diam-
when the electric field lies in the plane of incidengepo-  eter focal spot, a dimensionless amplitude in foagrs3, and
larization). 2D simulations are much easier both in providinga Gaussian profile and cosinelike temporal fi@ld., with 1
the necessary diagnostics and in the data representatiomaximum), such as are experimentally accessible. For sim-
They are more agile when higher simulation resolution orplicity, we choose steplike plasma profile and focus the laser
parametric study is needed. Confirmation of the 2D behaviopulse normal to the plasma layéhe average propagation
and specifics of 3D interactions can be studied then in the 3Dector is alongx axis, and the plasma boundary is along
space with reasonable simulation resolution. axis).
Fully relativistic electromagnetic particle-in-cell code in Varying the plasma density, under these conditions we
1D, 2D, and 3D versions working with Cartesian coordinatedind the optimal valuen,=1.5n, (here n,=mewj/4me?),
was used for simulation of relativistic laser-plasma interacwhere the radiation is efficiently deflected by the plasma sur-
tions. Charge conservation was implemented and a seconthce. The result of this simulation is shown in Fig. 1. On the
order form factor was used for charged particles. The plasmplot of the electromagnetic energy density in Figa)lwe
was considered to be collisionless and preionized. The las@bserve that reflected radiation is deflected to different

—lle— 200 as




056707-3 Relativistic attosecond physics Phys. Plasmas 12, 056707 (2005)

lated attosecond pulses is observed. We find the most effec-
tive attosecond pulse formation and isolation for a cosinelike
incident laser pulse, where the carrier phase is chosen so that
the peak electric field is oriented toward the specular reflec-
tion. This results in the strongest compressed pulses. Also,
they propagate not in the specular direction, but between the
specular direction and the surface of the target.
In general the path of compressed attosecond pulses is
e not found in the specular direction, but to one side or the
pulse other. We might associate this with the fact that the fast mo-
tion of the surface that causes compression must also be

FIG. 2. Generation of attosecond electromagnetic pulses in a 3D PIC simuskewed out of symmetry by the relativistic effect that pushes

lation. Isosurface of the electromagnetic energy density demonstrates effjs ; 3 ; _
cient generation of isolated attosecond pulsét). Electron density slices fmore at the peak of each optlcal half CyCle’ bendmg the re

show anisotropic electron activity at the time of attosecond pulse generatioﬂectlon off the pptlcal aXI§. ]
(right). Simulation parametersy=3, 7=5 fs, ny=1.5n,. To scale this mechanism of attosecond pulse generation

to higher intensities, it is necessary to keep similar slopes in
electron density profiles. To do so, the plasma density should

angles. In addition, the oscillating electric field breaks thebe scaled linearly with the driving field strength, maintaining
lateral symmetry, and subcycle pulses are deflected to ori@e same balance between charge separation forces and
side or the other of the specular direction. We indicate thdorces arising from the incident fields. With higher field
three most prominent pulses and find that the strongest pulgdrength, electrons also move faster and the resulting Doppler
has a larger deflection angte40°. A similar plot marking compression leads to the formation of still shorter pulses.
the half-intensity level reveals that the strongest pulse is iso- Using 2D PIC simulations, we find that the ratio of
lated, and has a divergence o20°. ap/ny=2 is optimal for the production of isolated attosecond

Observing the electron density plots in Figb)l we find ~ pulses. Boosted-frame 1D PIC simulations are capable of
that electrons move with relativistic velocities, creating dif- modeling oblique incidence only over a limited range of am-
ferent reflection conditions at each half cycle. These fasplitude, because reflected light is bound to propagate only in
electrons move coherently and provide a Doppler time transthe specular direction. Nevertheless, we find that attosecond
formation for the reflected radiation. On the plot of the elec-pulse duration produced follow the dependerag" for the
tromagnetic energy density in Fig(cl at a point along the ratio ag/ny=2 in the range 3a,=<20°
maximal value path of the strongest pulse we estimate the
pulse duration to be _200 as. Wit_hin_ its half-intensity ISOCON-\, SE| ELINDUCED FOCUSING OF LIGHT
tour the pulse contains-10% of incident optical pulse en-
ergy. In a simple view, attosecond electromagnetic pulses,

The analytical model of a relativistically driven charged emerging from a target which is curved by the laser pulse
layer’ confirms that an oscillating electric field at oblique pressure, can be simultaneously focused to a much smaller
incidence is sufficient to provide the pulse compression. Devolume, providing higher intensity in focus. To demonstrate
pending on the electric field phase the charged sheet movéiis potential effect, we performed preliminary 2D simula-
from or toward the reflected radiation, forming stretchedtions for the stated above laser pulse parameters and for the
background radiation or prominent spikes. Indeed, both feasteplike plasma profile.
tures are observed in the reflected radiation in Fig). Con- Evaluation of the maximal value of the electromagnetic
sequently, the self-induced relativistic motion of charges inenergy density in time leads to the optimal density value
the A% regime directly generates isolated attosecond pulses,=4n.,, for which the strongest generated attosecond pulse
by reflection, deflection, and compression. gives the maximal intensity in its focus, after emerging from

3D simulations performed for the same laser-plasmahe target. With variation of the plasma density, the “focusing
paramete%show substantially the same effect including ef- optics” and the attosecond pulse duration are changed. The
ficient isolated attosecond pulse formatidfig. 2]. Results former depends mainly on the ratig/ny, and the latter de-
similar to the 2D behavior are observed when viewing thepends oray andagy/ng.
(x,y) plane. While in the(x,z) plane, a significantly higher For the parameters chosen in 2D simulations we perform
degree of symmetry is present on both the plot at the halfa 3D simulation in the box of4\)® volume, with 100 grid
intensity level of the reflected radiation and on the plot ofcells per\, and 8 particles per cell. This simulation, which is
electron density. Also, the divergence of the isolated attosegylobal in its representation, encompasses in the volume of a
ond pulse is larger in théx,z) plane. Thus the knowledge of few A3, has sufficient resolution, and is accessible with mod-
the dominant features responsible for the formation of isoerate computer facilities.
lated attosecond pulses understood by the results of 2D simu- In the 3D simulation we find that the focal intensity of
lations is confirmed and extended into full 3D space. attosecond electromagnetic pulse increasés times in re-

To be close to realistic plasma conditions, we performedspect to the focal intensity of the incident laser pulse in
2D simulations for different angles of incidence and expo-vacuum. Figure 3 shows the strongest attosecond pulse both
nential plasma profile%Again efficient generation of iso- in focus, when it has its maximal intensity, and after the
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FIG. 3. Self-induced focusing in a 3D PIC simulation. Isosurface of the a0
electromagnetic energy density at the half-intensity leveleft) and after
focus (right). Simulation parameters,=3, 7=5 fs, nyp=4n,,. 20
focus. The location of the focal volume is in vacuum at a

ol 8
distance of 0.8 from the original plasma boundary. And 0 1 X 2 3 R

again the deflection of attosecl:ond pu!ses is observed in tth. 4. Trains of attosecond electron bunches and attosecond electromag-
(x,y) plane. The focal volume is also tilted at a larger angle netic pulses formed at oblique incidence on a short target. Electromagnetic
indicating the complexity and nonuniformity of attosecond energy densitygray scalg (a) W2 att=-3 and(b) W att=3. In (a) the
pulse generation along the radiating charged surface T}?row indicates an electromagnetic field null and(lin overlapped black

d | in f | ’ fts indicate 25—30 MeV electron&) Electron jets emerging from the
attosgcgn . F’U ;e In .OCUS. erjcompasses a vo ume Q rget on the electron density plottat—3. (d) Kinetic energy(in MeV) of
~107°N\°! within its half-intensity isosurface; as in previous bunched electrons in an arc projectiontat3. Simulation parametersi,
3D simulation, it has anisotropic structure both in and after=10, 7=15 fs,no=25n,.
focus.

In simulations, the induced focusing of a loosely focused ) )

laser pulse into more narrow beam has been observed ffreaming electrons are ejected from the plasma through nar-
reflection from a thin foif® Here we show that the focal row, localized nulls in the electromagnetic field, into a
volume of an attosecond electromagnetic pulse generated fveeping field which, having reversed, supports their ejec-
reflection from a plasma surface can be very small fraction$ion and further acceleratidiigs. 4a) and 4c)].
of the A3 volume, with a commensurate increase of focal ~ Escaping the plasma with relativistic velocities, these
intensity. Indeed, this effect of self-induced focusing of light €lectrons compress the reflected radiation and form attosec-
is similar to the self-focusing observed in underdensePnd electromagnetic pulses while maintaining their own at-
plasma”?® when the laser pulse changes a refractive indexosecond bunched structuirigs. 4b) and 4d)]. The trains

and converges the wave front producing higher intensity. ©Of attosecond electromagnetic pulses and electron bunches
are mutually synchronized, having been formed coopera-

VI. ATTOSECOND ELECTRON BUNCHES tvely. o
Estimating the number of particles in the strongest

Analyzing attosecond pulse generation at differentounches, we find that they contain2x 10° electrons for
angles, we observe on electron density p[6tig. 1(b)] that  these laser-plasma parameters. The energy distribution in
electrons move in thin dense sheets with relativistic velocieach bunch is chirpefFig. 4d)], and above 10 MeV the
ties, reflecting, deflecting, and compressing the radiationpunch thickness ia/7. As the maximal energy in the bunch
Fast electron sheets can exit plasmas passing into vacuulepends on the maximal amplitude in the corresponding
but the incident radiation from subsequent cycles and theycle, by shaping the laser pulse it is possible to generate a
charge separation effect can dramatically change their qualityingle attosecond electron bunch.
and even destroy them. This is possible to overcome by in- |n evaluating the efficiency of the attosecond features
creasing the angle of incidence, when the electrons havingenerated we find that15% of an incident peak cycle has
escaped into vacuum are supported by the joint action of thBeen converted to a corresponding attosecond plitge-
incident and reflected wave. grating within the 1é isointensity contoyr Also, the

We demonstrate the effect of electron ejection and forbunched electrons have gained.5% of the incident pulse
mation of attosecond electron bunches in vacttmith 2D energy. These data demonstrate the specific mechanism of
PIC simulation for a 15 fg polarized laser pulse focused to the energy conversion: the incident pulse energy is efficiently
a 1-\ diameter spot at 70° incidence on a plasma target ogonverted to the energy of attosecond electromagnetic pulses
density of 2%, The dimensionless amplitude in focus is via interaction with relativistic electron bunches.
ap,=10.

In Fig. 4(a) we observe that theE andev X B forces of VII. DISCUSSION
the electromagnetic field create a strong grazing pressure on
the plasma, enhanced by interference between the incident Beginning with efficient use of focused laser energy to
and reflected waves. Electrons from the skin layer are pusheathieve high field and interacting with overdense plasma we
into the plasma. Simultaneously, due to charge separatiofind an efficient route to attosecond physics. In general, short
effects, counterstreaming of electrons occurs. Some countegpulse formation occurs whenever relativistic pulses interact
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