Laser and Particle Beams (2013), 31, 735-745.
© Cambridge University Press, 2013 0263-0346/13 $20.00
doi:10.1017/S0263034613000785

Theoretical analysis and numerical simulation of laser driven
multi-layered flyer

L. CHEN, F. WANG, anp J.Y. WU
State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing, China

(Recervep 17 June 2013; Acceptep 20 August 2013)

Abstract

A flyer with high velocity and good integrity can be obtained by laser driven multi-layered film. In order to deeply study
the action mechanism, a calculation model of laser driven multi-layered flyer has been established, taking into account the
effect of multi-layered on flyer velocity increase. Multi-layered flyer velocity driven by laser pulse beam has been
calculated to decide film configuration capable of forming a high velocity flyer. Taking this film configuration as
object, an intense laser driven multi-layered flyer experiment has been conducted to obtain flyer velocity and verify
calculation model. In order to analyze flyer motion details, a two-dimensional axisymmetric computation model of
laser driven flyer has been established. In this study, laser energy spatial-temporal distribution, film ablation, and
plasma absorption laser to drive flyer have been considered. Saha ionization equilibrium equation is adopted to
calculate film ionization degree and give plasma state equation. Dynamic mesh algorithm is used to calculate flyer
motion. Coupled numerical simulation of laser ablation, laser interaction with plasma and plasma driven flyer has been
achieved. Results show that flyer velocity firstly increases and then decreases with the increase of ablation layer
thickness. Ablation layer has an optical laser absorption depth for different layer materials. Plasma velocity distribution
is linear in axial when flyer accelerates. Insulation layer can decrease flyer temperature effectively to keep flyer integrity.
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INTRODUCTION detonation wave under laser loading, together with the
motion law of driven flyer plate, always have been the
basic issues in laser driven flyer study.

Lawrence and Trott (1991) first proposed Gurney energy
calculation method of laser driven flyer velocity, in which
energy conservation law was used to calculate flyer velocity,
ignoring the complex interaction of laser, plasma, and flyer.
Farnsworth first established one-dimensional laser driven
flyer computation model, using energy deposition to simulate
absorption in film (Farnworth & Lawrence, 1991). They
thought only 4% of the laser energy was absorbed by film
until some ionization occurs for the first part of laser pulse,
and then plasma absorbed total laser energy to drive flyer
motion. Cazalis et al. (1995) then considered plasma inverse
bremsstrahlung in laser driven flyer numerical simulation.
They computed plasma ionization degree, particle number,
and analyzed the effects of laser power density on flyer vel-
ocity. From recent laser driven flyer studies, compared with a
large amount of experimental studies (Zhao ef al., 2011; Dai

) et al., 2010; Gu, 2002), theoretical calculation study is rela-
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When an intense laser is focused on a metal film surface
coated onto a transparent substrate, partial metal film will
be ablated to produce plasma, driving the remainder to
form a high velocity flyer plate, which can be used in explo-
sive initiation and micro-space debris simulation study (Lebo
et al., 2008; Phipps et al., 2000). In early laser driven flyer
study, a single-layered film is usually employed to form the
flyer plate while it has disadvantages of low laser energy ab-
sorptivity, poor flyer integrity, and a difficult increase in flyer
velocity (Damian et al., 2005). In the last 10 years, multi-
layered film configuration is mainly adopted (Kazuo et al.,
2000; Kadono et al., 2001), with ablation layer absorbing
laser energy to produce plasma, impactor layer being
driven by plasma to form a flyer plate, insulation layer hold-
ing back laser to keep flyer from being ablated and make
plasma absorb more laser, resulting in a high velocity flyer
plate (Paisley, 1991). Forming mechanism of plasma and
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analysis about film phase transition under laser loading,
plasma state, coupled interaction of plasma, and flyer (Farn-
worth & Lawrence, 1991; Cazalis ef al., 1995).

In this study, Gurney theory calculation method has been
adopted to calculate laser driven multi-layered flyer velocity,
by modifying laser energy absorption coefficient to consider
the increase of laser energy deposited induced by insulation
layer. The effect of film configuration on flyer velocity is
analyzed, and multi-layered film configuration capable of
forming a high velocity flyer plate is decided. An intense
laser driven multi-layered flyer experiment has been con-
ducted and a two-dimensional axisymmetric computation
model has been established. Numerical simulation of film
phase change under laser loading, plasma formation and
driven flyer process has been conducted, and flyer velocity,
plasma flow field characters are then analyzed.

THEORETICAL CALCULATION OF LASER
DRIVEN MULTI-LAYERED FLYER VELOCITY

Calculation Method

Principle of laser driven multi-layered flyer is illustrated in
Figure 1. An intense laser is focused on surface of ablation
layer to ablate ablation material and produce plasma with
high-temperature and high pressure. Plasma expands outward
to drive both insulation layer and flyer layer as a high velocity
flyer plate. Compared with single-layered film, insulation
layer holds back laser energy, and flyer layer presets flyer
shape, combined to keep the integrity of flyer plate.

Based on Gurney theory calculation method (Lawrence &
Trott, 1991), laser driven multi-layered flyer calculation
model has been established to calculate flyer maximum vel-
ocity when laser irradiates on film surface with different layer
materials and configurations. A linear velocity profile as-
sumption for plasma has been made in order to obtain flyer
maximum velocity. It is finally obtained as

1/2
B 3E
V= 3P ¥ P 1
2 ppXa 2
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Ablation layer

Flyer layer

Final flyer plate

Transparent substrate Insulating layer

Fig. 1. (Color online) Principle of laser driven multi-layered flyer.
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Where E is laser Gurney energy; p, pg, prare densities of ab-
lation layer, insulation layer, and impactor layer, respectively;
X4» Xg, Xy are ablation layer depth, insulation layer depth and
impactor layer depth.

Gurney energy E can be expressed as

_ F()(l - r)

PpXd

E (1 — e HarPria)y — g, )

Where F|, is incident laser energy density; r is laser energy
loss coefficient (combing both reflective and radiative
loss); p; is ablation layer density; x, is ablation depth; p.4
is the effective absorption coefficient; €, is vaporization
energy of ablation material.

Theoretical calculation has been conducted to obtain
flyer maximum velocity when laser irradiates on multi-layered
Al/ALLO;/Al (250 nm/250 nm/3 wm) and Al/AlO3/Al
(100 nm/250 nm/3 um). Material parameters required by the
model are listed in Table 1. Comparisons of flyer velocity cal-
culated and experimental results measured by Bowden and
Knowles (2009; Trott, 1994) are shown in Figure 2. Flyer
maximum velocity calculated is obviously lower than exper-
imental data, indicating that theoretical calculation model of
laser driven multi-layered flyer velocity needs further revision.

For multi-layered configuration, flyer velocity can be greatly
improved because of insulation layer holding back laser effec-
tively to make ablation layer deposit more laser energy, resulting
in a higher flyer velocity. Therefore, determining the effect of in-
sulation layer on laser energy effective absorption coefficient iz
is one key issue to flyer velocity theoretical calculation. In the
actual situation, as different insulation materials can be adopted,
there are differences in laser energy absorbed by ablation layer.
Normally experimental data is needed to determine the effect of
insulation layer on 1.4 In this calculation, the laser energy effec-
tive absorption coefficient L.z is modified to be K,-p.z to
consider insulation layer effect. Experimental flyer velocity
measured by Trott is used as a baseline to determine K, for
Al,Oj3 insulation layer (Trott, 1994). Calculation results agree
well with experimental data when K, =4.8, illustrated in
Figure 3. Trott’s (1994) study shows that a 38% increase in
flyer velocity of multi-layered flyer with Al,O5 insulation
layer than single-layered flyer has been obtained. In this paper,
flyer velocity calculated with the consideration of insulation
layer effect (K, = 4.8) has a 36% increase than that calculated
without K, consideration, close to Trott’s experimental data of
38%, indicating the rationality of 4.8 for K, and the validity of
theoretical calculation in some extent.

Calculation Results and Analysis

Taking single film Al (3.35 um) and multi-layered film Al/
Al,03/Al (100 nm/250 nm/3 pum) as object, flyer velocity
driven by 0-30 J/cm? laser energy density has been calcu-
lated. Figure 4 illustrates relation curves of calculated flyer
velocities and laser fluence. Multi-layered flyer velocity is
obviously higher than single-layered flyer at a laser energy
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Fig. 2. (Color online) Flyer maximum velocity measured by Trott and calculated in this paper. (a) Al/Al,O3/Al (250 nm/250 nm/3 pm)

and (b) Al/Al,O3/Al (100 nm/250 nm/3 pm).

density lower than 10 J/cm?. The difference between multi-
layered flyer velocity and single-layered flyer velocity de-
creases gradually as laser energy density increases. Figure 5
is relation curves of flyer velocities and laser fluence
measured by Trott (1994). The trend calculated in this
paper agrees well with Trott’s experimental result, indicating
calculation validity in some extent.

Five ablation materials of Al, Mg, Ge, C, Ti have been
studied and flyer velocities have been calculated of laser irra-
diating on film with different ablation thicknesses. The thick-
ness of insulation layer and impactor layer adopted in
calculation are 250 nm and 3 um, respectively. Calculation
results are listed in Table 2. The data in Table 2 indicates
that flyer velocity increases first and then decreases as abla-
tion layer thickness increases for each ablation material. Ab-
lation layer has an optical energy absorption depth. The
optical energy absorption depths for Al, Mg, Ge, C, Ti at
a laser fluence of 4017/ cm? are 350 nm, 250 nm, 200 nm,
100 nm, 100 nm, respectively. C/Al,O3/Al (100 nm/
250 nm/3 um) has the maximum velocity of 6938.5 m/s.

LASER DRIVEN MULTI-LAYERED FLYER
EXPERIMENT

Laser driven multi-layered flyer experiment has been con-
ducted to obtain flyer velocity and verify theoretical
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calculation validity. Theoretical calculation results show
that C/Al,O3/Al (100 nm/250 nm/3 um) has the maximum
velocity when laser irradiates on films with different
layer materials and thicknesses. Therefore, C/Al,0O5/Al
(100 nm/250 nm/3 pwm) has been selected as experimental
research. A schematic view of the experimental set-up is
given in Figure 6. Experimental system consists of solid
laser, reflection/transmission mirror, focal lens, flyer gener-
ating setup, calorimeter, phototube, and oscilloscope. A high
intensity solid laser pulse (A = 1064 nm) has been divided
into two beams by reflection/transmission mirror. Most of
laser has been focused by an f= 20 cm lens onto a metal
film surface in flyer generating setup to generate plasma
and drive flyer. A small amount of laser has been transmitted
with its energy being continuously monitored by a calori-
meter. Real laser energy aiming to irradiate metal film can
be computed according to energy ratio of reflection laser
against transmission laser. As the action time of laser
driven flyer is much shorter, it is very important to measure
the start time of laser action. In the experiment, phototube has
been adopted to record laser light, translating light signal into
electricity signal to activate digital oscilloscope as its startup
single.

Flyer generating setup is comprised of transparent sub-
strate, multi-layered film, flat ring, and piezoelectric film
target. Principle diagram of flyer generating setup is shown
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Fig. 3. (Color online) Flyer maximum velocity measured by Trott and calculated in this paper with K, = 4.8. (a) Al/Al,05/Al (250 nm/

250 nm/3 pum) and (b) Al/Al,05/Al (100 nm/250 nm/3 um).
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Fig. 4. (Color online) Relation curves of calculated flyer velocities.
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Fig. 5. (Color online) Relation curves of flyer velocities measured and laser
fluence by Trott.

in Figure 7. An intense laser is focused on multi-layered sur-
face to produce plasma and form a high velocity flyer. As
flyer impacts piezoelectric film, piezoelectric signal will be
recorded by digital oscilloscope (DPO 7054). According to
the time difference between laser light and piezoelectric
signal, the time of flyer impacting target can be determined.

L. Chen et al.

Table 1. Material parameters adopted in calculation

Thermal True absorption
Density/  Decomposition  diffusivity/ coefficient/
Material (g-cm) energy/(k]-g") (em?s™h) (cmz-g’ b
Al 2.703 12 0.96 4.4x10°
Mg 1.74 7 0.86 1x10°
Ti 4.54 9.85 0.09 1x10°
Ge 5.23 5.10 0.35 1x10°
C 227 59.75 0.94 1x10°

By changing flat ring thickness, the flight time of flyer travel-
ing different distances can be obtained. Six thicknesses of
100 pm, 150 pm, 170 um, 200 um, 230 um, 250 um for flat
ring are adopted in this experiment, with a 1 um error.

Nd: YAG solid laser has been adopted as driving laser, de-
livering at 1.064 um wave length, 10 ns pulse width, and 1J
of maximum energy. The focal spot diameter is 1.1 mm. The
spatial distribution of laser spot satisfies pseudo-top hat pro-
file. Transparent substrate material is K9 glass and thickness
of the transparent substrate is 3 mm. Flat ring material is
polysulfone.

NUMERICAL SIMULATION OF LASER DRIVEN
FLYER

In order to obtain detailed information about the laser driven
flyer process, the numerical simulation work has been con-
ducted. Laser driven flyer involves complex physical-
chemical interaction in laser ablation, plasma formation,
plasma expansion, film rupture, and flyer motion. It is unrea-
listic to describe the whole process details in simulation.
Therefore, the following assumptions have been made in
this paper: (1) Laser driven flyer motion is seen as two-
dimensional axisymmetric motion. (2) Incident laser beam is
parallel with ignorance of its focus angle. Laser energy loss
is zero before it reaches film surface. (3) Film absorbs laser
energy and changes from solid to vapor directly. (4) High
temperature gases induced by laser ablation are in local ther-
modynamic equilibrium, while particle compositions follow
Boltzmann distribution. Ion and electron share the same temp-
erature. (5) Insulation and ablation layer compose the flyer
plate, which is seen as rigid without deformation.

Table 2. Flyer velocities of multi-layered flyer with different ablation thicknesses at a laser fluence of 40 J]cm?

Flyer velocities of multi-layered flyer with different ablation depth/(m-s™")

Multi-layered 50 nm 100 nm 150 nm 200 nm 250 nm 300 nm 350 nm 400 nm
Mg/Al,O3/Al 4668.7 5682.3 6104.9 6289.9 6367.7 6394.9 6397.8 6388.9
Al/AlL,O3/Al 4800.3 5630.7 5895.7 5969.1 5971.0 5945.3 5908.9 5868.4
Ge/AlLO53/Al 5524.7 6241.2 6398.1 6406.7 6373.0 6327.4 6278.7 6229.3
C/ALO;/Al 6925.9 6938.5 6822.2 6699.9 6444.2 6405.3 6367.1 6329.6
Ti/Al,O3/Al 6004.9 6287.8 6263.5 6204.7 6142.1 6079.4 6017.1 5955.0
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Table 3. Flyer maximum velocities computed and experiment data
at different energies

Computed flyer Experiment flyer

Laser maximum velocity / maximum velocity / Error/
energy/mJ (m-s™h (m-s™ 1 %
300 6125 6120 0.082
210 4456 4331 2.89
Reflection/transmission mirror
ﬂ > > Calorimeter
Phototube
Focal lens
Flyer generating setup @l: : .
_— Oscilloscope

Fig. 6. (Color online) Schematic view of experimental set-up.

According to the assumptions, laser driven multi-layered
flyer process can be dealt with as a fluid mechanical process.
CFD numerical simulation method and Fluent 14.0 software
can be adopted to conduct computation. Based on experimental
setup, a two-dimensional axisymmetric computation model of
laser driven multi-layered flyer has been established as shown
in Figure 8. Parallel laser comes from the left side. Set the x axis
as symmetry axis. Diameters of laser beam and multi-layered
flyer C/Al,O5/Al (100 nm/250 nm/3 um) are 1 mm and
1.2 mm respectively. Computational domain is initially set at
a temperature of 300 K and at a pressure of 1 atm.

Laser energy deposited in ablation layer varies with time
and space. It can be expressed as (Lawrence & Trott, 1991)

o == e ()< (1-6))

x exp(— [ kdz)

Where r is energy loss coefficient; p.4is effective absorption
coefficient; F is laser fluence; t is laser pulse duration; p is
density; 7, is the time offset of the beam maximum intensity;

a)

Ablation layer Flyer layer Flat ring

Plasma

lr beam

Transparent
substrate

Insulating layer
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w is the beam radius; r and z are radial and axial coordinates,
respectively; K is the plasma absorption coefficient.
Effective absorption coefficient .4 is related to true ab-
sorption coefficient, thermal diffusivity and laser pulse
width. The relation is as follows (Lawrence & Trott, 1991)

Ky
=—32 . 4
Her 14+ kpap(or)l/2 @

Where ,, is true absorption coefficient; p is density; o is
thermal diffusivity; t is laser pulse duration; k is adjust
coefficient.

The parameters to compute laser energy deposition are as
follows (Bowden & Knowles, 2009): p is 2.27 g/cm’, p,, is
1.0x 10* em?/g, ois 0.94 cm?/s, €415 29.63 kI /g, ris 0.413.

ABLATION LAYER MATERIAL PHASE
TRANSITION

Ablation layer under laser loading undergoes ablation and evap-
oration. Gas-solid mixture model and phase transformation
volume fraction have been adopted to describe ablation layer
phase transition from solid to gas. Ablation layer calculation
element can be seen as a mixture comprised of solid and gas.
Solid volume fraction of calculation element is 1 before laser
pulse, indicating no gas. During laser loading, solid ablation
material transforms into gas. According to solid and gas
volume fraction, film ablation and evaporation extent can be
judged. The continuity, momentum and energy equations can
be obtained by summing the individual continuity, momentum
and energy equations for all phases. They can be expressed as

0
P (asps +avpy) + V- (aspgV+ aypy ) = S (3)

%(pmﬁm) + Vo (i) = =VP+ V- [, (Vi + Vil)]

+ pn1§+ ﬁ+ V. (Vdrydrpm)’
(6)

0
ot (aspsEs + avpyEv) + V - [as(psEs + P)Vs 7)

+ ay(pyEv + P)w] =V - (kVT) + Sg.
b) c)

Flyer Piezoelectric film

Fig. 7. (Color online) Principe diagram of flyer generating setup. (a) Laser induced plasma, (b) Flyer accelerating, (¢) Flyer impacting target.
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Fig. 8. (Color online) Computation model of laser driven multi-layer flyer.

In the above equations, o, oy represent the volume fraction of
solid phase and gas phase, respectively; pg, py are solid phase
density and gas phase density; F denotes a body force; vy,
stands for the drift velocity for vapor phase; S,,, Sg represent
mass source and energy source of mixture; k denotes the thermal
conductivity; p,,, L, are the mixture density and viscosity.

Two more equations define the total energy per unit mass
E and enthalpy £,

T
Trer

2

p v
E=h-P24% n=
p+2 ;=]

cpydT. )
Here E, h, p, p, v, ¢, T represent total energy per unit mass,
enthalpy, pressure, density, velocity, specific heat and temp-
erature, respectively.

The first term on the right-hand side of energy Eq. (7) rep-
resents energy transfer due to heat conduction. The second
term denotes any other volumetric heat source, including
laser energy and phase transition heat. Laser energy can be
obtained by summing the individual laser energy absorbed
by solid and gas phase. Phase transition heat can be com-
puted by multiplying mass transfer rate by latent heat.

Sg = S1 — Sphase = asls + ayly — Aml,. )

In the above, S; and S, represent laser energy deposited
and phase transition heat; oy, o are the volume fraction of
solid and gas phase; s, Iy stand for laser energy absorbed
by solid and gas phase; Am is mass transfer rate; ,, denote
vaporization latent heat.

Based on the following temperature regimes, the mass
transfer can be described as follows:

If 7> Ty

- Tsat

mg_y = coeff * agpg
sat

T <Tu

-T

fy_.s = coeff * aypy
sat

Where rirg_, y represents mass transfer rate from solid phase to
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gas phase; coeff'is a relaxation time; o, o are volume fraction
of solid and gas phase; ps, py are solid density and gas density.

In the calculation, mass and energy transfer between solid
and gas phase, together with laser energy are coupled into
computation procedure via User Defined Function and
solved simultaneously with the hydrodynamic system of
Egs. (5)-(7).

LASER BEAM INTERACTION WITH PLASMA

Since plasma absorbs laser energy on its way, laser intensity
decays with spread of distance. It takes the following form
(Moscicki et al., 2011)

dl
5o —xl. (10)
Where s is transport distance; K denotes plasma absorption
coefficient, which depends on particle number and plasma
temperature. The critical electron number density of plasma
for laser transmission is 0.9716 x 10*’/m’ at 1.064 um
wave length.

According to Zeldovich-Raizer theory (Zeldovich &
Raizer, 1980), free electron absorbs laser energy mainly
through inverse Bremsstrahlung and photoionization mech-
anism when nanosecond laser irradiates on ablation material.
Therefore, in this calculation, dominant absorption mechan-
isms in plasma: the electron-atom inverse Bremsstrahlung,
the electron-ion inverse Bremsstrahlung and photoionization
have been taken into account. Total continuous absorption
coefficient (Moscicki et al., 2011) can be written as

A h
K = ;(K;(A) +rp0) + KEN) X [1 - exp<— Ak;jT)]' (11

Here indices fb and ff denote free-bound and free-free tran-
sitions, and ei and ea denote electron-ion and electron-atom
collisions. Kz,(A), K,‘?(X), Kj'(\) are absorption coefficients
due to photoionization, electron-ion inverse Bremsstrahlung
and electron-atom inverse Bremsstrahlung, respectively. / is
Planck constant; ¢ is the speed of light in a vacuum; A is laser
wavelength; kg is Boltzmann constant; 7'is plasma temperature.

32k [ 2\ g1 TN
\) = 0 2, .0 T
T (47[80) PIE

E; hv
X exp(— kBTe) (exp(ﬁ> — 1) ~&(Tp, N)

L) = 8nef kg A T2 Zzzn .G
i 3myhc(6mm,kg)/(4mieg) e LgmTETEA
162\ ks \*"*
ea\y — 0 B eT3/2
1N = S ane) - i (2nme> Maltel
]’l 2
X Go(T) - [1 n (1 +ﬁ) } (12)
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In the above, kg is Boltzmann constant; 4 is Planck constant; ¢ is
the speed of light in a vacuum; e, is elementary charge; € is
permittivity of vacuum; z denotes ion charge seen by free elec-
tron; nz and n, are ion density and electron density, respect-
ively; g and U stand for the statistical weight and partition
function; A and v are laser wavelength and frequency; E is ion-
ization energy; €(7,, A) is the Biberman factor; 7, is electron
temperature; Gy is the Gaunt factor; o, is the electron-atom
scattering cross-section.

PLASMA STATE EQUATION

Since gas phase of ablation layer contains a large amount of
electrification particles, ideal gas state equation is not appli-
cable any more. Therefore, plasma state equation is necessary
in calculation to take into account the effect of particles
number change and the coulomb force between particles on
pressure and inner energy.

Plasma pressure and inner energy (Hong et al., 2001) are
given by

P=(+aol, (13)

3 R
E:E(l+q)MT+NOXi:a,-I,-+NOZa,-s,-. (14)

In the above, the first term on the right-hand side represents
the contribution of ion, atomic, and electron thermodynamic
on inner energy. The effects of atomic ionization and exci-
tation on inner energy are described as the second and third
terms. « represents ionization degree; I; stands for ionization
energy; €; denotes excitation energy; N, is total atomic
number in per unit mass.

Based on thermodynamics, the relationship between
entropy, enthalpy and Helmholtz free energy is

OF OF oF OH
5= ‘(a*r)m’ H=r- T(a?) V,N‘V(ﬁ)m’ Cp= (a*T),;

5s)

Here F denotes Helmholtz free energy of ionized vapor.
From Egs. (13), (14), and (15), ionization degree is a criti-
cal parameter to compute electrification vapor state equation
and thermodynamic properties. As for nanosecond laser,
electron collision time is only 10~ 's, far less than laser
pulse width, and ion temperature is very close to electron
temperature (Tong & Tang, 2008). Therefore, the assumption
of local thermodynamic equilibrium is fulfilled, ignoring the
difference between electron temperature and ion temperature.
In this paper, the assumption that chemical reaction and ther-
modynamic behavior reach equilibrium instantaneously at
the moment of laser ablation has been made to calculate
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plasma ionization degree. Ion and electron number can be
computed by iteratively solving ionization balance equations.
Then ionization degree, state equation and thermodynamic
properties can be obtained.

According to Saha equation, ion and electron concen-
tration meet the following relationship (Robert et al., 2008).

3
23
aa, % Ui+ [2mmemyi + kg ZTE ox _I,- -1
ai_1 N Ugi-1+ M-+ h? P kgT (16)

=K(Gi=1,23...

Where K; is ionization equilibrium constant; u,, ut are
partition functions of atomic and ion, respectively; I; is ion-
ization energy; m,, mf;’ are atomic mass and ion mass; m,
is electron mass; n, n,, nif, n, are, respectively, total particle
number, atomic number, ion number and electron number; a,
is ionization degree; a, a; are atomic and ion concentration.

Additional conservation equations for element and charge
are needed.

13 13
a0—|—Zai+a@: l,ag:Ziai. a7
i i=1

i=1

In Eqgs. (16) and (17), there are [+ 2 unknowns and
equations, forming a closed equation set. a, can be obtained
by solving the equation set. Combining a, into Egs. (13),
(14), and (15), high temperature vapor equation of state
and thermodynamic properties are computed. For ablation
layer C, i is equal to 6. Since computation amount is critical
huge to solve high-order nonlinear equation set, only first-
order ionization reaction is considered here in order to
avoid computational difficulties.

The ionization degree of first-order ionization reaction is

o = —K| + K} + 4K,
=0

(18)

e

Where K; is first order ionization equilibrium constant,
which can be expressed as
I — [
T%exp - ).
kgT

In the numerical simulation, User-defined Real Gas Models
is used in fluent for combining new state equation and ther-
modynamic properties into computation procedure, aiming at
modeling plasma expansion behaviors.

[T

K

2u,r [(2nmmgi+kp
- n ug, maohz

FLYER MOTION

Dynamic mesh model has been employed to describe flyer
motion. In numerical simulation, the flyer is seen as a
rigid, and the boundary between flyer and plasma is a
moving boundary. Flow field parameters adjacent to flyer
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are computed first, and then according to mechanical equili-
brium, the velocity of moving boundary within time step can
be computed. The grid will be regenerated and enmeshed by
controlling grid volume to realize boundary moving after cur-
rent location of moving boundary is obtained. The movement
in next time step will be determined by current computed
results.

Flyer is pushed by plasma flow field F and also subjects to
resistance f in flight. Based on the theorem of momentum,
flyer velocity increase Av within A time can be expressed as

Av = At (19)

P-S—f
m
Where P represents average pressure of plasma flow field on
flyer; S stands for action area of plasma flow field on flyer; f
is resistance; m is flyer mass; At is time step. Resistance fin-
cludes film fraction f, and air resistance f;,. Film friction
Jpum €xists initially, and air resistance f,;, is decided on flyer
area and velocity. Both fy,, and f,;, is closely related to
flow field thrust. Therefore, in numerical simulation, the
resistance f suffered by flyer is assumed to be plasma flow
field thrust F multiply by resistance coefficient k. According
to flyer velocity measured in experiment at some laser
energy, the resistance coefficient & can be determined.
Then compare calculated flyer velocity and experiment data
at other laser energy to verify the validity of numerical simu-
lation. On this basis, plasma flow field characteristic is

analyzed.

RESULTS AND DISCUSSION

Flyer Velocity Analysis

Flight time of flyers traveling different distances have been
measured in experiments. The following figure is the original
signals measured with the photodiode and the piezo film.
The yellow line is laser signal and the green line is

/ / Laser signal

N

Piezoelectric

Fig. 9. (Color online) Original signals measured with the photodiode and
the piezo film.
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Fig. 10. (Color online) Comparison of computed flyer velocity and exper-
iment data at 300 mJ.

piezoelectric signal. The onset of laser signal is taken as
time zero point, and the onset of piezoelectric signal is
taken as flyer arrival time. The time difference At between
the two onsets can be seen as flyer flight time. Based on

Flyer

Plasma P (P)

D 1.8E+08
1.75E+08
1.7E+08
1.68E+08
1.65E+08
1.6E+08
1.55E+08
1.5E+08

D>

Incident
laser

R
X

ratio r:x=1:30

Fig. 11. (Color online) Typical flow field pressure distribution.

-
o

Average Pressure/GPa
o

[4)]

o

30

Time/ns

Fig. 12. (Color online) Average pressure of plasma flow field on flyer.
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b) Temperature discontinuity c)
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Fig. 13. (Color online) Flow field temperature diagrams at different times. (a) 15 ns, (b) 22 ns, (¢) 30 ns.

these experiment data, the double exponential form (Rupp
et al., 1999; Paisley et al., 2008) is adopted to describe the
flyer plate velocity, then the changing relationship of flyer
velocity to time at different laser energies have been obtained
(Wang et al., 2012). The confidence is 0.999%.

Comparison of computed flyer velocity and experiment
data at laser energy of 300 mJ is plotted in Figure 10. Com-
puted flyer maximum velocity and acceleration time are ba-
sically the same as experiment data when resistance
coefficient k is 15%. A maximum velocity of 6125 m/s
have been reached at about 20 ns. Though flyer velocity at ac-
celerating stage is a little higher than experiment data, the
general trend of velocity changes computed essentially
agrees with experiment results. Then the value of resistance
coefficient k is employed in numerical simulation at other
laser energies. Computed flyer maximum velocity and exper-
iment results are listed in Table 3. There were less than 3%
error between computation and experiment data.

Plasma Flow Field Analysis

Numerical simulation result at a 300 mJ laser energy is taken
for example to analyze plasma flow field changing.

Typical flow field pressure distribution is depicted in
Figure 11. Flyer is pushed to move by plasma flow field.
As flyer velocity is closely related to the pressure of adjacent
flow field, the average pressure of plasma flow field on flyer
has been analyzed in Figure 12. For initial stage of laser pulse
(2 ns), plasma absorbs laser energy and the average pressure
increases gradually before flyer moving. After 2 ns, plasma
pressure decreases rapidly as flyer moves and flow field
range expands. At 20 ns, the average pressure is basically
zero, indicating a maximum velocity for flyer.

Flow field temperature diagrams at different times are pre-
sented in Figure 13. It is obvious that at initial stage of laser
pulse, flow field temperature decreases gradually along axial
direction for less laser energy deposited in film. At 22 ns,
temperature distribution is relatively uniform, of around
17000-30000 K. While a temperature discontinuity appears
in inner flow field at 30 ns with no laser energy source, divid-
ing the entire flow field into high temperature zone and low
temperature zone. The flow field towards laser has a higher
temperature, of around 14000-18000 K, and flow field adja-
cent to flyer has a low temperature of about 2000—10000 K.

Tonized degree is an important parameter to reflect plasma
particle composition, relating to flow field temperature and
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particle number density. Ionized degree distributions of
plasma in axial at different times are plotted in Figure 14.
Plasma ionization degree at different locations has little
difference during laser pulse. lonization degree increases
gradually with laser action time. At 7.5 ns, ionized degree
is of around 0.063, while it increases to 0.29 at 15 ns. At
45 ns, laser pulse has already disappeared and a ionized
degree discontinuity appears in flow field. The zone adjacent
to transparent substrate has a higher ionized degree of
0.43-0.48, indicating more electrical particle, while the
flow field near flyer is a low ionized zone with a nearly
zero ionized degree, indicating mainly high temperature gas.

Flyer temperature reflects its integrity in some extent. If
most of the flyer’s temperature far exceeds material vaporiza-
tion temperature, it may indicates that flyer has already been
ablated by plasma and is not intact. Flyer has a good integrity
when flyer temperature is much lower for ablating. Compared
with single-layered film, insulation layer in multi-layered
film can hold back laser energy and prevent flyer from
being ablated. In order to clarify the role of insulation
layer, temperatures of computed element in axial at 1lns
are plotted in Figure 15. Temperature of plasma flow field
is of around 42600—42900 K while insulation layer tempera-
ture is about 2000 K, flyer temperature basically being
300 K, much lower than its vaporization temperature. It con-
cludes that insulation layer can effectively prevent flyer from
being ablated and make sure its integrity.

In laser driven flyer theoretical calculation, Gurney energy
theory is normally used to calculate flyer maximum velocity,

0.60- High ionization
degree zone
=30ns
0.45-
]
gﬂo.ao— =15ns o
=1
.2
g 0.15- Low ionization
§ t=7.5ns /legn:e zone
0.00 \
e
x coordinate/pum

Fig. 14. (Color online) Ionization degree distributions of plasma.
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Fig. 15. (Color online) Temperatures of computed elements in axial at
different times in axial at 11 ns.
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Fig. 16. (Color online) Axial velocity profile of plasma at different times.

with the assumption of plasma velocity increasing from zero
to flyer velocity linearly (Lawrence & Trott, 1991). In order
to analyze rationality of theoretical assumption, Fig.16 plots
plasma axial velocity profile at different times. Computed re-
sults show that plasma velocity increases linearly from zero
to flyer velocity along flyer motion direction, indicating the
rationality of theoretical calculation assumption.

CONCLUSION

Laser energy absorption coefficient should be modified to
obtain accurate multi-layered flyer velocity with Gurney
energy theory, considering laser energy increase deposited
in ablation layer induced by insulation layer. Multi-layered
flyer velocity is obviously higher than single-layered flyer
at a laser energy density lower than 10 J/cm?. The difference
between multi-layered flyer velocity and single-layered flyer
velocity decreases gradually as laser energy density
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increases. Ablation layer has an optical energy absorption
depth for each layer material.

A two-dimensional axisymmetric computation model of
laser driven flyer has been established with the consider-
ation of plasma absorption laser energy. Analysis of laser
ablation film, plasma formation and flyer motion has been
conducted. Numerical simulation of laser driven flyer full
process has been achieved. Flyer nearly reaches maximum
velocity at the end of laser pulse. Plasma velocity is
nearly linear axially during flyer acceleration time. Insula-
tion layer can decreases flyer temperature effectively to
keep flyer integrity. Plasma ionization degree distribution
is relatively uniform during laser pulse. After laser pulse,
ionization degree near transparent substrate is higher,
while ionization degree adjacent to flyer is nearly zero, indi-
cating no plasma.
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