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Abstract: The propagation of laser beam in the underdense deuterium plasma has been studied via computer
simulation using the fluid model. An appropriate computer code “HEATER” has been modified and is used for
this purpose. The propagation is taken to be in a cylindrical symmetric medium. Different laser wavelengths (A1
= 10.6 um, A, = 1.06 um, and Az = 0.53 pum) with a Gaussian pulse type and 15 ns pulse widths have been
considered. Absorption energy and laser flux have been calculated for different plasma and laser parameters.
The absorbed laser energy showed maximum for A = 0.53 um. This high absorbitivity was inferred to the effect

of the pondermotive force.

Introduction

The study of laser — produced plasma is one of
the fastest growing fields of present — day
applications [1]. A rich variety of collective
processes can play an important role in the
coupling, particularly in the very large regions
of underdense plasma [2]. During the interaction
of a high power laser beam with a target, many
processes will arise. Laser beam might
absorbed, reflected or propagated through the
formed plasma. A rich variety of coupling
processes as a function of the plasma density
have been observed [3]. Near the critical density
(ner), there are resonance absorption and
instabilities leading to the excitation of electron
and ion waves. Near ne /4, there is the 2w e
instability.

For densities less or equal n¢ /4, Raman
instability is operating, and throughout the
underdense (as does inverse bremsstrahlung
absorption), the Brillouin and filamentation
instabilities take place. Throughout the
underdense plasma, there can be self — generated
magnetic fields of ion turbulence driven by a
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variety of processes associated with the plasma
heating and expansion [3]. Different approaches
have been adopted to study the aforementioned
coupling processes and the laser propagation
parameters in underdense plasma region [1,4-7].
A computer simulation using different models
has been conducted to study the laser
propagation and coupling with plasmas [8-10].

The motivation of the present work is to
study the laser beam propagating in a cylindrical
shape inside the plasma region using a modified
version of a computer code “HEATER”. The
absorption energy and laser fluxes have been
calculated for different plasma and laser
parameters.

Basic Theory

Simulation is the process of designing a model
of a real system and conducting experiments
with this model for the purpose, either of
understanding the behavior of the system, or of
evaluating various strategies (within the limits
imposed by criterion or set of criteria) for the
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operation of the system [11]. Simulation is a
very active tool in studying plasma behavior.
Plasma simulation codes have widely been used
to a certain extent as an alternative for the costly
plasma experiments. One of these codes, which
were used in the present work, is the
“HEATER” program [13].

This simulation illustrates the inclusion of
self-generated magnetic field; its influence on
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transports properties and consequent an isotropic
behavior [2].

“HEATER” was designed to replace the laser
package of the 2D target code, “CASTOR 27,
which ignores diffraction and refraction and
does not calculate the radial ponderomotive
force [12].

For a laser of angular frequency (@) in a medium with dielectric constant & (r), the transverse
electric field amplitude (E) satisfies the Helmholtz equation

v? E+gze(r)E(r):O ...... (1)

If the medium is a plasma with electron collision frequency (v¢), €

by [13]:

is approximately given

cw=1-2_(1-iv/o)......(2)
(4]

By considering a laser propagating in the positive z-direction along the axis of a cylindrically
symmetric plasma, the fast phase variation of E may be separated out by defining:

E(r, z) _[K( )Cz

where:

K(z) = %[Re < (0, 2)]"

] f(r,2z) exp[lj K(z)dz]......(3)

(4]

:C[l_a’z"a()?’z)]i ....... (4)

The complex function f (r,z) is a convenient quantity to work with since it is related to the time-

averaged electromagnetic flux (F) by :

In the following, f shall be referred to as the complex flux amplitude. Assuming that variations in
f, wpand v over one wavelength are small, the equation for the complex flux amplitude is found to

be:

where

G2 (r,2) = é{[wzp(r,z) _

of
r— —_— Zr,zf [ P 6
or ) (O ICHEIN INCES! (6)

COZ p(o, z)] - ia)zp(r, z)l)c(r, z)/a)z}

(7
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Introducing the spatial absorption coefficient, [Kaps(r,z)], so that g?(r,z) may be written as :

The absorption coefficient used in “HEATER” is the inverse bremsstrahlung coefficient

K., =13.51z10g AXNe /[ (1 — Ne(Nc))"*T.**]

where the Coulomb logarithm is given by Johnston and Dawson [18].

In Eq. (6), the first term on the right side causes diffraction of the beam and the second term
causes refraction and absorption. The power absorbed per unit volume is [20]

W,

las

= K, (r,2)| f(r,z)[".......(10)

The axial and radial ponderomotive forces are

_ ®i(r,z) o |ff
f (r,z)= s 7az[v,(z)] ...... (11
and
_ wh(r2) o |ff
f(r,z)= o’ 76!’[1)9(2)] ....... (12)

where vg (z) = K C?/W is the group velocity of the electromagnetic waves.

Results and Discussion plasma is considered in this interaction. The
pulse time is 15 ns. The behavior of the plasma
is investigated in the underdense plasma region.
Two parameters have been calculated
throughout the present work; the laser flux and
the absorbed energy.

The simulation is carried out in cylindrical (r,
z) geometry. An arbitrary small temperature was
assumed for the initial plasma with an electron
density Neo= 9.192 x10%2 m with an electron
density scale length A = 450 um, and absorption
coefficient Kas= 500 m?, the beam radius
Rmax= 225 um and the length of the beam
Zmax= 1500 pm.

The radial and axial meshes (NR and NZ) are
10 and 40. The laser pulse is triangular with a
maximum power of 108 at 15 ns and falling to
zero at 35 ns [14]. The beam focuses at Z=0to a
spot size of 40 um.

Laser- plasma interaction which has been U A
studied in the present work involves the @~ Ne™, itis apparent that laser light incident

interaction of three types of lasers (CO, ; A1 = from the lower density (underd?nse) regifJn can
10.6 um, Nd; A2 = 1.06 um and second harmonic ~ Only propagate up to the density at which wp

Nd; A3 = 0.53 pm) with plasma. Deuterium becomes equal to  [16]. This limit is usually
referred to the critical density.

The Absorbed Laser Energy Calculations

Figures 1, 2 and 3 illustrate the absorbed
laser energy for A = 10.6, 1.06 and 0.53 pm
respectively. Absorption of the laser radiation is
done mostly by inverse bremsstrahlung in which
an electron in binary collision with an ion
absorbs a photon [15].

Since the plasma frequency scales as density,
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10.6 um

Fig. 1: The absorbed energy at A
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Fig. 2: The absorbed energy at A
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Fig. 3: The absorbed energy at A = 0.53 um.

At the beginning of the inverse

bremsstrahlung process when o>>wp , the
absorbed energy causes an increase in the
kinetic energy of the electrons, and this in turn
produces further ionization with a subsequent
increase in the electron density, so that the
electron  density increases further and
approaches n¢r as shown in Fig. 1 (for CO; laser,
A = 10.6 pum) where the maximum absorbed
energy reaches 4 x 10% eV. At this stage the
critical density is established across a plane
surface some distance in to the plasma at this
point. The plasma becomes opaque to the
incoming radiation at which the laser light is
therefore reflected out again. When the plasma
becomes opaque, laser radiation can no longer
reaches the surface of the target to generate new
plasma by evaporation and ionization [17], so
that the absorbed energy decreases until
reaching the minimum value at Z = 600 um
(Fig. 1).

For neodymium laser (1.06 um), the
maximum amount of energy absorbed is 3.6
x10% eV and then decreases rapidly along the z-
direction as shown in Fig. 2.

For shorter wavelength lasers, such as the
second harmonic of Nd laser with A = 0.53 pum,
the absorption of the energy of this laser is
shown in Fig. 3.

The ponderomotive force is very effective in
the absorption of the laser energy by the plasma.
The values for the both radial and axial
ponderomotive forces have been calculated. The
radial ponderomotive force is more important
than the axial one because it plays an important
role in the evaluation of the plasma density
profile [14].
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For longer wavelength lasers (A = 10.6 um)
the maximum amount of the pondermotive force
at the beginning of the laser pulse is 2.45 x10%
N/mé. This force of the beam acts mainly on the
region of critical density (n = n ), pushes the
plasma back and causes profile modification.
After that, the amount of this force decreases
along the plasma cylinder because of the
increase in the plasma density. In this stage, the
laser beam cannot reach the target effectively
because of the dense plasma formed above the
region. Then the plasma will expand out of the
target, the laser beam can reach again the target
and the radial ponderomotive force will again
rises.

By decreasing the wavelength of the laser
beam being used to 1.06 um, the amount of the
calculated pressure is 3.5x10° N/mé. The amount
of the pressure at A = 0.53 um is about 0.9 x10°
N/m® in opposite direction and the
ponderomotive force will decreases along the
plasma beam. The effect of the radial
ponderomotive force is very clear in controlling
the absorbed laser energy by the plasma.

The Laser Flux Calculations

Figures 4, 5 and 6 illustrate the laser flux at
A = 10.6, 1.06 and 0.53 pm respectively. The
laser irradiance which can be assimilated by
thermal conduction in the boundary of the
plasma depends on the wavelength of the laser
light and on the electron temperature [18].

When the laser wavelength interacted with
the plasma is 10.6 pum (CO: laser), the
maximum laser flux will reach to 1x10'" W/cm?
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at z = 0 and decreasing to the minimum amount
at z = 600 pum. That is because there is a
reflection of the laser beam from the formed
plasma, so that the laser power will be decreased
and this will lead to decrease the laser flux as
shown in Fig. 4.
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Fig. 5: The laser flux at A= 1.06 um

Conclusion

The study of the propagation of the laser
beam in the underdense plasma region reveals
that the absorption of the laser light is done
mainly by the “inverse bremsstrahlung” process,
which is a binary process.

The absorbed energy by the plasma increases
by decreasing the laser wavelength being used.

Fig. 4: The laser flux at A = 10.6 um

4x10* W/cm? at z = 0 um (Fig. 6), and then
decreases to about 1.4x10° W/cm? at
z = 100 pum and along the plasma cylinder. This
is related to the energy absorption and the
ponderomotive force
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Fig. 6: The laser flux at A =0.53 um

Also, the laser flux increases by decreasing the
laser wavelength. The maximum absorbed
energy occurs with the second harmonic
generation of Nd laser (0.53 um). This might be
attributed to the effect of the ponderomotive
force. The present study reflects the importance
investigating this non-linear process. To avoid
the self-focusing inside the plasma, the amount
of the ponderomotive force should be calculated
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during the propagation of the laser beam inside
the plasma.

10. D. L. Choi and N. S. Yoon, J. Plasma
Phys. 5, 751 (1998).
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Ghadl ¢ iy ¢ Agpola 47314 o a dakg daela ¢ Llad) cluhall LUy 5l ga

dgaaa SLE dgana

¢ily“  HEATER ” galind qulal) dauly SLslaall dles sl ot dlal) dangl) (3 3, N1
Ot Eoiuan Cidh o 5ell) ol ol Satgial) Lapdiall (b ol dala Gl A Moy
ol J8d 5l Ay MAly gl JSds 3l Gl 058 bl il aladiuly lall agpigit)
Lwn s pa 038 053 5 1,06 5106 o gmaliad) i 8 dilide dnga Jlgdal Jlaxion) o
@rhB) Opda Satgiall Ladhd) Ay HEATER el amialy . Ailigili 15 s dodadll Gaps g JSl)
J-al Cubic Spline @l Jolail) 45y Jlaniondly (Alghad JSG Lapdlll 0585 G (@9
JAES LA G . (Al 099) Aibalgl ABUSY A ihia Gamida 0 9-Si Badgiall LSl &) L 5l (ylpmiad) ddalea
OsSs Larde Gaay A8l alaaial ) o) Bagd 2By 3l Gy dateal) AUl (ia JS qilows 4 gl
- Al 358l 252 ) ir Ay SagsSila 53 5l agall J skl
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