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Resonant coupling between surface and interface plasma waves in high-density sharp-edged
plasmas produced by ultrafast laser pulses
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We consider the interaction between an ultrashort laser pulse and a hot high-density sharp-edged laser-
created plasma resulting from a microstructured target with a double-step density profile. We demonstrate that
an electron plasma wave can be resonantly driven at the density jump between the two plasmas by the field of
a laser-excited surface wave. Two different excitation regimes can exist depending on the wavelength and the
angle of incidence of the laser. This effect may have interesting experimental consequences in hot electron
generation and x-ray emission due to breaking of the resonant plasma[B8a0€3-651X99)06904-4

PACS numbdps): 52.40.Nk, 52.50.Jm

I. INTRODUCTION This could be done, for example, by using a grating coupler
[9] which is a device that allows momentum conservation
During the past decade, with the development of intensdetween the photon momentua/c and the surface wave
laser sources of ultrashoffemtoseconyl pulse duration, Vvectork to be satisfied. The frequeneyand wave vectok
laser-plasma interaction experiments have been able to stu@y the resonantly driven plasma wave will be therefore such

a new kind of physical situations that can only exist on sucrhat w<.w§,“)< wg), with  w/csk, where wg)
ultrashort time scales: laser-produced hot high-density plas= (47-re2n8)/m) 12 denotes the electron plasma frequency in
mas, characterized by very steep density gradi¢hi®], each region of spadé=1, i=I1, andi=v (vacuum]. This

where the hydrodynamic expansion does not play a dominargondition will reflect a physical situation basically different
role. Much attention has been drawn to possible applicationfom the known caseug')< < wfj') [10,11], inasmuch as

of these unusual plasmas to generate ultrafast pulses of tke existence of the interfacial resonance will necessarily de-
radiation in the keV rangg?]. pend on the thickness of the plasma overlayer.

Actually, for sharp-edged overdense plasmas, some basic Actually, the characteristics of a surface plasma wave are
absorption mechanisms such as resonant absorption aflpsely analogous to the driver field created at the reflection
parametric instabilitie§3,4] cannot occur with efficiency Point in a resonant absorption scheme as it is a high-
and other specific absorption mechanisms such as “vacuufiéduency field, evanescent toward the plasma and decreas-
heating” [5], anomalous skin effed6], and sheath inverse N9 Slowly in the vacuuni11]. From this analogy, it may be
bremsstrahlung[7] have been alternatively put forward. inferred _that a resonant—abso_rptlon—l!ke mechanlsm can be
Now, reflectivity measurements have indicaféd that ab- created in a double-step density profile: th'e flel_d of the sur-
sorption of the laser energy mainly occurs at the surface of2ce Wave can play the same role as the driver field created at
the solid before it expands. On the other hand, emission of ¥1€ reflection point in a resonant absorption scheme and may
rays, which is a valuable experimental signature of energ$*Cit¢ @ plasma resonance at the density jump between the
absorption by laser-produced plasmas, has been recen 0 plasmas at the same frequerllcy. as that O.f the driving field
shown to be enhanced by using a variety of microstructure I the surface wave. Hence, excitation of an mterface plas_ma
targets such as gratings and porous forms of md@ls wave may represent an additional absorption mechanism

which seems to indicate the importance of the target struc-

ture for laser absorption in the femtosecond regime. | f",‘,’“;"f; laser beam

In fact, the existence of structured surfaces allows the \ (obligue incidence)
coupling between a laser field and a particular form of elec- [ —_— \ E
tron collective oscillations that specifically depend on the 7 \ 0
density jump at the surface, namely, the so-called surfaces S >®BO
plasma wave$9—11]. In the present study, we wish to take g
into account this peculiarity by considering a different ab- % : ko
sorption mechanism that may exist when the density profile = ad L
has the form of a double step, composed of a plasma of 0 P Mo vacuum
electron number densitplg') overlaid by another homoge- """ °"°° 7 >
neous plasma of thickne$sand of electron number density ‘—-h——> z

n{", with n{”<n{’ (see Fig. 1 Our idea is to create the
conditions under which a resonant electron plasma wave FiG. 1. Representation of the plasma density with respect to the
may be driven at the density jump located at the interfac@oordinatez normal to the semi-infinite plane of the target. The
between the two plasmas, by the field of a surface waveaser beam is impinging, in oblique incidence amgolarization,
which would be conveniently excited on the target surfaceonto the grating at the surface of the lower-density plasma.
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v_v|th respect to the absorption resulting solely from excita- E(zi)(z):i,y(i)(_c(i)ey(')z+c(fi)e— 7(')2)
tion of surface waves.
+k(D e+ D e ).
II. RESONANT EXCITATION OF INTERFACE PLASMA
WAVES In the above expressions the coefficie@tg), D), C(’i),

For the sake of simplicity, we shall use a standard coIIi-and Dy;y are then determined by taking into account the re-

sionless hydrodynamical approalct?]: the collective oscil- qu_irement of no divergenpga of the field whes = o an.d_ by .
lations of the electron gas are described by the system ats'ng the boundary conditions of the prc_)bl_em, to wit: conti-
Maxwell equations coupled to the equation of continuity and"Ulty of all the components of the electric fieldzt z, and

the high-frequency fluid equation of motion, which, when 2= 22 together with continuity of all the components of the

linearized with respect to the electron density fluctuationd/inearized electron current densitj(r,t) = —enpv(r,t) at
A(r,t)=nu(r,t)— Ny, can be written as z=1z,, and continuity of the normal componeptat z=z,
3 e\l [}

(along with the assumptior§,=0 andj,=0). After some
vl at=—(e/lm)E—3kgTVR/mny, (1)  tedious but trivial algebra, we obtain the sought-after disper-
sion relationw (k) =0, which is nothing more than the deter-
whereE is the self-consistent electric fieldthe fluid veloc-  minantal equation of the linear equation system between the
ity, T the electron temperature, and the last term represengove coefficients:
the gradient of the kinetic pressure. It has been assumed that D) Iy em o o s (et o ok
the temperature is only slowly varying in the plasma over- (YW =7y")NS +S) (Y HYT(E +S;)
layer and near the interface between the two plasmas so that | _
the temperature gradient contributes to a second-order term +2y1Q—2k(1+ p)(1-7)=0, ()]
ip the linearized h_igh-frequerjcy equation. Co_nsidering. th&yhere we have noted
time dependence in the forei '“! and after taking the di-

vergence of Eq(1) and making use of the Poisson equation w=(a"—aM)/(a"+aM),
together with the linearized continuity equation, we immedi-
ately obtain n= (w<pll)2_ wz)/(w(pl)z_ w?),
2_ ()2 2 ED =
(@ = "+ 3VypA)V-ET=0, 23 Q=(1- ) (a1~ p(1+w)(ak),

where Vy,= (kg T/m)*2 is the thermal velocity. By similar gpq
trivial manipulations, we can obtain the following equation

for the rotational part of the electric field: Si=[(aW/k* k/y<”>)(w(p“)/w)2
(= wp 2+ c?) VX EV =0, (2b) — (V) a1 ke =" e,
Equations(2a) and(2b) are the basic eqyations .pertaining to S =[(a/k= k/y(“>)(w§)")/w)2
our problem. The solution we are looking for is an electro-
magnetic wave of frequency and wave vectok directed —(a® = @)K pe= " —a"n,
along thex axis: E=(E,(z),0E,(2))e "X traveling
along each interfacdplasma |-plasmall at z=z; and Furthermore, the determination of the coefficients enables

plasma Ill-vacuum ar=z,=z;+h) and decaying toward us to obtain the explicit expressions for the components of
the plasma along the axis. In this way, Eq(28) and(2b)  the self-consistent electric field in each region of the plasma

take the simpler form: and in vacuum as a function of an unique arbitrary coeffi-
_ _ ) cient G. This coefficient can be related to the amplitude of
(3% 97— yV?)(KEY —i9EV 1 9z) =0, the external electromagnetic wavia the same way as the
amplitude of the driver field in resonant absorption is pro-
(52/(922_a(i>2)(kE(Zi>_igEg(i)/(;z)zo, portional to the amplitude of the externeim wave [13]).

Therefore, in region | of the plasma the components of the
where the coefficients(") and «(") are defined ag()?=k?> field are
+(0))?~ 0?)/3V§ anda?=k2+ (0>~ w?)/c?. The par- "
ticular solution corresponding to the relevant case o) E(2)=G{[(S; +S] +S;, +S5) +20]yVer =7
<), together with the conditiom/c<k, requires the co- 2Oz 207 el
efficients 30) and o to be real. If we takqey(i)>0 and +2k(1+ p)met e, @
>0, the sought-after solution can therefore be written in o M D |
each region of the plasma and in vacuum in the following ~ Ex (2)=2iGe® “{e? *"2)[(1—u)a!"!

form: —(1+p)naV+3k(S; +S +S, +S;)]

i (i) y (D)
E\(2)=K(Cgye” *+Cje” " 9 + a1+ p)er”

(i),

(Z*Zl)}. (4/)

. (i _
+ia(Dje* *=D(je"" ), In region Il, they are
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- - (D (z— Ill. DISCUSSION OF THE RESULTS
Egll)(Z):G[(Sl +S, ),y(ll)e}/ (z—29)

et ety (am yM(z—2y) In order to explore the influence of the relevant param-
(S1+S;)y e ! eters, we have studied numerically the example of a target
Mz 2 —aW(z—2 Dy composed of gold covered with an aluminium layer of thick-
+2k(e" T+ e e (5) nessh=100-200A. This target is assumed to be illumi-
nated by a strong laser pulse with an intensity of the order of
10" W/cn?. An average electron energjtemperature’) of
300 eV corresponding to experimental measureméeh@®
eV-1 keV) [1,2] has been assumed. The resulting plasma

E§<” )(z) _ iGea“”zl{Za(H )(ea(”)(z—zl)_ Me—a(”)(z—zl))

+ke?" @ 2)(s] +5;)

+ke """ 2)(st+85)}, (5)) Qensities may pe crudely estimated by means of thg fol!ow-
ing ultrasimplified arguments. At such laser intensities, ion-
and in vacuum, they take the form ization of the metals is expected to provide higiens hav-
ing quasiclosed shells. Hence, gold is expected to leads to
EX)(2)=2KG(1- 0y w?) nickel-like ions €=51) and aluminium to heliumlike ions

o ) ) o (Z=11). Furthermore, due to expansion of the plasma, the
X (e* MN+pue @ Mer e @7 (Z7%)  (6)  jon densitiem; may be estimated to correspond to the metal
densities divided by a factor of 10 for aluminium and a factor
E(z)=—2iGa) (1~ w(pll>2/w2) of 2 in the case of gold. Hence, the plasma electron densities
ne=2n;, may be crudely estimated to bea.,=1.5
Xe—a‘”)(z—22>ea“"21[ea(”)h+Me—a(")h]_ (6')  x10**cm 3 for the gold plasma and,=6.6x 10?2cm™ 2 for
the aluminium overlayer plasma.

Owing to the complexity of the above formula, the influ-  As the order of magnitude of a surface-wave frequency is
ence of the relevant parametdtbe overlayer thicknesa  roughly o~w,/v2 (for small values ofk) and since
and the wave vectok) is difficult to perceive, apart from (ngu)/\/?)/C%:?»X 10°cm™ %, two (realistio situations will
some striking features. Thus, owing to the exponential detherefore deserve to be examindek 10° and 16 cm™L. In
pendence along the axis, the analytic expressiorid)—(6)  Figs. 2 and 3 are reported the amplitude variations of the
exhibit clearly strong sharp maxima of the field amplitude atnormal component of the self-consistent electric field
the pointz=z,, that is, at the interface with the vacuum, E,(w,k) with respect to the coordinate, where the coeffi-
which is none other than the normal component of the sureientG, which is proportional to the amplitude of the exter-
face plasma wave, and at the pomtz;, which is none nal laser field(in vacuum), has been taken to be unity. Ob-
other than the resonant field of the plasma wave located afiously, the frequencyo is, for each overlayer thickness
the interface between the two plasmas. As mentioned above; 100 and 200 A, given by the solution of the dispersion
the excitation of the resonant interface plasma wave resultglation (3) (represented in Fig. 4 for the cabe=100A) as
from the evanescent field of the surface wave tunneling function of the wave vectdk.
throughout the external regia(l) of the plasma. Hence, it In Fig. 2(a), the amplitude of the electric field exhibits a
can be inferred that the magnitude of the effect should destrong enhancement at the plasma I-plasma Il interfate
pend on both the thickness of the plasma overlayer and the= —h=—100A) in comparison with the amplitude of the
amplitude of the wave vector. surface wave(at z=0). The important part played by the

The role of the overlayer thicknessis already exhibited overlayer thickness, which is expected as a consequence of a
in expression (5), by factors of the type eXp(a")  tunnel effect, appears clearly on FiggaRand 3a), 2(b) and
+yM)h] and exp(a—¥"M)h] (with o) = 5V <0), which  3(b). Thus, when the thickness of the overlayer increases
results in a decreasing of the resonance amplitude as thigom h=100-200A, the resonance amplitude decreases by
thickness increasdsote that the tern$; +S, —0 whenh  nearly a factor of 2.

— o0 pecause of the dispersion relati(8)]. Hence, the reso- As shown in Figs. @ and 3b), the role of the wave
nant interface plasma wave disappears for too large a thickrector is also particularly important in this problem for laser
ness, in keeping with the intuitive interpretation of the phe-energy absorption inasmuch as two different regimes seem to
nomenon and with the above analogy with the resonantexist depending on the value kfThus, for large values &
absorption process. (k=10°cm™1), the amplitude of the resonant plasma wave

The role of the wave vector is somewhat different. In theat the interface between the two plasmas becomes of the
present study, we seek a coupling between a surface wave same order as that of the driving surface wave while the field
phase velocityw/k and density fluctuations at the interface diffuses throughout the bulk of the overlayer instead of being
between the two plasmas. As the collective interactions, dulcalized at the interface. This case will likely correspond to
to the long-range Coulomb forces, travel with the light ve-a thermal-like absorption regime where the plasma reso-
locity, the coupling between the driving field of the surfacenance, spreaded in the whole plasma overlayer, will be rather
wave and the excited wave at the plasihg-plasma(ll) dissipated by electron-electron collisions, thus increasing
interface will therefore depend on the value ©fk with  thermal heating of the overlayer. Obviously, the temperature
respect toc. Thus, the efficiency of the coupling will be, will subsequently evolve during a longer time scale because
respectively, optimized or restrained depending on whetheof thermal conduction, electron-ion energy transfer and hy-
the phase velocity/k is close to or much smaller than the drodynamic expansion into the vacuum.
velocity of light. In the case of small values &f(k~10° cm™1) where the
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FIG. 2. Representations of the normal component of the self- FIG. 3. Same caption as for Fig. 2 but the thickness of the
consistent electric fieldE,(w,k) versus normal coordinate The  overlayer here i$i=200A. The amplitude ratios aR=9 for (a)
thickness of the overlayer is=100A. The ratioR between the andR=1.2 for (b).
amplitudes of the interface and surface wavesarel8 for casga)

andR=3.2 for (b). field amplitude of the plasma wave required for wave break-

ing is even lower{16]. Hence, relativistic breaking of the
resonance is well localized at the interface between the tweesonant interface plasma wave considered here is expected
plasmas and of strong amplitude, dissipation of the resonarb occur, as can be shown explicitly in the following ex-
wave energy will likely occur via nonlinear processes suchample.

as breaking of the resonant plasma w4k leading to gen- Consider laser-target coupling by means of a grating with
eration of energetic electrons and, consequently, to emissiagroove spacin@~2 um. As we know, the laser frequency

of x radiation via bremsstrahlung. In fact, it is generally ad-w, the angle of incidenc®, and the wave vectok of the
mitted from solid-state studid®—14] that the amplitude of excited plasma wave are related through the relaton
the surface plasmon field resonantly excited by a laser beam (w/c)sin 8+2#/a (for the first harmonig[9], which results

is at least of the order of 10 times the amplitude of the lasefrom momentum conservation. Fdt~10°cm™* and 6

field E_ . In other words, the coefficiel® may be estimated ~60° (typically), the frequency of the plasma wave ds

of the order of 1&, . Now, for the case considered in Fig. =2.39x 10'°rad/s. The required amplitude of the plasma
2(a), the order of magnitude of the interface plasma wavevave for cold plasma wave breaking=mw?/ke=1.1

field E is nearly 1@, that is(at least, 10°E, . As the laser  x 108 statvolt/cm, is then satisfied for the above value of the
pulse intensity considered herelis~10*Wj/cn?, E_is of interface plasma wave field. Actually, as we deal with a hot
the order of 10statvolt/cm, and the amplitude of the inter- plasma, the wave-breaking condition will be fully fulfilled.
face plasma wave field is therefore of the order ofThus, wave breaking appears as an important mechanism for
10 statvolt/cm. It follows that the quiver velocity,s.  dissipation of the resonant interface plasma wave and conse-
=eE/mw of an electron in the field of the interface plasma quently, for laser energy absorption in the long-wavelength
wave is in the relativistic domain. Now, the well-known one- regime. Now, these two frequency-dependent absorption re-
dimensional cold-plasma condition for breaking of an intensegimes|[namely, shorttherma) and long(hot-electron gen-
plasma wave is[15] eE/mw~w/k. Actually, for a hot eration wavelength regimgsare features that are also char-
plasma such as that considered in the present discussion, theteristic of resonant absorption itself. It is therefore
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15 — - i as expressed by the relati@rs- (w/c)sin §+2m/a, which re-
I quires a definite value of the incidence angéfor given
laser frequency» and groove spacing of the grating of the
laser beam. Furthermore, the shape of the electron density
profile plays an essential part both for surface wave excita-
tion and resonant absorption. Resonant excitation of surface
waves and, consequently, excitation of interface plasma
waves, are optimized by stepwise density gradients. On the
other hand, resonant absorption is nearly nonexistent for
steep density gradients. Hence, resonant absorption and ex-
citation of surface and interface plasma waves at the corre-
sponding resonance frequency can be seen as two comple-
mentary absorption mechanisms that may occur at different
stages of the laser-plasma interaction in the femtosecond re-
gime. Thus, in the early stages of the interactiarfew tens
of femtosecondswhere the plasma density profile is still
similar to that of the solid target, resonant excitation of the
0 5 10 — 15 interface plasma waves discussed here may represent a sig-
k(10°cm™) nificant absorption process. For longer time scales, the hy-
drodynamical expansion of the plasma will lead to an in-
FIG. 4. Representation of the dispersion relatigk) =0 given  crease in the electron density gradient length and resonant
by Eqg.(3). The dotted line represents the asymptotic lim{k) for ~ absorption will then take place. Other mechanisms, such as
large values ok. sheath formatiorj17] at the surface and the interface, will
then also appear and contribute to laser energy absorption. It
necessary to differentiate the relative contributions of thes&an therefore be concluded that the use of double-layer mi-
two mechanisms. crostructured targets may yield additional energy absorption
The essential differences between resonant absorptiopf ultrafast laser pulses due to resonant excitation of inter-
(resonant excitation of volume plasma waves at critical denface plasma waves and, in the case of short laser wave-
sity) and resonant excitation of surface and interface plasmi&ngths, to additional electron generation of hot electrons to-
waves by means of a grating coupler, lie in the values of th@/€ther with x-radiation emission via bremsstrahlung of the
electron density gradient and the angle of incidence of th&igh-energy electrons.
laser beam. In the case of a target with a rippled surface,
resonant absorption may occur for a rather large range of
incidence anglegeven including normal incidengea fact
that would not be true, of course, for a flat surface. On the The authors acknowledge N. Auby for her help with the
contrary, resonant excitation of surfadand interface  numerical computations and Dr. C. Chenais-Popovics for
plasma waves needs conservation of energy and momentufmuitful discussions.

Angular frequency ( 10" rad/s )
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