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Electron acceleration by surface plasma waves in the interaction between
femtosecond laser pulses and sharp-edged overdense plasmas

J. Kupersztych, M. Raynaud, and C. Riconda?®
DSM/DRECAM/SPCSI, CEA/Saclay, 91191 Gif-sur-Yvette Cedex, France

(Received 25 August 2003; accepted 28 December 2003; published online 2 Aprjl 2004

The relativistic acceleration of electrons by the field of surface plasma waves created in the
interaction between ultrashort high-intensity laser pulses with sharp-edged overdense plasmas has
been investigated. It is shown that the initial phase of the wave experienced by the electrons play a
leading part by yielding a well-defined peaked structure in the energy distribution function. This
study suggests that resonant excitation of surface plasma waves could result in quasi-monokinetic
energetic electron bunches. When the space charge field becomes too strong, this mechanism can
evolve toward a true absorption process of the surface wave energy via an enhanced “vacuum
heating” mechanism generalized to the case of surface plasma wav@®0®American Institute

of Physics. [DOI: 10.1063/1.1650353

I. INTRODUCTION support surface plasma wavés® Thus, under certain con-
ditions, a laser can resonantly excite a surface plasma wave
It is well known that electrons trapped in traveling localized at the plasma—vacuum interface and characterized
plasma waves can be accelerated to high enetgiéso, the by a large electric field perpendicular to the surface. This
proposal of direct excitation of plasma waves by lasers hafield can then strongly accelerate electrons toward the
greatly stimulated theoretical and experimental investigavacuum more efficiently than the laser. It is worth noting that
tions toward the development of plasma-based electron acesonant excitation of surface plasma waves has been re-
celerators. Among various acceleration schefrigsarticular  cently experimentally realized by using a structured metal
attention has been focussed on the possibility of creatingurface, such as a periodic grating. It has been shown that, in
large amplitude plasma waves in the wake of a laser gulsethe framework of multiphoton photoelectric emission of met-
Recently, with the arrival of laser systems capable of deliv-als, the laser excitation of surface plasma waves can lead to
ering light pulses of extremely high intensitiésf the order  considerable modification of the electron energy spectrum
of 10?* Wem™2?) in the femtosecond regime and with high and increasing of the laser absorption, together with en-
temporal contrastbetter than 1%),> much attention has been hanced electron productidf.n this context, energetic pho-
raised to absorption mechanisms and high energy electraiwelectrons have been produced with energies up to 400 eV
generation involving overdense plasmas with stepwise derfor a laser intensity of 1§ W/cn?.*8
sity profiles resulting from laser—solid interactid The aim of this paper is to show that, in the scheme that
When an intense ultrashofsay 100 f$ laser pulse is consists in resonantly exciting surface plasma waves at the
impinging onto a solid target, multiple ionization rapidly oc- surface of a sharp-edged overdense plasma by ultrashort
curs without significant ablation. The hydrodynamic expan-high-intensity laser pulseg$or which relativistic effects need
sion, partially reduced by the radiative pressure of the lasetp be taken into accouptvery energetic electron bunches
has not enough time to smooth the density gradientan be produced with interesting characteristics. This regime
[d(Inn)/dx>\,*, wheren; denotes the ion density and,  Which includes modifications in the conditions of excitation
the laser wavelengirand an overdense plasma can thus beof the surface wave as well as in the energy gain by the
created which can keep the steepened density profile of th@lectrons, has not yet been fully explored theoretically nor
original target. The electromagnetic energy is then absorbegxperimentally. Furthermore, it is worth pointing out that,
in an optical skin depth by collisional processes and by coldepending on the actual experimental situation, these ener-
lisionless mechanisms such as sheath invers@etic electrons produced during the interaction may deposit
Bremsstrahlung, JxB heating!® vacuum heating and their energy back into _the plasma due to the occurrence of
anomalous skin-layer heatifgwhile the electron thermal SONg space charge fields. This process may thus also be

energy is correlatively transported into the dense colcfonsidered as a new apsorption meghanism of the laser pulse
plasma. energy by the plasma in ultrashort time scales.

To improve conversion of the laser energy into electron
energy, advantage can be taken of some peculiar features bf ELECTRON ACCELERATION BY SURFACE PLASMA
these plasmas. In particular, the boundary between the oveYVAVES (NONRELATIVISTIC CASE)
dense plasma and the vacuian a low-density plasmzcan We consider a sharp-edged overdense plasma resulting

from the multiple ionization of a metal target consisting of a
dAlso at Istituto Nazionale Fisica della Materia, Sez.A Udr. Pisa, Italy.  grating. Such a structured surface makes it possible to reso-
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nantly excite surface plasma waves byp#olarized laser sponding to moderate laser intensities. The behavior of an
wave. As a matter of fact, as the phase velocity of the surfacelectron entering at the plasma surface in the evanescent
plasma waves is lower than the light velocity, additional de-electric field of the surface plasma wave is characterized by
vice is required for momentum conservation. This can bahe following two parameters: its quiver velocity .
conveniently obtained by means of a periodically engravec=eE;,,/mwy and a typical lengthA js=v o5/ 0o, represen-
metal surface, that is, a gratingThis periodic structure pro- tative of its high frequency motion in the vacuum dressed by
vides the increment to the light wave momentum to reach thé¢he high-amplitude oscillating field. If the condition
momentum value of the surface wave as a consequence bt /A1 is satisfied, electrons will have enough time to
Bloch'’s theorem. Thus, if @-polarized laser wave of angular perform several oscillations before leaving the surface wave
frequencywg is impinging onto the metal surface with an field. As a consequence, they will experience the effect of the
angled, the componenky, of the photon wave vector along ponderomotive force due to this strongly inhomogeneous
the periodic surface can be expressekgs (wg/c)(sind  field, the role of which is to convert the electron quiver en-
+\o/a), wherea denotes the grating period. The energy andergy into net kinetic energy. In this case, the typical kinetic
momentum conservation equations in “photon—plasmon”energy that can be acquired by an electron is equal to the
scattering can thus be written as= wy andk,=kg,, where  ponderomotive potentiansc=(1/4)mu§SC, provided the
w andk;, respectively, denote the frequency and wave veceoupling with the field is adiabatically turned off.
tor of the surface plasma wave directed along the direction of ~ Actually, strong spatial inhomogeneity is not the only
the metal—-vacuum interface. Describing the plasma as asource of nonlinearity in this problem. The electrons that
electron fluid neutralized by uniform background and consid+each the surface are suddenly coupled to the external field at
ering that the thermal corrections are negligible in this rangehe moment when they enter into the surface plasma Wave.
of temperatures, the dispersion relation takes the ¥rm They can therefore be accelerated during less than a period
20, 2 5 2 5 2 of the wave before even feeling the effect of the ponderomo-
Kic 0= (0"~ wpe) (207~ wpe), @) tive force. This extra kinetic energy may be simply related to
where Wpe denotes the p|asma frequency_ The field of thethe motion of an electron entering ata given moment of time
laser-resonantly excited surface waves decays toward th&hen the phase ig in a spatially constant oscillatory field.
vacuum over the characteristic distandevanescence [N the nonrelativistic case, the resulting electron velocity can
length,*® Lg=(k2— w?/c?) Y2 The maximum amplitude be simply expressed a® (¢))n=vo~ voscCOSH, Where it
E.w Of the surface wave field is related to the laser fieldcan be assumed that its initial veloCity~v . The elec-
amplitudeE, by the expressiof,= 7E, where denotes ~ tron final kinetic energy, in the case of full conversion of
the resonance factor. An estimate of this factor can be obthe ponderomotive potential, is therefore £=U g
tained in the framework of the following simple model. We *2Uosdv0/vosc— COS$)%, whence it is seen that those elec-
shall assume that the amount of electromagnetic energljons that have experienced the best phase ) are accel-
stocked in the resonant plasma wave, which can be estimatédated to energies higher than the ponderomotive potential
asSLcE2,/8m (whereS denotes the laser focal spotesults ~ Yosc:
from conversion of the electromagnetic energy absorbed by

the plasma during the laser pulse duratign If « denotes ||| ELECTRON ACCELERATION BY SURFACE

the absorption rate, this quantity can be estimated ap| ASMA WAVES (RELATIVISTIC CASE)
act SE)/4m. Conservation of energy thus leads to the ex- . o ) N
pression?=2acr, /L. For example, for a laser wave- Let us consider still higher laser intensities such that the

length \y=1.06 um, a pulse durationr, =30 fs, and a electron motion becomes relativistic. The quiver velocity is
plasma density n,=25n.=2.47<10P2cm 3 where n,  NOW Uosc= Posc/MYosc: With o= (1+ PgstTZIZCZ)l/2 and
=4me?/mw3, we find Le=0.8 um. If we assume an ab- Posc= €Esw/wo = 8.6X 10 M 7?1 o (WIEP)NG (um?)]Y2
sorption ratew of only 50%, the resonant factor can be esti-If We consider the value of the laser parametghj
mated as;?~ 10. In this model, the energy transferred to the = 10** W um?/cn?, we are well into the relativistic regime
hot electron population during the ultrashort growing time ofWith vose € andyos=8.7. In this case, the relativistic prob-
the resonance is neglected, so that the electron accelerati$ifn reveals basic differences with respect to the nonrelativ-
process is assumed to begin at the optimum of the resonanéic limit, as we shall show now.

(that is, whenzn?~10). Relativistic corrections to the momentum of an electron
The electric field of the resonant surface plasma wave i a relativistic wave lead to modifications in the correspond-
the vacuum can be expressed as ing dispersion relation. For example, in the case of a circu-
larly polarized electromagnetic wave traveling in a plasma,
Ex=Eqwexp( —x/Lg)exp( —t?/273,)cog wot + the well-known exact dispersion relatfSris w§=w5d yosc
+al2), +k3c?, wherey,. is the relevant relativistic factor. Recent

numerical simulation of surface plasma waves in relativ-
wherex is the coordinate along the normal to the surfage, istic regime are consistent with a relativistically modified
is the phase and,, denotes the effective wave lifetime. In dispersion relation1), where wf, is analogously replaced
the following, the componeri, of the field parallel to the by )/ yer, With Yer=(1+(P5egar/m?c?) 2= (1+pid
surface is neglected as it is much smaller tign® It is  2m?c?)Y2. It follows that the field amplitude can be saturated
instructive to consider first the nonrelativistic case corre-as a consequence of the relativistic detuning that occurs
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FIG. 1. Dispersion relatioifl) for surface wavegplain line) and its rela-  FIG. 2. Electron final momentum; /mc as a function of the entry phasge
tivistic generalization fory.4=6.2 (dotted line. in the field of the surface wave.

while the resonance grows in time. However, as it is show . .

in Fig. 1, this resonance detuning can be restricted to accep ulk _electron temperature is assumeg 20'1__:3L I6<eV and its
) ’ “densityn, so thatng~25, n.=2.47x 10?2 cm3.° The laser

able values by choosing conveniently the laser frequency in

: . LT wavelength is\g=1.06 um and the relevant laser parameter
order to satisfy the following conditionvg<wp.. For ex- is taken to bel \2=10° W umcn?. A surface plasma
ample, if we assume/w,.=0.2, the relativistic detuning is 0™o™ K ) P

less thandw/w~10%, a value which is just of the order of wave of frequencyw=0.2 wy is then resonantly excited

magnitude of the laser spectrum width for a laser pulse dugurmg the laser pulse with a resonant factpt=10. The

- - . - 2 2
ration of 30 fs. Hence, to overcome the relativistic detuninggefgzo V?/mrr)rl:;fc(:jr?? gfn q It?ts f:ee\lgnetsscerfzgrelfeor:eg] Ioigo
obstacle, we shall assume the conditiag<wp., which :0 8 mﬂWe are interested in considering the grst staE e of
corresponds to a regime where the scale of variation of the = pIm 9 9

ﬁle interaction between the surface plasma wave and the

field is greater than or of the same order as the distanc lectrons. The | i during which h an inter
explored by the electrons in the wavieg= A .. In this electrons. 1he iapse ot imep, during ch such a € :
f'icnon is possible can be estimated by expressing the condi-

regime, the electrons will oscillate in the evanescent field Otion that the evanescence len of the surface plasma
the relativistic surface wave, feeling the effect of their initial ) dt i P
wave is larger than the plasma expansion lerigth,. An

Forlize together with the effect of the field intensity grad|ent0 verestimate of this last quantity can be obtained.gs

~VsTint, Where we have introduced an effective ion-acoustic
velocity Vo= \ZW,4/m, whereW=(ye¢—1)ME is the ef-
fective ponderomotive energy of the electrons in the field of
the surface plasma wave at its peak amplitude. Hence, for the
above values of the relevant parameters, the condition
Taking advantage of our simplified approach, we per-Lq,,/Lg<1 is satisfied forr,~10 fs.
formed a systematic study of the nonlinear relativistic elec- In the computations, the relativistic equations of motion
tron behavior in the above one-dimensional surface wavevere solved with the leapfrog method. We have considered
field E, by using a 1D-test particle numerical simulation thatelectrons loaded in a buffer with a given momentum distri-
has enabled us to identify the most relevant set of parambution function, introduced as a flux coming from inside the
eters. Such a numerical approach is appropriate to the chgplasma. At the plasma—vacuum interface, the electrons enter
acteristics of this problem, namely the very small Debyeinto the field of the wave at random timéshich is equiva-
length \p~10 #—10 3\,) due to the assumed high elec- lent to electrons seeing different phasgsover the whole
tron density and relatively cold bulk electron temperature. ltinteraction timer;,,= 10 fs. Thus, electrons entering into the
is worth pointing out that, for the taken values of plasmafield over time intervals of the order af; will experience
temperature and electron density to critical density rat@, various values of the maximum envelope amplitude, leading
k\p<<1), the possible coupling of large-amplitude surfaceto different values ofp.s.. The final momentum values are
plasma waves with other collective oscillations such as surrecorded once the particles have left the field.

IV. NUMERICAL STUDY OF ELECTRON
ACCELERATION BY RELATIVISTIC SURFACE
PLASMA WAVES

face oscillations at @ (Ref. 21) and ion plasma waves in- To analyze the electron motion in details, we have first
duced by frustrated Debye shieldfigs minimized and is investigated a situation where the particles have entered into
therefore neglected in the following. the field during only one period at the envelope pegék (

In our simulation, the overdense plasma thus results=0), that is, for the maximum intensity of the resonant field.
from multiple ionization of a metallic target bympolarized  The resulting electron final momentum as a function of the
laser pulse of duratiom ~30 fs. A good candidate can be entry phase is reported in Fig. 2. This figure exhibits the
an aluminum target yielding helium-like ionZ € 11). The existence of three extrema in the momentum space: a very
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FIG. 3. Single electron orbits in phase space for the two entry phases O

= (a) and ¢=3/2 (b), corresponding to the two maxima shown in Fig.
2.

function is the macroscopical signature of phase bunching
flat . d the “best” valué — o of the oh effects corresponding to those electrons that have seen the
at maximum around the *best” valug = of the phase, a ¢ tay0rable phases of the field during the whole interac-

fmm'm%:n aﬂd ano_thger/zmax#:um n a reglc;n near the Ies%()n time 7,;. The number of peaks is therefore directly
avorable phase¢=3m/2). The existence of an extremum related to the number of cycles of the wave during the inter-

means that many particles seeing different phases will havgCtion time (i.e., three cycles during 10 fsFurthermore,

the same .momentum value, resultlng_ in a bunching of th%nother consequence of the phase effects is that this emission
eIectron.s n mome_ntum space, and in the occurence qf Bf guasi-monokinetic energetic electron bunches is pulsed
Xvell—defl?ed peak in the energy spectrum. Thus, the W'd?/vith frequencywg, as confirmed by the phase space. Elec-

plateau” near 4= [labeled(a)] shows that a large number tron bunches have also been considered in other electron

?j ecl'zectroni will fiactz the mlax 'anu'(/ln \k/me;'.f ?Eerlgy‘ax acceleration schemes and have been the subject of specific
MC(Pf max/MC=1)~MC(yosc— 1) eV while the IoWer oy perimental and numerical investigatidfis.
“plateau” near ¢=3x/2 [labeled (b)] corresponds to a

smaller number of electrons that have acquiretl.5 MeV.
The trajectories associated with these two “plateaus” are de-
picted in Fig. 3. The orbit labele@h) shows that the electron v coNCLUSION
that has experienced the “worst” initial phase, after being
accelerated in the wave, is bounced back. The time spent We have shown that resonant excitation of surface
while bouncing back is such that it acts for the electron as gplasma waves by ultrashort high-intensity laser pulses can
sort of resetting of the initial condition, so that the particle produce quasi-monokinetic relativistic electron bunches. Let
can experience the most favorable phase after the turn ang mention that generation of ultrashort electron bunches is
gain enough energy to move away from the high field regionof interest for producing ultrashort radiation sources in
Hence, the “worst” initial phase does not necessarily corre-the x-ray range, for example, or for radiation-based
spond to the ponderomotive potential as it was the case in thdiagnostics>
nonrelativistic regime. This is related to the fact that the = Some consequences of the mechanism discussed here
concept of ponderomotive potential, which is based on a netan be prospected owing to its characteristics, namely ul-
separation between high and low frequency motions togethdrashort interaction time scales together with strongly eva-
with a linearization about the spatial variation of the field nescent fields. Thus, it can be expected that the charge sepa-
with respect to its intensit§ requires here the condition ration field that could develop at the plasma surface as the
Aos<Lg, which is not satisfied in the present relativistic electron emission increases would play an important part
case. only after several cycles, that is, after significant emission of
In the computation of the electron distribution function, electron bunches has occurred. Then, depending on the na-
we have taken into account the fact that the particles entdure of the targef® the presence and setup of strong space
into the field during the whole interaction time €Q< 7i,) charge fields will govern the subsequent evolution of the hot
with the surface wave. The resulting electron energy distri€electron population, either dragging the ions out of the
bution is plotted in Fig. 4 with a resolution ofE=6 plasm&’ or retaining the electron bunches and recoiling
X102 MeV and presents a well-defined peaked structurethem back in the neutralizing plasma. In this last situation,
The form of the distribution function can be easily under-however, we shall deal with a true conversion process of the
stood in terms of the above discussion relative to Figs. 2 andurface wave energy, in a form that can be considered as an
3 that apply to the case of electrons entering in the fielienhanced “vacuum heating® generalized to the case of
during one period only. Thus, the multipeaked distributionsurface plasma waves resonantly excited by laser.
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