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Abstract

A high-frequency surface plasma wave (SPW) excited over metallic surface irradiated by a laser beam, can undergo
stimulated Compton scattering if phase velocity of daughter plasma wave is equal to the Fermi velocity for metal. The
pump SPW (wy, ko,) parametrically excites a quasi-electrostatic plasma wave (w, k,) and a backscattered sideband SPW

(w1, Iaz) at resonance wy = @ — w; and IEE)Z = Igz — lglz. The growth rate of Compton process increases with the frequency
of incident laser and turns out to be 5.425 x 10'® rad/s at laser frequency wo = 0.7595 x 10'® rad/s for incident laser
amplitude Ay = 11 X 10" V/m, laser spot size b= 1.38 X 1073 m, and free electron density of metal ny = 5.85 X
10*®/m>. The excitation of highly damped quasi-electrostatic plasma wave in this parametric process provide a better
nonlinear option for surface heating as compared with direct laser heating. The process can also be used for diagnostics

purposes.
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1. INTRODUCTION

Nonlinear wave interactions and parametric instabilities in in-
finite plasmas have been studied extensively in the last
decade because of its possible applications to laser fusion,
plasma heating, and plasma current drive in fusion plasmas,
as well as in space plasmas (Macchi et al., 2002; Shoucri &
Afeyan, 2010; Verma & Sharma, 2011; Singh & Sharma,
2013; Hao et al., 2013; Vyas et al., 2014). However such
studies are rather few for bounded plasmas. Parametric
decay of light wave into surface plasma wave (SPW) has
been reported in literature because of its use for plasma diag-
nostics and for sustaining the plasma during plasma process-
ing (Lee & Cho, 1999; Kumar & Tripathi, 2007). SPW can
exist at the boundary separating two dielectric media with
permittivities opposite in sign (Liu & Tripathi, 2000). The
SPW can travel long distances along the interface and
decays exponentially away from the interface in both media
(decay is rapid in the conductor as compared with the dielec-
tric). Hence the SPW field is localized in a thin skin layer.
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The properties of surface waves (SWs) propagating in bound-
ed plasma structures are the subject of both experimental and
theoretical studies. Their strong localization and resonant
properties find application in solar cells and sensors etc.,
(Berndt et al., 1991; Shin and Fan, 2006; Catchpole and
Polman, 2008; Rani ef al., 2013). When an intense electro-
magnetic wave is incident on bounded plasma, these surface
wave modes become coupled parametrically through the in-
cident pump wave and decay instability of the SWs is expect-
ed to occur under suitable conditions (Aliev & Brodin, 1990;
Brodin & Lundberg, 1991). The excitation of SPW by a laser
pulse is not easily possible due to K-vector mismatch be-
tween the SPW and the laser. For a SPW propagating
along the boundary of vacuum-metal interface (z-axis), the
dispersion relation is given by KZ2 = (wg/cAe /(14¢ )]
where K, is the wave vector of the SPW and ¢ is the dielectric
constant of the metal (which is negative). The wave vector of
the surface plasma wave is bigger than the wave vector of the
electromagnetic wave in a vacuum. The K-vector mismatch
can be overcome either by using the attenuated total reflec-
tion configuration or by creating a surface ripple of desired
wave vector by a laser pulse (Kretschmann & Reather,
1968). Parashar et al. (1998) have developed a theory of
the SPW excitation in the dense plasma via the stimulated
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Compton scattering. Lee & Cho (1999) have developed the-
oretical model for the nonlinear decay of a light wave into
two daughter surface plasma waves. Shin et al. (2007) intro-
duced the sub wavelength transmission of an effective sur-
face plasmon beyond the light zone via the proximity
interaction of convection electrons with a metal grating.
Singh and Tripathi (2007) gave a theoretical model to
excite surface plasma wave at frequency w = w; — w, by
beating of two coplanar laser beams of frequencies w; and
w, impinged on a metal surface. The lasers exert a pondero-
motive force on electrons in the skin layer and drive the SPW.
The SPW heats the electrons efficiently, causing efficient ab-
lation of the material. Kumar and Tripathi (2007) suggested
that the parametric decay of a light wave into pair of counter
propagating SPWs at the vacuum—plasma interface is possi-
ble due to the plasma density perturbation at 2w, frequency
associated with the ponderomotive force of the laser pulse
on the plasma surface. The growth rate of the parametric pro-
cess is the maximum for normal incidence of the laser pulse
and it decreases with the angle of incidence. Recently, Tina-
kiche et al. (2012) investigated three-wave coupling process
in electron—positron-ion plasmas interacting with an electro-
magnetic pump wave.

In this paper, we have studied the stimulated Compton
scattering of a surface plasma wave propagating on
vacuum—metal interface. The SPW can be excited at the in-
terface by a high-frequency laser (Liu & Tripathi, 2000).
The SPW (wy, I?OZ) acts as a pump and resonantly excites
a quasi-electrostatic plasma mode along with a
sideband SPW havmg frequency w; = w — wy and wave
number klz = k — ka The density perturbation due to
plasma wave couples with the oscillatory velocity of metal
electrons (due to pump wave) and produce nonlinear current
density (J]N%) driving the sideband SPW. The sideband wave
couples nonlinearly with pump wave to exert a nonlinear
ponderomotive force on metal electrons at the beat frequen-
cies (wgp = w — w;) driving the quasi-plasma mode having
phase velocity equal to fermi velocity. The excited
quasi-electrostatic fields can be utilized for heating plasma
along with SPW by anomalous wave energy absorption
mechanism. Growth rate equation is obtained on the basis
of parametric coupling of a pump SPW, a plasma wave and
a sideband SPW. Parametric coupling and conclusions are
given in section II and III, respectively.

SPW (@ SPW((olE )

& g“ﬂ) Free space

P]asma“a\c(&i k) |
(-b—> Metal y
xX=—a . -

Incident laser

Fig. 1. Schematic of surface plasma wave Compton scattering at the vac-
uum-metal interface.

https://doi.org/10.1017/50263034615000695 Published online by Cambridge University Press

D. Goel et al.

2. PARAMETRIC COUPLING

Consider the multilayered structure of glass (x < —a), metal
(x <0), and free space (x > 0). A laser is obliquely incident
from the glass side on the glass—metal interface having field,
given by (Liu & Tripathi, 2000)
E“-] EA’OLe[ {(x+a) sin 8;—z cos 6;)% /'] o~ iwot— ko.7) (1)
where ‘a’ is the width of the metal, 0; is the angle of
incidence and b’ = bcosb; and b is the spot size of laser.
The incident laser excites a SPW on metal free space inter-
face (x =0) propagating along z-direction (as shown in
Fig. 1). The electric field profile of the SPW
(w0, kos; ko = ko 2 — i) is given by

Eo = Ag,(x)e~@orhod) )

iko,

where Ay, = Ags (2 - 2) e™* (x <0, metal)

Ao
iko;

Ay, = AOS( )e_“éx (x > 0, vacuum)

agk
The amplitude of the wave for the free space at x = 0 and
z=01is given by

Ags = T00(01 + ion)l (3)

2f
where TOO = (2i\l!1€a0a)/(1 +l\P1)

Ne
1/2
1+ €o(1 = 1/n)

Yy, =

2(1 + iy, wole/o*?

(1= iy el + &0/ P(eo? — 1)

Y, =

_ T e (p— 01b/2 + i0:h/2)
~ ) @b @b

In the above expression ny = 1.5, yrexp(—2apa) = 0 + i0,
o = k3, — (w§/cPey and ap® = k3, — (w3/c?). The dielectric
constant of the metal at frequency wq is given by &y = ¢ —
wg/ w}. & and wp = /nge?/me are the lattice permittivity
of metal and plasma frequency, respectively, &€ = 8.854 x
1072 f/m, ny = 5.85 x 10*®/m’ for silver metal; —e and m
is the charge and effective mass of electron, respectively.
On applying conditions of continuity eyEq, and Ey, at x =
0 along x and z directions, the dispersion relation of the
SPW is given by

wo 8/0

. = 4
© = VTt e C)]
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The pump SPW imparts oscillatory velocity to electrons

Wy = elfo /miwg). At resonance, the pump SPW decay into a
quasi-electrostatic plasma wave (w, k,) of potential (¢),

b = A@e kD ®)

and a sideband SPW (w;, laz;la = k1,2 — ia;X) of electric
field (E})

—

Ey = Ay (e 1) ©)

ki,
where A}, = A; (z - :L—lx) alx (x < 0, metal)

1

ik
A, =A (2 + ! /lzfc)e“b‘ (x > 0, vacuum)
o

where af = ki, — (w}/c?)e;, and o} =k}, — (w7/c?). The
dielectric constant of sideband SPW at frequency w; is
g =g — u)f, / cgf. The phase matching conditions for paramet-
ric decay are k, = ko, + k1, and w = wo + w;. The sideband
SPW imparts oscillatory velocity to electrons
(v = eE) /miw;) and couples nonlinearly with the pump
wave to exert a ponderomotive force on electrons at frequen-
cy w, which is given by

-

F, = —m[V.VV] — e[v'x B @)

Replace V' by vo+v1 and B by Bo +31 in the above
equation, where Bo lko ><E0/1w0 and B1 zk1 ><E1 /1wy
for pump and sideband SPW, respectively. On substituting
these values into Eq. (7), we obtained

F,=eV, ®)

ko-k .
where CDp = Ao(®) A](x)( e )(1 _ R0z 1z> e—z(wt—kzz),
2mwowq g

termed as ponderomotive potential.

This ponderomotive force along with self-consistent low-
frequency field on the metal free electrons drive plasma os-
cillations at frequency w. Hence, the equation of motion of
electron becomes

maaL;’ =eV(d+ D) —movy,

where v is the collision frequency. Here, the collisions are
considered effective only for low-frequency plasma wave
for which phase velocity is close to the Fermi velocity of
free electrons. For high-frequency SPWs collisional effects
are neglected. The oscillatory velocity (v,,) of electron at fre-
quency (w) is obtained by solving above equation of motion,
given by

. 0, .
e[—lVd)p - 1ax + kzd>Z:|
m(w + iv)

®
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Substituting the value of oscillatory velocity from Eq. (9)
into continuity equation (0n/ot+ V - (ngv,) = 0), we
obtain the density perturbation (n) due to oscillatory
_ 2
"= 41're|: Ve

motion of metal electrons.
&
— =k 10
] w
where x, = —wg/w (w +iv).
ng is the electron density inside the metal. Using n in Pois-
son’s equation, we get

V2 ﬁ[ K2 + (a0 + a)*]®,

The density perturbations couples with oscillatory movement
of metal electrons at frequency wg (due to pump SPW) and
excites a nonlinear current density (leL) at the sideband fre-
quency w;, which is given by

. 1
JNE = Eenv:; 11

On substituting values of n and v} (vi; = —eEy/micwy, oscil-
latory velocity of electrons at frequency wg), the nonlinear
current density is given by

- iey, 2
TN = e V’0,E; 12
! 8mmwg <sl + Xe) 12

This nonlinear current density (leL) is responsible for the
growth of sideband SPW whose characteristic equation can
be derived by solving wave equation. The wave equation
governing electric field of SPW at the sideband frequency
can be written as

~ . dnalN g &,
V2E, —V(V -E) =14 1
' ( ) 2 o 2or (13
Taking the divergence of the Eq. (13), we obtain
V.G =g (14)
W€

Substituting Eq. (14) into Eq. (13), we obtain

& %E, 4118]NL 4n
202 T2 o lw|£|

V2E, — V(V-INYy(15)

After the Fourier analysis of Eq. (15), we have

2 2
W Wz

g E, = V(V - TN (16)

4miw, 7N Amiw,;
2T @l

Taking the dot product of Eq. (16) with E’{ and integrating
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from —oo to oo with respect to x, we have

2 w? 0 = = © - —
L i U e Fy -Ej‘dx—|—j E ~Ede]
Sy 0

6‘2
. 0 .
_ _4111;91 j leL . Ede B 411210.)1
c —o0 W€
0
j V(V - TN . Erdx a17)

Here, ¢, =¢ — wﬁ/w% for metal (x<0) and ¢ =1 for
vacuum (x > 0). Further, substituting the value of nonlinear
current from Eq. (12). Then Eq. (17)

o ek, & LCULE aja’y
w; —w. = — —
! Ir dmPwiwie; \& +x, apay J \ag + oy

[w%s. — czkfz + A2Q2ag + al)z]
(g1a/y —ay)

|Eo|?

(18)

where x, = — wg/w (w +iv) ko, = wo/c\/m, ki, =
wl/cm, Ol0 kOZ (wo/C V€0 0‘1 klz ((Dl/C )E|
and o)’ —(w07/cd). Eq. (18) is the dispersion relation
for Compton process. Growth rate (y) for the process can
be deduced by solving Eq. (18) that comes out as follows:

_ kel w 1 kozk1, ara’y
V= 8m2wjwl(w — wo)’ apay S \ag + ay

(0 — wp)’e; — 2k}, + AQa + ay)? 2
|Eo]

19

(e1a'1 —ay)

where w; = w,+iy and K = (ag + o;)* = (ko, + k1,)*

Eq. (19) is normalized and numerically solved using the
parameters & =4, T,= 63600 K (Fermi temperature for
silver) and w,, = 2.17 X 10" rad /s. The growth rate of Comp-
ton process increases with the frequency of incident laser and
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P

Fig. 2. Variation of normalized plasma wave frequency (w/w;) with normal-
ized pump wave frequency (wo/ wp).
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turns out to be 2.5 x 1077 wy, at laser frequency wy = 0.35w,
for incident laser amplitude Ay = 0.3 mu)pc/ e, laser spot
size b= 100c/w,. Here, width of the metal is (awy/c) =
0.5 and free electron density of silver metal is ng = 5.85 X

10%®/m>. The frequency of quasi-static plasma mode can
be calculated from the resonance condition koZ = k k 1z
where kz = w/vg. Here, vg is the Fermi velocity of electrons
for silver. Figure 2 depicts the variation of plasma mode fre-
quency (w/w,) with pump frequency (w/w,). Here, plasma
frequency increases linearly with frequency of pump wave.
This is due to the fact that with increase in pump frequency,
there is corresponding increase in its wave number. Hence, to
satisfy the resonance conditions, there should be a related in-
crease in the plasma mode frequency. Amplitude of SPW
(eAgs/mwyc) is plotted as a function of incident laser spot
size (bwp/c) on varying width of the metal film (bwy/c)
and amplitude of laser (eAq/mwpc) in Figures 3a and 3b, re-
spectively. Figure 3a shows that for smaller values of spot
size, the amplitude of SPW increases linearly and saturates
at higher values of bwp/ c. From Eq. (3), the amplitude of
SPW is larger than the laser amplitude for the condition
bw,/c > exp(awy/c), where b and a are the spot size of
laser and the width of the metal, respectively (Liu & Tripathi,
2000). On increasing b and keeping «a fixed, the inequality

a
eAy )
cmw, awyfe=0.2
0.30 - - awylc=04
025 e ) — awyle=06
i - -
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Fig. 3. Plot of surface plasma wave amplitude versus laser spot size (bwy/c)
on varying (a) width of the metal layer (bwy/c) for (eAo/mawyc) = 0.3 and
(b) laser amplitude (eAqr./mw,c) for (awy/c) =
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grows, resulting in increased amplitude of the SPW as ob-
served in Figure 3a. The saturation value of amplitude is
larger for metal films of larger width and it occurs at larger
spot size of the laser. For (awy/c = 0.5), the amplitude of
SPW further increases with the laser amplitude as observed
in Figure 3b. As the laser intensity increases, evanescent
wave provides higher oscillatory velocity to the electrons
and couple with the pump wave to exert ponderomotive on
electron at (w, lgz) and excites the SPW of higher amplitude.
Enhanced amplitude of SPW at metal free space interface is
reported by Raether (1988) and Liu and Tripathi, (1998).
Figure 4 shows the variation of SPW amplitude with pump
frequency and width of the metal. Other parameters are
(eAgL/mwpe) = 0.3 and (bw,/c) = 100. As the metal thick-
ness increases, the evanescent field has to penetrate longer
distances to excite the SPW. Also, the condition [bwy/c >
exp(awq/c)] approaches towards equality on increasing a, re-
sulting in decrease of SPW amplitude with the metal width as
observed in Figure 4. In Figures 5a and 5b, growth rate (y/
w,) of the Compton process is plotted as a function of
pump frequency for various combinations of laser spot size
and its amplitude for (awg/c) = 0.5. The growth rate of the
Compton process increases with the pump frequency because
SPW is strongly localized near the interface and propagates
along the interface with low attenuation. Increased amplitude
of the SPW at the metal free space interface as observed in
Figures 3a and 3b enhances the ponderomotive force [Eq.
(8)] on electrons. As a result, the growth rate increases with
incident laser spot size and its amplitude as shown in Figures
Sa and 5b, respectively. Lee and Cho (1999) theoretically in-
vestigated the decay of high-frequency light wave into two
daughter SWs and reported the increase in growth rate of
the surface wave with the light wave frequency. Drake
et al. (1990) have experimentally studied the stimulated
Compton scattering on electrons from laser produced
plasma and reported that stimulated Compton scattering

645

increases with the laser intensity. Variation of growth rate
of the Compton process with width of the metal is plotted
in Figure 6. Other parameters are same as Figure 4. Increased
width of the metal surface leads to lesser amplitude of SPW
at the metal free space interface and lesser ponderomotive
force on electrons to drive the quasi-static plasma mode, re-
sulting in decrease of growth rate with the metal width.

3. CONCLUSIONS

In this work, we discussed Compton scattering of SPW prop-
agating at the metal-vacuum interface. This wave can be ex-
cited by a high-frequency laser. The parametric decay of
SPW into another SPW can be realized via quasi-static
plasma wave in metals. The quasi-static plasma wave is
damped (as its phase velocity is equal to the Fermi velocity
(vg) of the metal), by the free electrons, resulting into surface
heating. Growth rate of the Compton process increases with
the pump wave frequency, width of the metal layer, laser am-
plitude, and its spot size. It increases threefold as the
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Fig. 4. Plot of surface plasma wave amplitude versus pump frequency and
width of metal. The other parameters are (eAg/mw,c)=0.3 and
(bwp/c) = 100.
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Fig. 5. Plot of growth rate (y/w,) of the Compton process versus pump fre-
quency on varying (a) spot size of laser for (eAg./mw,c) = 0.3 and (b) its
amplitude for (bw,/c) = 100 at (awy/c) =0.5.
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Fig. 6. Variation of growth rate of the Compton process versus pump fre-
quency on varying width of the metal. The other parameters are (eAor/
mwyc) = 0.3 & (bw,/c) = 100.

frequency increases from 0.25 to 0.35w,. However, growth
rate of Compton process is found to decrease with the
width of metal layer for higher values of pump frequency.
As this process is sensitive to pump frequency variation,
one can suitably choose among available lasers for material
processing. The Compton process can produce energetic
electrons travelling along the plasma boundary. These elec-
trons in turn can give rise to stronger X-ray emission which
can be utilized for various purposes along with the plasma
diagnostics (Shivarova et al., 1975; Zhaoquan, et al., 2012).
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