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Radiation resonance emission from steep overcritical plasma profiles
illuminated by femtosecond laser pulses
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A radiation resonance effect observed in the reflection spectra from overdense plasmas illuminated by
femtosecond laser pulses at normal incidence is reported from particle-in-cell simulations. Harmonic emission
at multiple orders of the fundamental is found to exhibit resonance phenomena, with the number of resonances
and power emitted depending on the electron plasma density. For relatively low laser intensities the reflected
light at the laser frequency shows prominent resonant emission around specific values of the plasma density,
mainly at 4, 16, and 36 times critical. For increasing laser intensities, strong harmonic emission around 4 and
16 times critical dominates the reflection spectra. In the case of the third laser harmonic, the emission is found
to be resonant about those densities and presents, additionally, a distinctive resonant region around nine times
critical. A simple radiation model for the power of the third harmonic was proposed confirming a resonant
effect dependent on the electron plasma density. For higher harmonic numbers, weak radiation resonances
persist in the emission spectra, with their number increasing with order. The resonance effect reported in this
paper is found to occur at densities that approximately satisf.=4n?, wheren, andn, are the plasma and
the critical density, respectively, amds an integer. For the third harmonic, the second resonance corresponds
ton=1.5.
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[. INTRODUCTION [5]. Experiments have confirmed emission to high orders
[6-8], up to the 75th harmonic for obliquely incident
Laser devices capable of delivering ultrashort femtosecd.053um pulses of 2.5 ps at #®wicn? [8]. The vacuum
ond light pulses at high intensities in the multi-terawatt rangéheating effec{9], in which energetic electrons are dragged
have been developed in recent years from the chirped-pulgut of the plasma by the electric field of the driver and rein-
amplification techniquél,2]. Laser-plasma interaction phys- jected again to the plasma over an optical cycle, is thought to
ics in this regime involves a number of processes that mae responsible for part of harmonic emiss{éi. _ .
occur when a target is irradiated by a light source: ionization, A number of theoretical models have appeared in the lit-
generation of large amplitude plasma waves, magnetic fiel§rature interpreting harmonic emission in laser-plasma inter-
generation, particle acceleration, hole boring, collisional ab_acnons.Amechanlsm for_harmonlc emission, based on ph_ase
sorption, and vacuum heating among other effects, Whid;]nodulatlon by the laser light upon reflection from an oscil-

depend both on the plasma and laser parameters. For undg}yng plasma-vacuum interface, was proposed by Bulanov

. ) ?t al.[10], who took into account the oscillatory motion of a
dense plasmas, multiphoton effects, self-focusing, and Scalfacti h h f ol I Vi hi
tering instabilities are among the interaction phenomena orfe- ecting charge sheet of plasma electrons. Applying this,
interest Lichterset al. [11] obtained model spectra from plasma os-

: . . ) .__cillations at the boundary, which agreed with particle-in-cell
In this work our main concern is harmonic generatlon(P|C) simulations.

from overdense plasmas. The study of harmonic emission |mnortant aspects dealing with harmonic emission have

apart from its intrinsic interest may find application in the peen reported in recent years. For instance, plasma density

development of coherent short x-ray sources. determination from transmission of surface harmonics was
In the past, harmonic emission from solid targets irradi-proposed as means of diagnostic by Gibleoml.[12], who

ated by laser light has been reported in the literature. Stronfhund from PIC simulations a cutoff in the transmission

emission detected up to the 46th harmonic was first reportegpectra for frequencies<w,, where w, is the electron

by Carmanet al. [3,4] from nanosecond CQlaser pulses plasma frequency.

incident on carbon targets at intensities above 5 Effects of plasma emission on the harmonic spectrum for

x 10" W/cm?. The highest harmonic emitted was inter- moderately intense pulses incident on overdense plasma

preted as corresponding to an upper shelf density of thelabs were reported by Boyd and Ondaf43,14], who

highly steepened profile with emission attributed to nonlineafound from PIC simulations strong radiation at multiples of

resonant absorption. In passing, we remark that laser intethe plasma frequency. Plasma radiation was also observed by

ferometry has verified steepening effects from the observakichterset al.[15]. Teubneret al.[16] reported on an obser-

tion of density jumps of hundreds of times the critical plasmavation of a plasma line and emission close to the second

density. harmonic from a laser-produced plasma. Strong emission in
Recent numerical simulations, with more accurate resoluthe plasma line with harmonics up to the fifth ofuetected

tion, have shown no evidence of a cutoff at greater irradiin both reflection and transmissipias been observed in

ances, with spectra extending to higher harmonic numbersimulations by Boyd and Ondarza-Rovirb7]. A feature of
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the reflection spectrum was a broad combination line beprepare the simulation box with a very steep density gradient
tweenw, and 2w,, generally abouw~1.5w,, which ap-  at the front boundary.
peared to be a robust feature of the spectra. In this paper we show particle simulations for laser light

Recent work has reported on the modulation of reflecte@f femtosecond pulse duration. The laser pulses were
light at high laser intensities from femtosecond pulses inaunched to the front of the plasma interface at normal inci-
interactions with solid§18,19. The modulation was shown dence. The plasma was distributed over a region of some
to be produced by the higher modes of oscillation of the#—6 laser wavelengths in extent and a number of 2000 grid
critical surface. The detected modulation structures wer&€lls per wavelength, containing<2L0® particles, were used,
found to depend on the initial scale length as well as on inpugvhich was adequate for a Debye length resolution with ac-
energy. This phenomena may afford a means of studying theeptable accuracy. Two vacuum gaps to the left and to the
dynamics of the critical layer. The effect of the electron den-fight boundaries of the simulation box of the order of half a
sity gradient has also been shown to play an important role iMavelength each were used to allow for particle and electro-
the conversion efficiency of harmonics generated in laseragnetic propagation. The electron temperature was taken as
produced plasma0,21]. In those experiments, by control- 1 keV.
ling the density scale length it has been possible to enhance Considering the input intensities, time scales, and the
the harmonic emission. highly steepened vacuum-plasma interface, collisions be-

Harmonics of the incident laser light have also been use@veen plasma particles were neglected.
in a novel method to estimate indirectly the magnitude of It is well known that at normal incidence, only odd laser
magnetic fields generated in laser-plasma interactji@as harmonics are generated. Two sources are responsible for
In that work polarization measurements of the self-generateBarmonic emission, one due to the oscillatory motion of the
harmonics and Observation Of the X wave were used to meélerturbed electron density and the other from the relativistic
sure the magnetic field present in the plasma. factor y [23]. Denotinga, as the normalized vector poten-

In the present paper we report on a radiation effect obtial, 8,~0.854(g)*?\ (wherel ;5is the intensity, measured
served from PIC simulations of laser interactions with over-in units of 16° W/cn?, and\ the wavelength inum), the
critical plasmas characterized by very steep density profilegvave equation for the vector potential can be written as
It is found that laser harmonic emission reflected from the
plasma and generated at the critical layer exhibits a reso- [12a,=k> @) 1)
nance phenomena, with enhancement of the emission at spe- P v/
cific multiples of the critical density. It is shown that the
power of the reflected emission depends on the plasma delherek,=w,/c, ng is the ion background density,is the
sity and resonant enhancement appears at densities 4, 16, &eed of light in vacuumy=(1+a§)1’2 is the relativistic
36 times critical, for the lower harmonic multiples of the factor, and wher&l?= 9?/9x>— (1/c?) 3%/ ot>. The laser har-
laser frequency. In the case of the third harmonic the seconohonics are generated from the harmonic content of the
resonance appeared instead at nine times critical. For the fifflasma density, which is driven by the ponderomotive force
and higher harmonics, weak resonances persist in the radiax B~a3/(1+a3), and contributes only even harmonics.
tion spectra, with their number increasing with increasingClearly, the relativisticy factor also contains only even har-
density. monics, with the result that the current term generates only

In the following section we describe the procedure forodd harmonics. The analytical model in REZ3] suggested
simulating the interaction of a short laser pulse with an overa nonlinear resonance effect for the third laser harmonic at a
dense plasma, and emission plots showing the dependendensity four times critical. This resonance phenomenon is
on the plasma density are presented for a given laser inteaptured by our simulations about that frequency, exhibiting
sity. In Sec. Il we formulate a physical model that in somea prominent feature in the emission spectra.
extent enables us to explain the radiation mechanism that Even laser harmonics can be generated for oblique inci-
generates the resonant enhancement of reflected harmonigent interactions since the componé&ntof the electric field
when a laser pulse illuminates a dense plasma. In Sec. Iéf the laser pulse in the direction of wave propagation and
some conclusions are drawn from the work performed. along the density gradient excites electron plasma waves that

couple the radiation field generating both odd and even har-
monics. The study of harmonic resonance effects from ob-
Il. HARMONIC RESONANT ENHANCEMENT liquely incident laser pulses will be discussed elsewhere.
i ) For our simulations we have used laser light with wave-

The nonlinear response from the plasma_ under the 'nﬂurength of 0.248um and pulse duration of 40 fs incident on
ence of an external radiation field was studied by means of, gyerdense plasma characterized by a steep density profile
PIC kinetic simulations. We used a;4D, fully relativistic  at the interface.
and electromagnetic code with immobile ions as a neutraliz- Figure 1 shows a schematic, in arbitrary units, of the time
ing background. We have performed simulations includingevolution of a laser pulse incident on a dense plasma. The
ion dynamics and found no appreciable effects for the relalaser pulse becomes evanescent for the region of the space
tively low range of energies considered in this paper. occupied by the plasma where it can be discerned the weak

For all the simulations, the density scale length was chodecaying electric field amplitude. The plasma-vacuum inter-
sen as a small fraction of a laser wavelength, allowing tdace is indicated by an arrow in the figure.
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FIG. 1. Time evolution of a laser pulse incident on a dense NS S
plasma slabay=0.5, A =0.248, anch./n.= 10, in arbitrary units. " T
Inside the plasma, the nonlinear response to the externa . , , , .
field produces electron density fluctuations. These can be 0 5 10 15 20 25
observed from Fig. 2, where plasma waves are produced dur ne/ne

ing the laser pulse interaction. The interface is shown at the
same position as in the previous figure and from where th
density grows abruptly.

We ha\(e Fourier ana_lyzed the reflected signal to reSOIV%mitted. The strength of the emission is found to decay for
the emission spectra. Figures 3—7 show the reflected pOW‘Flrigher densities. This is shown in Fig. 5. In Fig. 6, the sev-
of the fundamental and its first four odd harmonics, normal- X i -

ized 1o the incident functi f the pl d enth harmonic exhibits resonant emission around 4, 16, and
ized to the incident power, as a function of the plasma densg i o critical.

sity. The reflected power calculated at different points is Figure 7 shows that for the ninth harmonic further reso-

T D plts Laser Pules of et g WefFiances appear n the specium arouc-52 and 70, wit

o hich ’ ds t P pI intensity of 5 57conversion efficiency weaker than for lower densities. The
aO_O%S’ sz'c corresponds 10 a faser Intensity of 5.9/, arsjon efficiency for the resonance aroumg=4 is
X1 W]Zrc - For g:jegterhgnd Iol\(/ver |nte(1||3|t|Es thedres.or']found to be 10%, and is one order of magnitude higher than
hance effect reported in this work was still observed wit the resonance arour, =70. One remarkable feature ob-

S'mF'liaLf;%dg?]lowsarﬁge:g;;fé d power at the fundament erved in the emission plots for the third and fifth laser har-
9 P onics is the resonance structure around the density four

frequency. Resonance effects characterize the EMISSIGies critical. A number of two and three emission peaks can

e s e o o oo scemed n s regon. ndcatng a stong couping e
. o : . ' fect, predominantly among oscillation modes of the plasma
sion efficiency for the first resonance is nearly 80% of the

input energy, and decreases for higher densities, with a resg?t densities around critical and four times critical. This fea-
. ' ' ¥ i ly, in th issi for all th
nant gain of 70% for the resonancerat=n,/n. 16. For ure repeats independently, in the emission spectra, for all the

the third harmonic, two resonances about four times critica aser intensities considered.
’ o S With the purpose of exploring the origin of the harmonic
andm,=9 are found. This is shown in Fig. 4. As expected purp P g g

. . . N 'emission resonances, we have performed simulations to cal-
the conversion efficiency is lower than the emission at th

fund tal and d 1 with densitv. although tei:ulate the magnitude of the evanescent electric field inside
undamental and decreases again with density, afthoug Hﬁe plasma. In Fig. 8 the magnitude of the transmitted elec-

reflected power of the resonancerat=9(4x 10 ?) result o - L : ;
o tric field, normalized to the incident, is shown as a function
to be greater than that aroumd, =4(2x10 2). This is a

characteristic feature that distinguishes the third harmonic
from higher orders for any laser intensity.

For the fifth laser harmonic resonances are found arounc
4 and 16 times critical, with similar strength in the power

FIG. 3. Reflected power at the laser frequency as a function of
%Iasma density, parameters as in Fig. 1.
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FIG. 2. Electron density perturbation for the interaction of Fig.  FIG. 4. Reflected power for the third laser harmonic as a func-
1, in arbitrary units. tion of plasma density, parameters as in Fig. 1.
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FIG. 5. Reflected power for the fifth laser harmonic as a func-  FIG. 7. Reflected power for the ninth laser harmonic as a func-
tion of plasma density, parameters as in Fig. 1. tion of plasma density, parameters as in Fig. 1.

of the plasma density. It shows that the harmonics of thevritten in terms of the plasma density and the relativistic

transmitted wave present a similar resonant behavior as théactor y as in Eq.(1). Performing a perturbative expansion

found from reflection. The electric field was calculated at aand expressing the vector potential to second order in the

distance of 0.28, from the vacuum-plasma interface. In the form a, =a,+ eaz+ O(€?), wherea, represents the funda-

following section we formulate a physical model for the ra- mental wave an@s the third harmonic, we obtain the wave

diation enhancement of the third laser harmonic, with theequations

end of having an insight of the role of the radiation field in

the plasma. _ . - . (Dz—ké)a():O, ®)
Table | summarizes the conversion efficiencies observed

around the resonances for the first four harmonics and for the

fundamental one. It shows that the power reflected from the (02— k2)a,=k2a

plasma for a particular resonance decays an order of magni- P P

tude for increasing harmonic numbers.

on 1
ny 2%

, ()

where the perturbatioan of the density is given byn=n,
IIl. RADIATION MODEL FOR HARMONIC + 6n to first order, with the assumption tha§~e and én
ENHANCEMENT ~ €, and wheree is the ordering parameter used to separate
) o terms. After linearizing the continuity and Poisson equations,
In what follows, a physical model for the radiation en- the gynamics forn is described by the equation
hancement of the third laser harmonic is followed for a rela-
tively low laser amplitude. This model will be discussed in

: : : 468N ne ,d%aj3
detail elsewhere. From Maxwell's equations and the conser- Falon= 2220 @)
vation of canonical momentum, the wave equation can be ot2 P 27 9727
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FIG. 6. Reflected power for the seventh laser harmonic as a FIG. 8. Transmitted electric field as a function of density at a
function of plasma density, parameters as in Fig. 1. distance of 0.28, inside the plasma, parameters as in Fig. 1.
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TABLE |. Conversion efficiencies around the resonances. 157
wnlwg Ne/Ng P,/P,
1 4 8.0<10?!
16 7.0<10?
3 4 2.0<10°2 o
9 4.0<10°2 oo
5 4 1.7x10°3
16 1.9¢10°3
36 3.2x1074
7 4 3.0x10*
16 1.3x10°*
36 7.7x10°° 0 20 0 80 80 T00
9 4 1.0x10°4 ne/ng
—5
;2 iz 18,5 FIG. 9. Reflected power of the third harmoni@ analytical
52 9.8>< 10°5 (dashegland(b) from simulation(squarey parameters as in Fig. 1.
' — 6 . . . . L
64 7.1x10 tween the analytical model and simulations but is limited to

wave fields of small amplitudesag=<1).

wherez has been taken as the direction of propagation of the
laser field. It can be shown from the continuity conditions of IV. CONCLUSIONS
the field and its derivative that the transmitted wave can be |y have reported for the first time resonance emission

written as effects from the interaction of short laser pulses with plasmas

of overcritical density. It is found that resonances in the

age ¥%coq — wet + @), (5) emission appeared as a distinctive feature in the reflection
spectra. The resonances occur around values of the plasma
density that closely satisfyn, =n./n.=4n?, wheren, and
n. are the plasma and the critical density, respectively,rand
is an integer. The reflected light at the fundamental frequency
showed two prominent resonances about 4 and 16 times criti-
cal with the power of the emission decaying with increasing

density. For the third laser harmonic, the second resonance is
~cos Zuot}, shown to be enhanced aroung/n,=9, which instead cor-

Atz Z(ﬁ

@p
where 6= \/czl(wzp— woz) is the plasma skin depth.

Solving for én and using the field amplitude as in €§),

we have that the oscillation mode fén(t) apart from that
of the plasma is

6n(t)~4n0B2(1—ﬁ2)age2"’5{ 1+ . _
1- responds tan=1.5. For this harmonic number the resonance

(6) aroundm,=9 is greater than the resonance aroumg=4.

_ o The opposite is true for higher harmonics, where more reso-

where 8= wo/wp . This corresponds to an oscillation mode pances are observed with conversion efficiency decreasing

at twice the laser frequency, driven by the ponderomotiveyith density. The radiation phenomenon reported in this pa-

force. Using expressiofb) it can be shown that the third- her resembles some other results that have observed en-

harmonic wave in Eq(3) can be solved to obtain hancement of harmonic efficiency from laser-produced plas-
mas of modified electron density gradi¢gfl]. One possible
a _§ @oWp 3 mechanism that may explain this effect is resonance absorp-
3=5| —5—— | a;cos3wgt. (7) . . . - ;
8 wrz)_4wc2) tion, which provides an efficient way for converting electro-

magnetic waves into electron plasma waves, which combine
The important result of this is that the third harmonic at the critical density to generate harmonic emission that
scales with the third power of the laser field and shows gropagates up to regions of higher density exciting further
resonance at a density four times critical, as observed in thikarmonic waves. At high intensities in very steep density
numerical simulations. profiles, this mode-coupling mechanism breaks down since
For higher harmonics the procedure followed here turnghe electron oscillation amplitudes become comparable to the
out to be more difficult and less accurate. For the fifth har-density scale length. The proposed physical model in Sec. IlI
monic it can be shown that two resonances at densities 4 armbnsidered light harmonics generated from a coupling effect
16 times critical emerge from the approximation, as ex-among the electron plasma oscillations, driven byd#heB
pected. force and the electromagnetic source. This coupling mecha-
Figure 9 shows the reflected power of the third harmonianism explains, as well, the generation of odd harmonics for
for a;=0.5 as a function of the plasma density, according tanormally incident laser pulses. It was shown through a per-
Eq. (7), and is compared to the emission spectrum from théurbation analysis that the density fluctuations oscillate at
PIC simulations. This figure shows a good agreement be2w,, which corresponds to the oscillation frequency of the
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ponderomotive force. It was also shown that the expressiotrons that arise from wave-breaking of the density oscilla-
of the time evolution of the density oscillations, to first order, tions generating the harmonics. Thus, we can assume that the
predicts a resonant effect at a density four times critical, antharmonic enhancement effect involves a mechanism result-
can explain the harmonic enhancement observed from nung from mode-coupling of laser harmonics and excitation of
merical simulations. Calculations to second order showed thglectron plasma waves.

existence of resonances at those observed densities. Calcula-
tion of the magnitude of the transmitted electric field inside
the plasma with the aid of particle simulations showed a
resonant behavior with density as obtained from the physical
model proposed for the third laser harmonic. This gives an The author acknowledges the financial support from the
insight of the field enhancement with the plasma density. OrConsejo Nacional de Ciencia y TecnolagCONACyYT) un-

the other hand, th@ X B mechanism can explain the effi- der Contract No. 33251-E. The author thanks Professor T. J.
ciency of converting the incident energy into energetic elecM. Boyd for many valuable discussions.
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