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A plasma is produced in air by using a high-intensity Q-switch Nd:YAG pulsed laser to irradiate a solid target,

and the impulses delivering from the plasma to the target are measured at different laser power densities. Analysing the

formation process of laser plasma and the laser supported detonation wave (LSDW) and using fluid mechanics theory

and Pirri’s methods, an approximately theoretical solution of the impulse delivering from the plasma to the target

under our experimental condition is found. Furthermore, according to the formation time of plasma and the variation of

pressure in plasma in a non-equilibrium state, a physical model of the interaction between the pulse laser and the solid

target is developed. The plasma evolutions with time during and after the laser pulse irradiating the target are simulated

numerically by using a three-dimensional difference scheme. And the numerical solutions of the impulse delivering from

the plasma to the target are obtained. A comparison among the theoretical, numerical and experimental results and

their analyses are performed. The experimental results are explained reasonably. The consistency between numerical

results and experimental results implies that the numerical calculation model used in this paper can well describe the

mechanical action of the laser on the target.

Keywords: plasma production and heating by laser beams, solid-plasma interactions, impulse, fluid

dynamics simulation
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1. Introduction

When a high-intensity laser irradiates the surface
of a solid target, its energy is partly absorbed by the
target and the ambient air. The ambient air is ionized
directly and so turns into a plasma. And the solid tar-
get is ablated and evaporated successively. The evap-
orated atoms are ionized and become a plasma. The
plasma produced in both situations mentioned above
has a high temperature and pressure, so it expands
rapidly and provides a force for the target. The tar-
get obtains an impulse during the plasma expands.!!
Therefore the laser-target system can be used as an
advanced propulsive system, 3! which is the so-called
laser propulsion technique. Comparing it with chem-
ical rocket and electric propulsion that are mature
relatively at present, the laser propulsion has many

advantages. One is a lower launch cost. The cost is
estimated to be only a few hundred dollars, which can
afford only to launch a micro-satellite with one kilo-
gram to the anomalistic orbit and are much lower than
the cost of ten thousand dollars for a chemical rocket.
The second advantage is its high specific impulse com-
pared with the chemical rocket. The specific impulse
of chemical rocket cannot exceed 500 s. It has been
predicted that the specific impulse of laser propulsion
will be tens of times that of chemical rocket. The third
advantage is its safety because the aircraft is separated
from the energy supply system and working materials.
The fourth advantage is its less pollution to environ-
ments because the clean and non-contaminative ma-
terials can be used as working materials. It has many
potential advantages and applications in the field of
the laser propulsion, on which many scientists have
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concentrated in recent years. One of the research

hotspots is the efficiency of impulse delivering from

[4=11] There ex-

laser-produced plasma to solid target.
ist many difficult problems because they are involved
with a series of complex processes such as phase tran-
sition of target material and ambient air during the
laser’s irradiating a target, acutely accompanied with
the expansion of plasma and the interactions between
plasma and laser, solid target and ambient air. There
have been three kinds of main approaches to treat-
ing these problems presently. The first one is the
experimental approach. This can obtain some use-
ful scaling relations from the analyses of experiment
results under different conditions. The advantage of
this approach is practicability, but its disadvantage is
that it cannot fully understand the mechanism and
the detailed process of the impulse coupling between
plasma and target. The second one is the theoretical
approach. This can obtain some theoretical formulas
about impulse with laser intensity by using the in-
teraction theory between laser and material and the
fluid mechanical theory and by analysing the process
of plasma formation and impulse coupling to the tar-
get. The advantage of this approach is that it can
reveal the physical essence of impulse delivering from
But it is difficult
to obtain an accurate theoretical formula because of

laser-produced plasma to target.
the complexity of the process. Only some approxi-
mate formulas can be obtained usually. Furthermore,
the results computed by using approximate formulas
are much different from the experiment results.!®) The
third one is the numerical simulation approach. By
theoretically analysing the formation process of laser-
reduced plasma and impulse coupling between plasma
and target, and by using the fluid mechanical theory
and numerical computation methods, one can simu-
late numerically the evolution of plasma, find the dis-
tributions of pressure and temperature in the plasma
by integrating the pressure on the target surface with
respect to time and area, and finally obtain the im-
pulse coupling to the target. The advantage of nu-
merical simulation is that it can fully understand the
mechanism and the detailed process of the impulse
coupling between plasma and target through the com-
putational process. However, its disadvantage is that
the modelling of mathematics and computation must
rely on theoretical analysis and experimental results,
which is restricted to the clear describing of actual
physical processes.

In this paper, by analysing the creation process of

plasma and the laser supported detonation wave with
the interaction between laser and solid target, and by
using fluid mechanics theory and Pirri’s methods, the
analytic solution of the impulse delivering from the
plasma to the target is obtained approximately, and
the impulses are calculated when the laser intensity
changes from 107 to 10 W/cm?. Based on the theo-
retical model described above, by analysing the cre-
ation process of plasma and the evolution of the in-
ner pressure of plasma in a non-equilibrium state, the
physical model for the interaction between pulse laser
and solid target is developed. Furthermore, the evolu-
tion of plasma and the interaction between laser and
target are simulated by using the three-dimensional
finite difference method. The numerical solutions of
impulse delivering from laser to target are obtained
and they accord well with the experimental results.

2. Experimental results, theoret-
ical explanation and numeri-
cal simulation of the impulse
delivering from laser-produced

plasma to solid target

2.1. Experimental results

To study the relation between impulse coupling
efficiency and laser power density in the process of in-
teraction of laser with solid target, a high-intensity
pulsed Q-switched Nd:YAG laser is focused on the
surface of aluminium target with a diameter ¢ =
12.0mm and a thickness H = 0.5 mm through a lens
with a focal distance F' = 105 mm. The target is hung
with a string. It can be regarded as a simple pen-
dulum. Using the photoelectric tachometry, the im-
pulses acting on the target are measured at different
laser intensities. The relevant experimental setup and
the method of measurement were reported in Ref.[12].
The position of target relative to the lens is shown in
Fig.1. The main parameters of laser are as follows: the
output energy F) = 0 — 250mJ adjustable, the pulse
duration t, = 15ns, and the wavelength A = 1.06 ym.
In the experiment, adjusting the relative distance d
between the target and the focus of lens, the laser
spot radius and its intensity on the surface of target
are changed. The relations among laser spot radius,
laser intensity on the target and the position of target
are shown in Table 1. The experimental result of the
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impulse delivering from laser-produced plasma to the
target is shown with curve a in Fig.2.

It is shown in Fig.2(a) that the magnitude of im-
pulse on the target is dependent on the laser intensity.
When target is between the lens and the focus of lens,
The closer to the focal
point the target is, the higher the laser intensity on

the value of d is negative.

the target, and the larger the impulse will be. When
the target lies at the focal point, the laser intensity on
the target reaches a maximum value and so does the
impulse on the target.

target
lens

laser —-—{ |-—-—

d —>

Fig.1. Arrangement for target and lens.
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Fig.2. Relation between magnitude of impulse and target
position, where a is for experimental results, b for results
calculated from the Pirri theoretical model, and ¢ for nu-
merical calculations.

Table 1. Target position, laser spot radius and intensity.

Distance d/mm -35 30
Radius Rs/mm 2.09 1.83
Intensity Io/(108 W/cm?) 0.97 1.27

-25 20 -15 -10 -5 0
1.58 1.32 1.07 081 0.56 0.50
1.70 244 3.71 647 13.5 17.0

2.2. Theoretical and numerical results

Based on the theory of interaction between laser
and material, the explanation of impulse delivering
from laser to target can be described as follows: a
high-intensity laser beam irradiating the surface of
target causes the surface material to vaporize, the
evaporated material of target and the air near the
target surface are broken down, forming a laser ab-
sorption zone. The absorbed laser energy is converted
into the inner energy of medium in the laser absorp-
tion zone, causing the medium to be ionized rapidly
into a plasma with a high temperature and a high
pressure. The plasma absorbs the subsequent incident
laser energy and expands following the aerodynamics;
part of inner energy is converted into the kinetic en-
ergy, and the rest is dissipated by radiation, which is
absorbed by the solid target and ambient air. If the
surface of plasma absorbing the laser energy expands
with a subsonic speed, the corresponding wave front
is called laser supported combustion wave (LSCW).
Because the shock wave caused by the propagation of
LSCW is of laser-transparency, the cold air between

shock front and LSCW can be ionized, which serves
as a transport mechanism, that is, thermal conduc-
tivity, heat radiation and diffusion mechanism. It is
the transport mechanism that supports the propaga-
tions of LSCW and shock front. The sketch of their
relative motion is shown in Fig.3(a). For the LSCW,
the temperature of plasma is low (~10* K), while with
the increase of the incident laser intensity, the plasma
absorbs more laser energy and its surface catches up
with the shock front, thus the laser supported deto-
nation wave (LSDW) is created as shown in Fig.3(b).
The LSDW propagates with a supersonic speed, and
the temperature of plasma is high (~10° K). The im-
pulse received by the target is the integral of the pres-
sure acting on the target surface by the plasma during
LSDW propagation with respect to the action area
and time of LSDW propagation. Therefore, solving
the propagation rule of LSDW, the impulse received
by the target can be determined. But there exist the
interaction and the phase-change among the laser, the
LSDW, the surface of target, the vapour of target, the
air and the plasma, it is difficult to find a theoretical
model for describing the propagation rule of LSDW
accurately.



No. 4

Theoretical analysis and numerical simulation of the impulse delivering - - - 1321

laser

laser
| ' : |
| ¢ $ | shock front | { shock front
| : NN\
| ! ! LSDW !
: ! [ —
VA4 ! ! !
: : : plasma :
| plasma ! | rarefaction |
: rarefaction ' 1 !
| H | wave !
wave ' !
| Va4 7/ . ~
TV U
| target N target
I
! |
! ]

(a)

(b)

Fig.3. Propagations of laser supported combustion wave (a) and laser supported detonation wave (b).

For describing the propagation feature of LSDW,
Pirri 3! assumed that the propagation of LSDW was
a one-dimensional motion along the direction of in-
verse laser propagation. By using the fluid mechan-
ics theory, a simple theoretical model is developed for
explaining the impulse delivering from laser to tar-
get, with a laser being continuously incident and the
LSDW steadily propagating. As the LSDW front co-
incides with the shock front, the LSDW can be re-
garded as a strong discontinuous surface without any
thickness. And it propagates with a supersonic speed
adiabatically. The incident laser energy is absorbed in
the LSDW front and causes the shock front to propa-
gate. The shock compresses the air in the front of it,
causing the temperature to rise up, and the air to be
ionized. The new LSDW front is created, absorbing
the laser energy. The LSDW front propagates against
the laser direction. Regarding the target vapour and
the air as an ideal gas, they can be described by an
equation of state. And the isentropic index is not
changed during LSDW propagation. The pressure of
laser-produced plasma, acting on the target, can be

described as follows: 3]

_ s (2 tl /6=
pP1 = 727

211/3
e R A
where pg is the air density without disturbing, Ij is
the laser intensity incident on the target, ~ is the
isentropic index. For the experimental situation con-
cerning in this paper, we take v = 1.2, and py =
1.3 x 1073 g/cm?. Substituting them into expression

(1), we can obtain
p1 = 0.1613"%. (2)

The pressure from expression (2) is the stable so-
lution of one-dimensional propagation of LSDW for
continuous laser with an intensity Iy. Because a pulse
laser irradiating the target has a finite beam radius,
Pirri introduced a two-dimensional and finite time re-
vision, that is, the pressure was described by expres-
sion (2) in the interval of laser irradiation and de-
creased after the laser pulse had ended because of
lateral and longitudinal expansions of plasma. The
plasma expansion produces a lateral (perpendicular to
the direction of incident laser) rarefaction wave and a
longitudinal (parallel to the direction of incident laser)
rarefaction wave, which propagate from the LSDW
front to the centre of target. The time of lateral rar-
efaction wave propagating to the centre of target is

R
top = —
¢y

_&w+n[ P }“
v 2(v2 = 1)1y
= 2.088R.I; /3, (3)

where cj is the sound speed in plasma behind the
LSDW.
The time of longitudinal rarefaction wave propa-

gating to the target is

Dyt 2yv+1
) (4)
CJ v

where Dj is the speed of LSDW front. Therefore, the
duration of pressure described in expression (2) at the

ty =ty +

target centre is ¢ < ty = min(tep,t,). When ¢t > ty,
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the pressure on the target attenuates following some
rule. If top > t,, the attenuation follows the planar
blast rule as follows:

2/3
p2<t>:p1() C (p<t<tm) ()

t
If t, > top, the attenuation follows the cylinder
blast rule as follows:

2/3
t t
p2(t) = ;1 <p> Q*D7

- ; (t > tap), (6)

where pg and p, are the pressures of ambient air and
plasma, acting on the target surface, respectively. The
impulse delivering to target is obtained by integrating
the pressure on the target surface with respect to the
duration of ps > pg and the area of plasma contact-
ing with target surface. Supposing that both laser
beam and target are axis-symmetrical, and adopting
the cylinder coordinate system, origin point is set at
the centre of target surface. The z-axis is directed
against the direction of laser beam. r is the distance
from integral point to z axis. p(r,0,t) is the pressure
distribution on the target surface. ro(t) is the radius
corresponding to p(r,0,t) = po at time ¢. ¢ is the
time corresponding to p(0,0,t9) = po at the centre of
target surface. The impulse delivering to target by the

one laser pulse produced plasma is

to T‘o(t)
I, = / / [p(r,0,t) — po|rdrdt. (7)
o Jo

There does not exist a strict analytic solution for
p(r, 0, t). Pirril'3 considered that the propagations
of lateral rarefaction wave and longitudinal rarefac-
tion wave could influence the distribution of p(r,0,t).
Based on expressions (3)—(7) and assuming the area
of target to be sufficiently large, p(r,0,t) attenuated to
po before shock front reaches the edge of target. They
deduced some analytic expressions for calculating the
impulse in different situations.

If the longitudinal rarefaction reaches the target
surface before the lateral rarefaction wave reaches the
centre of target surface (o > top,tp < t, < top), then

()" )]
ty ty
) )

If the lateral rarefaction wave reaches the centre of

t
Iy = TR*t,p{ = +3
tP

target surface before the longitudinal rarefaction wave

reaches the target surface (to > top, tp < top <

t,), then
1/3
t t t
2‘D+(2D) <01> o
tp tp top

By using the experimental parameters corre-

I, = ﬂthppl

sponding to those reported in this paper, and expres-
sions (8) and (9), the magnitudes of impulse for dif-
ferent laser intensities are calculated as shown with
curve b in Fig.2. Comparing curve b with curve a
in Fig.2 shows that they have the same tendencies
to change with distance, but they have a great dif-
ference in magnitude. The analytic results obtained
from Pirri’s method are much bigger than experimen-
tal results. A similar question can be found in Ref.[5].
By analysing the interaction process between laser-
produced plasma and target, the difference can be
explained as follows. Firstly, as a pulsed laser irra-
diates the target, some laser energy is consumed in
some complex physical and chemical processes such
as in the increasing of the temperatures of target and
ambient air, in the vaporizing of target material, even
in the ionizing of the vapour of target and the ambient
air before the LSDW is created. Therefore, the actual
circumstance is that the LSDW does not appear at the
time (¢ = 0) for laser to irradiate the target, that is,
the integral with respect to ¢t cannot begin from 0, but
from the time for the LSDW to be created as shown in
Eq.(7).
geneous at any time ¢ during the LSDW expansion.

Secondly, the pressure in plasma is inhomo-

So the pressure p(r, 0, t) delivering from plasma to
target varies with the variation of r; while in Pirri’s
method, when deducing expressions (8) and (9) from
expression (7), p(r, 0, t) is regarded as varying with ¢
only the pressure determined from expressions (5) and
(6) does not vary with r. Thirdly, because the plasma
temperature is much higher than the ambient tem-
perature. There exists the energy loss through heat
radiation of plasma.

In order to find an effective method of calculat-
ing the magnitude of impulse delivering from laser-
produced plasma to target accurately, based on Pirri’s
method, we suppose that the plasma is created at time
tq instead of t = 0, where tq is obtained as follows:

(10)

where Iy is the laser intensity threshold at which
the LSDW can be detected in our experiment
(the laser intensity is between 1.6x10%° W/cm? and
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2.1x108 W/cm?, in this paper, Ip;=1.6x108 W/cm?).
Based on this formula, the time for the LSDW to be
created can be deduced with different laser intensi-
ties irradiating the target surface as shown in Table 2

Then expression (7) is rewritten as follow:

’I“(](t
m —/ / ’f’ 0 t po}’/‘d’/’dt
0

Besides the inhomogeneity of p(r, 0, t) in expression

(11)

(11), the complexity of plasma expansion can prevent
its analytical solution from being obtained. So the
fluid mechanics theory is adopted for simulating the
When t > tq, the
LSDW expansion satisfies the equations of fluid me-

expansion of plasma numerically.

chanics, i.e.
%*32( “)+%%(pv)=0,
7w + %(mf) + %sr(rpuv) + % 0,
%(p”) + %(P“W + %%(mﬁ) + % 0,
8@% + 53[ (E+p)l + %%[T’U(E +p)]
_ Iy (ta <t <tp, (z,7) € 2), a2)

0, otherwise.

The total energy of LSDW in the unit volume
1
can be described as E = pe + ip(u2 + v?), where z,

r, and t are the space and time coordinates, p, u, v,
p and e are the mass density, the speeds along the
z-axis and the r-axis, the pressure and specific in-
ner energy of LSDW medium, respectively, {2 is the
area of target surface irradiated by laser. The initial
condition of numerical simulation for Eq.(12) is that
when a laser beam with an intensity Iy irradiates the
target, about 40% laser energy in the period from 0
to tq is converted into the heat energy'¥ before the
LSDW appears, from which the temperature, the den-
sity and the pressure of plasma can be determined.
The plasma shape is assumed to be of a cylinder with
a cross sectional area equal to the target area irra-
diated by the laser beam, and a height equal to the
molecular free path at a temperature of 10° K and a
normal density of about 2 x 1072 cm ~ 20.[') So the
- 20\. Based on
), adopting the second order accurate

initial volume of plasma is V = wR2
expression (12
finite difference schemel'd for simulating the plasma
expansion numerically, the evolutions of temperature,
density and pressure in plasma versus space and time
can be calculated. Finding p(r,0,t) and substituting
it into expression (11) yield, the impulses of plasma,
acting on the target with different laser intensities; the
results of numerical simulation are shown with curve

c in Fig.2.

Table 2. Times for the LSDW to appear and for the plasma pressure to attenuate to pg with

different laser intensities, obtained from Pirri’s theory and the numerical simulation.

Radius Rs/mm 1.58 1.32 1.07 0.81 0.56 0.50
Time for the LSDW to appear tq/ns 14.1 9.83 6.49 3.71 1.78 1.41
Pirri’s attenuating time to/ns 2842 3034 3254 3600 4165 7600
Numerical attenuating time to/ns 1373 1445 1548 1710 1976 3452

3. Explanation of numerical sim-

ulating results

According to the inhomogeneity in plasma re-
vealed from numerical simulation, the results of nu-
merical simulation can be explained reasonably. The
pressure distributions in plasma at different times,
with a radius of laser beam irradiating the target sur-
face (Rs) being 0.56 mm, are shown in Fig.4, in which
the curves are isobaric lines. It is shown from the
distribution and the evolution of these isobaric lines
that when the laser pulse just ends (corresponding to

= 13ns (a)), the pressure in plasma is high and

uniform, moreover, the pressure gradient on its ex-

ternal surface is very large. The inner pressure de-
creases gradually with the plasma expanding outward
and rarefaction wave propagates inward subsequently.
The pressure and its gradient on external surface keep
their maxima during the holistic pressure of plasma
decreasing. It is such an inhomogeneity of pressure in
plasma that causes the pressure in plasma to actually
decrease more quickly than those described in expres-
sions (5) and (6). Figure 5 shows the pressure histories
at the centre of target surface in the expansion pro-
cess described in Fig.4. Curve (a) is for the results
calculated according to expressions (5) and (6), and

curve b is for the numerical results. In numerical
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Fig.4. Curves of plasma height versus plasma radium at
different times, with Rg = 0.56 mm.

simulation, it is assumed that laser energy irradiating
the plasma is absorbed entirely by the external sur-
face of plasma that meets the laser beam first after
the plasma has been created. All of the energy is con-
verted into the kinetic energy for plasma expansion
and the thermal energy for heating and ionizing the
air that is close to the external surface of the LSDW
front, and then the plasma near the target cannot re-
ceive any laser energy. So, the temperature and the
density of the plasma in this area will decrease because

of lateral and longitudinal expansions. The pressure
acting on the target surface will decrease rapidly. In
Fig.5(b), this process corresponds to the steepest sec-
tion of the curve in the initial short interval (0-20ns).
After the laser pulse has ended, the longitudinal ex-
pansion speed of plasma changes from accelerative to
decelerative. Therefore, there exists a small accumu-
lation of the density on the surface, leading to a tiny
increment of pressure appearing on the curve though
it decreases rapidly with the time increasing. This
tiny change of pressure propagates to the target, caus-
ing an inflexion near ¢ = 20ns in curve b. The pres-
sure on the target will decrease slowly subsequently
because the gradient of inner pressure of plasma de-
creases. Table 2 shows two kinds of attenuating time
to for the pressure to change from its initial value to pg
in plasma. One is calculated according to Pirri’s for-
mula (5) and (6), and the other is calculated numeri-
cally. Comparing the data in Table 2, it is obvious that
the plasma pressure obtained from the numerical sim-
ulation decreases more quickly than calculated from
Pirri’s theory for all laser intensities; so the pressure
of plasma acting on the target, obtained from the nu-
merical simulations decreases so quickly. Therefore,
the impulse on the target, obtained from numerical
simulation, is much less than from Pirri’s theory. Be-
cause the plasma energy loss of thermal radiation and
other energy loss are not considered here, the results
of numerical simulation are little greater than the ex-
perimental results (see curves a and ¢ in Fig.2).

1400
1200
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800 |-
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Pressure/atm

400

200

L |

0 100 200 300 400 500

Time/ns

Fig.5. Pressure versus time at the centre of target surface
during the LSDW expanding for Rs = 0.56 mm, where
curve a is for Pirri’s results, and b for numerical results.
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4. Conclusion

In this paper, based on the theory about the inter-
action of laser with material and the fluid mechanics,
the creation and the expansion processes of plasma
in air are investigated. The modified Pirri’s formula
and the numerical method are used to deal with the
inhomogeneous changes of plasma expansion. The im-
pulses delivering from plasma to target are calculated

with different laser intensities. The result calculated
by using Pirri’s theory has the same tendency as the
experimental result, but there exists a great difference
in value; while the result calculated from the numer-
ical simulation accords with the experimental result
well. So, the method of combining the modified Pirri
theory with numerical simulation, adopted in this pa-
per, can be used for calculating the impulse delivering
from pulse laser-produced plasma to target.
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