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1. Introduction

In physics and engineering, there is a long, rich, and fascinating history of the creation of
acoustic waves in hydrodynamical systems. This varies from the comparatively banal issues
related to jet engine acoustic wave generation and rocket propulsion [1]-[7]. Weak plasma that

may spread shocks over vast stretches of space makes up interstellar space. Understanding

shocks produced by supernova explosions and other astronomical events | ecause
they mix up the circumstellar matter, which has an impact on our@ of the
formation of stars and the evolution of galaxies. These pheno@n possible in
laboratories using powerful lasers; identical shocks can b uce® and investigated

experimentally. High power laser-solid interactions c# @ bed enerate powerful shocks

and blast waves at very high energy densities [

Numerous decades of research hgle rayea electrostatic waves may be produced

by parametric instabilities that ceur Igh-power laser. When a laser strikes an

inhomogeneous plasma, the pé tric , oscillating two-stream instabilities, and resonant

absorption mechanismgcanyincrégase absorption at the critical surface where the plasma
frequency matchgf the lase ency. The incident laser energy can decay into a light wave
and either g low- engy ion wave (stimulated Brillouin scattering) or an electron plasma

wave, (stimMgted Rgman scattering). The under-dense portions of the plasma will experience

yes, which will prevent laser energy from ever reaching the crucial surface where

Adak et al. [20] published their exciting experimental findings on the development of
powerful terahertz acoustic waves by a femtosecond laser in a dense laser-produced plasma. In
this experiment, a solid foil target was illuminated by a 20-terawatt laser (Ti: sapphire, 30 fs,

800 nm) with chirped pulse amplification, focused to a 15 um spot size by an off-axis parabolic



mirror at an angle of incidence of 45°. On a picosecond time scale, these phenomena were
discovered in the interaction of a powerful (= 101® W /cm?) femtosecond laser with dense

plasma.

In this paper, we present our theoretical research into the hydrodynamic processes
brought on by the plasma’s rapid heating by a fast electron beam. The pedestal was powerful
enough to create plasma with small scale lengths despite the contrast ratio 104 We

present a different interpretation for these experiments in this work. The'8gorisulseSpser that

is propagating in the p-polarization mode at an angle to the density§ ntt orms into a

Langmuir wave close to the critical layer (Schematic shown i e Langmuir wave
exhibits an Airy function field variation with scale | s 202 /w33 in a linear

density profile with scale length L,, where v i glectron mal speed and w,, is the laser

frequency. By using Landau damping angAsve

sstrahlung on a short time scale with
electron temperature scale length A £ he@ngmyir wave heats the electrons. This sharp rise

in local plasma pressure ac a rce“for ion acoustic waves of frequency wg,, =

(21 /Aes)cs, Where ¢ iS oustic sound speed. In section 2, we estimate the amplitude

of the Langmuir ctron temperature rise. In section 3, we estimate the ion

acoustic wa jitude ag it propagates down in the under-dense region.
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FIG 1. Schematic of the turning point a de §ghvepdion layer.
2. Calculations for L ulMyvave and rise in electron temperature

Consider a plasma haligpacy.(z with equilibrium electron density no a linear function of
z; z < 0 is the frge space. sume the linear plasma density profile to satisfy the plasma
frequency ‘s a)p: = w? Zn ; Atz =1L, is the critical layer and wj is the square of plasma
frequ A rised laser pulse of energy E;, pulse duration 7, and frequency w; is

incident on the plasma at an angle of incidence 6;. In our treatment, we do not include

oblique
the modification of electron density by nonlinear ponderomotive force. For mode conversion,
one requires the component of wave field along the density gradient and the separation between

the critical layer and turning point to be small.

Near to the critical layer, the short pulse laser that is moving in the p-polarization mode

at an angle to the density gradient changes into a plasma wave of frequency w. Let a be the
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fraction of laser energy converted into the plasma wave of associated electric field E and

energy density Wgs. We also assume that after mode conversion the plasma wave has same

cross section as that of laser pulse, wrZ; where 7, is the pulse width parameter.

On conversion, a fraction « of laser pulse energy is transformed into plasma wave near
the critical layer. Then from energy conservation the expression of energy density of both the

waves is related as

[Wgsnrédz = E a (1)
The S.1. unit of @ is Coulomb-metre. In the limit of weak fiel cur densityf isa
linear function of E .i.e.
J
where o is the electrical conductivity
For the amplitude ( ES) of th ric fi s a slowly varying function of time (as compared

to the inverse of phase ffequencythe current density reads

= o 4 90 O, _, .
J@©) =ck +i505, ¢

ig;, i.e. it has real and imaginary parts for higher frequency fields, and

(]'E)av = _UrlEslz -~ T a..
This is based on the comparison of the last two equations without magnetic field

fluctuations. The expression of energy density of plasma wave is given by
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Wes =w0is®Zh @)

w 4

where ¢ is the permittivity associated with the plasma wave and is given as

. o1 (w§,+3k2v§h)

w2

The thermal velocity of the electrons in terms of electron temperature T, is v;, = % From

the above relation, we get

3 _ £w§+3k2vt2h
v w?
The Eq. (3) is reduced to 2—2 ~ %as w? = wf + 3k*vf,; Then
Wes =2EL R T @)
For the electrostatic wave, the dispersive ct mittivity, &,.(w, k) =0
K+ 8200 =0
d W ©=
de,  0&r
L ok = dw '
where v, 5 o roup velocity of the wave and E|, is the amplitude of the electric field of

the plasma e. Therefore, the net power flux entering the unit volume can be written as

P 1 0de E2
~ 2% %08

This is the power flow density. One may recognize that P is the product of energy density (of

the field and particle drift motion) and group velocity.

Through the conversion of laser energy into the plasma wave, the wave propagates
down the density gradient. By using weak absorption approximation, the plasma wave power

6



flow density can be assumed to be constant for a few scale lengths, then; Wggv, = constant =

ci. The v, group velocity is given by

_dw _ 3vjk
YTk T w
Then
_ C_1 _ CLw
Wes = vg o 3kv}, (5)

From the dispersion relation of plasma wave: w? = w? + 3k%v}, Q

w?-w? 2 |w
— / P~ |2
kv, = =3 fXw = w,

With the use of kv, term, Eq. (5) becomes

The energyRRf the eléctrostatic plasma wave is eventually absorbed by the electrons mainly by
Land ing and collisional damping. In our analysis, collisional damping is not
consideragd here. In the analysis, the distribution function is modified by the plasma wave. This
will happen when plasma particles which give rise to resonant wave particle interaction are
responsible for damping of plasma waves. In this way, energy transfers from the plasma wave
to electrons. If it is assumed that all the energy associated with the plasma wave is converted
into electrons energy, then the thermal energy of electrons per unit volume = Wgs. This will

result into



1/2
2y = Wy = — ( @ )
2 e'te ES \/6 {—Te/m w _(l)p
(2 1/3 e 2/3 w 1/3
T=(z) m”(2) (w_w,) ~(8)
Thus,
Te
va= (2= ( —
Using this in Eq. (7)
C—lnr2j< @
N W — wy,
2/3 ELa
Cl/ :nrsz/szz/s __________ (10)

XpResSsion of c;is reduced to

72 ee
_ K 3/2 1
N2 © \3 13 5z T (12)
(f(w—wp) n, dz)
n

In terms of laser intensity, I, =

Eq. (8), we get

Using c; fr‘m Eq
e

w 1/3 271311, 1
- 2/3 T e (12)
wW—Wp 3Tle f( w ) Tll/3dZ

U)—wp

For linear density profile wf, = szi z = L, is the critical layer, as mentioned earlier. The

1
n

integral in the denominator of Eq. (12) can be written as

L ) 1/3 1/3 1/3
f n(—) n dZ = 3Lnncr """"""" (13)

0 \w-wp e



Substituting Eq. (13) in Eq. (12), we get

T, =(1- i)_l/3 S — (14)

Ln Merly

By substituting z in terms of dimensionless parameter € , Eq. (14) reduces to

T _ ILTL(Z 1_i(ﬂ)1/3 _1/3
€ 9ngLn Ln \w?m

The parameters used in the analysis are as I, = 108W /cm?, 1, = 30

A\

Ner = 2% 102 em™3 and L, = 30 um.
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FIG 2, %y of electrons as function of parameter & = Xi

es

The electrgfi tempe ", to its Fourier transform temperature T, is related as per following
equagion
T, = \/i; |7 Texe™dk and Ty = \/%_n |- T, e *?dz

As T,to be localized between z = 0 to L,,, then its spatial width can be obtained as

Te~E52
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The electron temperature varies in the scale length of 4,5 = (%) , Where the initial
P
temperature is used in the normalization through the thermal velocity. The plot of variation of
thermal energy of electrons with respect to normalized distance z is shown in Fig. 2. Here it is
evident that the plasma wave loose its energy to electrons at a small length scale near the critical
layer (means the rate is faster) and the electron temperature is high near the critical layer. So,

it implied that sudden change in temperature leads to large gradient in thg® nsjty.

This change in density is responsible for the acoustic wave generation i
3. lon acoustic wave evolution in THz fgeque range

Now the analysis can be done by taking into consider he ma wave potential, ¢.

Again, considering the plasma wave in a densid t of the form,

The Langmuir wave disperst

or

This can be further modified as

10



. - " 3v3 L 1/3 z
In terms of dimensionless quantities (%) = Aes, = &; Eq. (16) takes the form
e 17)
dfz E(p -

The solution of Eq. (17) can be written in terms of Airy function

@ = AA(—e 0 s 8)
The variation of this potential is shown in Fig. 3, where it is evid t thgfall ™ the
plasma potential is similar to the Airy function, and it is showing e gtenyl in small

region of normalized distance. The particles lying in this potengal regi ill gain energy in a

large extent, resulting in a large pressure gradient. As th pagates into plasma,

due to resonant interaction with the plasma species via LaMgau damping, it results into gain of

O\

energy to electrons.

0.3 +

9] 0.2

0.1 -

‘ 0.0 1 . . . : .
0 1 2 3 4 5 6

FIG. 37The amplitude of plasma potential ¢ as a function of normalized distance & = Xi

From Eq. (18), the temporal damping rate I" and spatial damping rate k; are related by

the following equation

2l'w = 6kk;v},

11



I r r W /vy,
e —
i 3kvt2h \/g(wz B (1)5)1/2

This can be seen that k; reduces to the following simple form

4 2
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FIG. 4. Dimensionless propagation or =3 gus dimensionless frequency %
Fig. 4 shows that the ab&e y by the electrons from the plasma wave is
Q electr

IS Oxpected to cause a variation in the ion density. But the

high just near the critical laf and ion motions are not independently controlled,
the change in electr
electrons are the gpecies whi ow the fast response compared to the ions. The rise in plasma
temperaturg in the s nd localized region near the critical layer due to sudden rise in the
electhgg_tem gives rise to large oscillations in the ion density. The ion density
oscillatighs give rise to the excitation of ion acoustic wave, corresponding to which the wave

number in localized region is written as

" 2n [ ) 13 wy 3\’
0 des \Lnpvd, ¢ \viw,L,

l
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We calculate the sound frequency using the parameters: ‘"LTL” = Zzﬁ =60 and k,. =
0

1/3
100 . . . .
% (5) ~ % in the dispersion relation as

Cs 15 1 12
Wae = kgeCs = a)L? =2x10 Xﬁ =3 X 10** rad/sec

Clearly the value 3 x 102 rad/sec of the frequency of ion acoustic wave i Terahertz
range. This explains the possible phenomenon of Terahertz acoustic wa ' a
femtosecond laser pulse in a dense plasma having density gradient.

4. Concluding remarks

In the present scheme, a short pulse laser moving in the ariZgfion Mode at an angle to the
density gradient is found to convert into a Langmuir wave lasma wave. In a linear density
profile with scale length L, this wave disple function field variation with a scale

length of A,,~20 wm. The Langmuir e hpats tRy€lectrons utilising Landau damping and

inverse Bremsstrahlung on a shogf tiye scaleQh electron temperature scale length A.g. lon
acoustic wave with the fr Wae x 10'2 rad/secis generated as a result of this
abrupt increase in | a r&gure when the laser with frequency 2 x 101° rad/sec is

launched in a plagma having $ong density gradient with density scale length of 9 um.
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