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In this paper, the compositions in a laser absorption region can be determined from the experiment of laser impulse

coupling. When the ambient pressure varies from 9325 to 33325Pa, the compositions are vapour and plasma; while from

35325 to 101325Pa, they are ambient air and plasma. By analysing the relation between the degree of compression and

the ambient pressure, the compositions can be determined and the variation of plasma can be explained.
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1. Introduction

When a high-power density laser beam is focused

on a target, the following events will take place sequen-

tially: the vaporization and ionization of target, the

optical breakdown in the ambient air,[1] the plasma

absorbing incident laser energy, the air being ionized

near the optical breakdown zone, the laser absorp-

tion zone moving toward the direction of the incident

laser, and the laser supported absorption wave being

created.[2] Based on the transmission speed, transmis-

sion direction and the character of plasma, the laser

supported absorption wave can be converted to the

laser supported combustion wave and the laser sup-

ported detonation wave (LSDW), as a leading factor

in the process of laser impulse coupling to the tar-

get. The impulse coupling coefficient is an important

factor in judging the laser impulse coupling to target.

The impulse coupling coefficient depends on the laser

parameters such as power density and incident angle

etc., the target parameters such as the area of target

and the material of target etc., and the ambient gas

parameters such as the composition of ambient gas

and the ambient pressure.

The experimental study about the laser impulse

coupling coefficient with the variation of ambient pres-

sure was carried out from the 1970s to the 1980s.[3−7]

Early experiments focused on the measurement of

impulse coupling coefficient.[3,4] Subsequent research

turned to the analysis of experimental result.[5−7]

Since the 1990s, the research of laser induced plasma,

which is created in the process of interaction between

laser and target, at different ambient pressures has be-

come a hot point. It is of significance to understand

the laser induced plasma.[8−11]

As the laser propulsion serves as one of alterna-

tives to cost-effective low-loading to the upper air and

near-earth orbit, the correlation study becomes im-

portant. Schall et al
[12,13] measured the laser pulse

and the corresponding impulse coupling coefficient by

using a laser with a single pulse energy of 410J and an

oscillating frequency of 100Hz. By measuring the im-

pulse coupling coefficient of toroidal shape light craft

and bell shape light craft, the impulse coupling coeffi-

cient was determined as a function of the laser impulse

energy; as an additional parameter the specific mass

consumption of Delrin (gram/Joule) was measured for

each parameter set, thus the average exhaust rate in

vacuum was determined. Sasoh et al
[14] measured the

laser impulse coupling coefficient by changing the pres-

sure in a pipe in the process of laser propelling bullet.

Combining with the research background of laser

propulsion in China, Bian et al
[15−17] gave a laser
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plasma shock wave transmission formula in mediate

and far fields and then extended it to the case of

non-absolute centric symmetry by adopting basic dif-

ferential equations or self-simulating motion of one-

dimensional unstable flow. Xu et al
[18] measured the

relation between laser impulse coupling coefficient and

the ambient pressure, their experimental results indi-

cated that the ambient pressure was closely related

to the pressure of LSDW and exerted an influence on

the impulse coupling coefficient. Zheng et al
[19−21]

measured the impulse coupling coefficient by using

the suction pump and TEA CO2 laser irradiating the

light craft that was hung on a pendulum. Experi-

mental results indicated that impulse coupling coeffi-

cient increased eventually with the increase of pressure

in the vacuum chamber. When the ambient pressure

reached 34.6×103Pa§the impulse coupling coefficient

attained to a maximum value. And the impulse cou-

pling coefficient decreased with the increase of ambient

pressure. Li et al
[22] used the moving mirror model to

study analytically the harmonic generation from solid

targets illuminated by intense laser pulses.

In this paper, based on the impulse coupling co-

efficient at different ambient pressures and the inter-

action between LSDW and the rarefaction, the varia-

tion of adiabatic coefficient with ambient pressure is

deduced; the interval of interaction between the rar-

efaction and the LSDW is calculated. Furthermore,

based on the relation between limiting compression

ratio and the expanding medium in a laser absorption

zone, the variation of plasma in the laser absorption

zone is analysed quantitatively. The theoretical anal-

ysis of this phenomenon is also made.

2. The briefing of theoretical

model

2.1. The rarefaction in the process of in-

teraction between laser and mate-

rial

When the direction of incident laser is perpen-

dicular to the surface of target, the LSDW will move

toward the direction of incident laser. At the same

time, because of the expansion of plasma and the flex-

ure of shock wave front, there appears a lateral shock

wave. The flow of the LSDW rear is influenced by the

lateral rarefaction wave. Once the laser pulse ends

up, the LSDW is reflected and propagates to the sur-

face of target; there appears an axial rarefaction wave.

Considering the laser impulse transferring to the tar-

get, we must count in the interaction between the rar-

efaction of longitudinal direction and the lateral shock

wave. Based on the coherent coefficient of LSDW, we

can deduce the interval of lateral rarefaction propagat-

ing to a focal centre and the interval of the lengthwise

rarefaction propagating to the surface of target.

The movement of lateral rarefaction is shown in

Fig.1 where the LSDW and lateral shock wave prop-

agate. Then the lateral rarefaction propagates at a

sound speed in the medium of LSDW rear. The in-

terval of lateral rarefaction propagating to the focal

centre can be described as[23]

t2D =
RS

cJ
. (1)

In Expression (1), RS is the focal aperture of Nd:YAG

laser; cJ is the sound speed in the medium of LSDW.

Fig.1. Interaction between lateral rarefaction and LSDW.

The lengthwise rarefaction begins to propagate to

the surface of target after the LSDW has propagated

as shown in Fig.2. The interval can be described as[23]

tz = tp +
DJtp
cJ

=
(2γ + 1) tp

γ
. (2)

In Eq.(2), DJ =
[

2
(

γ2
− 1

)

I0
ρ

]
1

3

is the speed of

LSDW; γ is the isentropic index; I0 is the laser power

density; ρ is the air density; tp is the laser pulse width.

Fig.2. Interaction between longitudinal rarefaction and

LSDW.
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When the temperature is between 10000 and

250000oK and the air density is between 10ρ0 and

10−3ρ0 (ρ0 is the standard density), the inner energy

of air can be approached as[24]

ε = aT αV β , (3)

where a, α and β are the constants; T is the temper-

ature of air; V is the specific volume.

By fitting the experimental result, the constants

a, α and β can be determined and thus Eq.(3) can be

expressed as

ε = 8.3
(

T 0/104
)1.5

(ρ0/ρ)
0.12

Equivalent volt/Molecule. (4)

In the process of dissociation, the specific heat

increases with air density decreasing. Because the

ionization degree increases and the corresponding en-

ergy loss increases, β > 0 and α > 1, in addition,

the specific internal energy ε, ambient pressure p and

the air density ρ can be related to each other by

1 + p/(ρε) = γ, where γ is the adiabatic index. The

relation between ρ and γ can be described as

γ = 0.4ρ0.12/ρ0.12
0 + 1. (5)

By calculating expressions (1), (2) and (5), the

interval of rarefaction can be determined with ambi-

ent pressure varying. When the vacuum degree is be-

tween −0.092 and −0.042MPa, the interval of lateral

rarefaction is smaller than that of lengthwise rarefac-

tion. When the vacuum degree is between −0.042 and

−0.000MPa, the interval of lateral rarefaction is larger

than that of lengthwise rarefaction. This is the start-

ing point of analysing experimental results.

2.2. The theoretical explanation for high

compression ratio

The relation between the specific volume of

medium in the LSDW rear and the pressure is shown

in Fig.3. The curve CBJA is the Hugoniot curve,

which can be expressed as[23]

p1 =

[

2

(

1 −

ρ1

ρ2

)1/2

2

(

γ + 1

γ − 1

ρ1

ρ2
− 1

)−1

I0ρ
1/2
1

]2/3

.

(6)

Fig.3. Hugoniot and Rayleigh lines of LSDW.

In Fig.3, straight lines CJR and CBAR′ both are

the Rayleigh line. The equation of Rayleigh line can

be described as follows:[23]

p2 = ρ1v
2
1

(

1 −

ρ1

ρ2

)

, (7)

where ρ1 and p1 are the density and pressure in the

LSDW front respectively; v1 is the LSDW speed; ρ2

and p2 are the density and pressure in the LSDW rear

respectively; I0 is the laser power density.

Now we consider the cross points between the

Rayleigh line and the Hugoniot line governing the me-

chanical conservation law. Points A, B, C and J de-

scribe the virtual conditions in different terms of inter-

action between laser and medium. Point J shows the

Jouguet state at an ambient pressure of 1atm in the

LSDW rear. Point C is the initial virtual state of the

medium. Point B is the state on the condition that

the speed of medium in the LSDW rear is supersonic.

Point A is the state of medium in the LSDW rear on

the condition that ambient pressure is less than 1atm.

The evolutionary process of medium in the LSDW

rear can be described in Fig.3. Suppose that the

medium composed of the ambient material and tar-

get is vaporized by laser heating and compressed by

the LSDW from Point C to Point R, then it will ex-

pand along the Rayleigh line RJC due to the addi-

tional energy absorbed from the laser. The medium

state reaches Point J when the energy releasing pro-

cess ends off. The speed of the LSDW satisfies the

following formula: DJ =

[

2
(

γ2
− 1

) I0

ρ

]
1

3

.

If the speed of LSDW is equal to DJ, after the

processes of ionization and absorption, the laser sup-

ported absorption wave created by the confluence be-

tween rarefaction and shock cannot be created, be-
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cause the speed of LSDW is supersonic as compared

with that of the medium in the LSDW rear and the

flow rate of particles in the LSDW rear is subsonic.

The LSDW is attenuated by the rarefaction wave

caused by the expanding medium. The virtual state

of medium in the LSDW rear reaches Point J , which

means that, there does not exist the evolutionary pro-

cess (C → R′
→ A) expressed by the Rayleigh line R2

(ABC) described in the classical theory.

But when the ambient pressure is low, the evolu-

tionary process changes. There exists the evolution-

ary process (C → R′
→ A) expressed by the Rayleigh

line R2 (ABC). Firstly, from the Rayleigh line, be-

cause the ambient pressure decreases, the correspond-

ing speed of LSDW increases. The condition can be

expressed by the Rayleigh line R′. Then the medium

in LSDW is composed of not only the subsonic par-

ticles, but also the sonic particles of target vapour in

the Knudsen layer, that is, cross point A between the

Rayleigh line R′ and the Hugoniot line CBJA can

describe a virtual state of LSDW. Point A is near to

the asymptotic line R′R. Therefore, the compression

ratio of LSDW can be defined as
ρ2

ρ1
=

γ − 1

γ + 1
.

3. Determination of compositions

in laser absorption zone

Because the laser absorption zone lies between the

front of LSDW and the target, when the ambient pres-

sure varies, the specific weights of plasma, air and

vapour can be changed. This condition is discussed

based on the variation of ambient pressure.

3.1. The variation of compression ratio

with vacuum degree

The compression ratio of LSDW is the ratio be-

tween the density (ρ1) in the compression zone of

LSDW and the density (ρ0) of the intact gas, that is,

h = ρ1/ρ0.
[24] The experimental relation between the

compression ratio and the vacuum degree is shown in

Fig.4. When the vacuum degree varies from −0.09

to 0.00, the compression ratio changes from 4.5 to

7.6. When the target vapour is a monatomic gas, the

isentropic index of the target vapour is 5/3 and the

corresponding compression ratio is 4.[25] Therefore, in

the case of increasing vacuum degree, the medium in

LSDW can be seen as the mixture of air and plasma.

The isentropic index of air is 1.4; the corresponding

limiting compression ratio is 6. The isentropic index

of plasma is 1.2; the corresponding limiting compres-

sion ratio is 11. For the vacuum degree varying from

−0.07 to −0.06, a jump process is shown in Fig.4;

when the vacuum degree varies from −0.09 to −0.07,

the limiting compression ratio is less than the limiting

compression ratio of air, and it is less than 6. There-

fore, the medium in the LSDW rear is the mixture of

plasma and target vapour. When the vacuum degree

varies from −0.06 to 0.00, because the vacuum degree

is more than 6, the medium in LSDW is the mixture

of plasma and air. The compositions in LSDW rear

are listed in Table 1.

Table 1. The conditions of variations in vacuum degree, composition in laser ab-

sorption zone and compression ratio.

vacuum degree/MPa −0.09 −0.08

compositions in laser absorption zone plasma, target vapour plasma, target vapour

compression ratio 4.46835 4.66927

vacuum degree/MPa −0.07 −0.06

compositions in laser absorption zone plasma, target vapour plasma, air

compression ratio 5.30518 6.37151

vacuum degree/MPa −0.05 −0.04

compositions in laser absorption zone plasma, air plasma, air

compression ratio 6.75688 7.17564

vacuum degree/MPa −0.03 −0.02

compositions in laser absorption zone plasma, air plasma, air

compression ratio 7.42908 7.36778

vacuum degree/MPa −0.01 0.00

compositions in laser absorption zone plasma, air plasma, air

compression ratio 7.35209 7.63252
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Figure 4 and Table 1 show that with the increase

of vacuum degree, the compositions in the laser ab-

sorption zone change from plasma and target vapour

to plasma and air. There exists a rapid change when

vacuum degree varies from −0.07 to −0.06 because

the interaction between particles of target vapour is

greater than the interaction between molecules of air.

When plasma component is greater and greater, the

tendency of variation is related to the interaction be-

tween electrons and ions, that is, breakdown and re-

combination. With the further increase of ambient

pressure, the neutral molecules reject the recombina-

tion of plasma and the compression ratio increases.

The physical explanation for the variation of com-

positions in the laser absorption zone with ambient

pressure is that the ignition of LSDW happens in the

target vapour when the ambient pressure is low. With

the increase of ambient pressure, the ignition of LSDW

happens in air near the target surface.

Fig.4. Relation between the compress ratio and the

vacuum degree.

3.2. The relation between specific heat

and the compositions in laser ab-

sorption zone

Because the medium in LSDW rear comprises not

only the subsonic particles, but also the sonic particles

of target vapour in the Knudsen layer, the compression

ratio of LSDW is larger than that of LSDW satisfying

the Jouguet condition. Then the limiting compression

ratio of LSDW can be described as follows:

ρ2

ρ1
=

γ − 1

γ + 1
. (8)

Supposing that x is the content of air or vapour

in the laser absorption zone, and y is the content of

plasma, we have

x + y = 1,

and

γx + 1

γx − 1
x +

γy + 1

γy − 1
y =

γ + 1

γ − 1
, (9)

where γx is the specific heat of air or target vapour,

and γy is the specific heat of plasma.

The relation between vacuum degree and plasma

content is shown in Fig.5. When vacuum degree

varies from −0.09 to −0.07MPa and from −0.06 to

−0.03MPa, the plasma content increases; but when

vacuum degree varies from −0.07 to −0.06MPa, the

plasma content decreases rapidly, that is, the mech-

anism of laser absorption is changed. The composi-

tions in laser absorption zone change from the mix-

ture of target vapour and plasma to the mixture of

air and plasma. Because the LSDW ignites after air

and vapour have absorbed the laser energy, whether

the main part absorbing laser energy is target vapour

or air, it can exert an influence on the result in Fig.5.

When vacuum degree is equal to −0.07MPa, the as-

sumption that there exist plasma and target vapour

can hold. When vacuum degree is equal to −0.06MPa,

the assumption that there exist plasma and air can be

valid. The mechanism of laser absorption is changed

when vacuum degree varies from −0.07 to −0.06Mpa,

that is, the mechanism of laser absorption changes

from the inverse-bremsstrahlung absorption and elec-

tron transition to multi-photon absorption and cumu-

lative ionization. It is the physical explanation for the

rapid change of plasma when vacuum degree varies

from −0.07 to −0.06MPa. When the vacuum degree

varies from −0.03 to 0.00MPa, because of the recombi-

nation between electrons and ions, the plasma content

oscillates.

Fig.5. Relation between plasma content and vacuum

degree.
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4. Conclusion

From the present study we can draw some con-

clusions as follows:

(1) Because the medium in the LSDW rear com-

prises not only the subsonic particles, but also the

sonic particles of target vapour in the Knudsen layer,

the compression ratio of LSDW is the limiting com-

pression ratio.

(2) When the ambient pressure varies from 9325

to 33325Pa, that is, the vacuum degree varies from

−0.09 to −0.07MPa, the compositions in the laser ab-

sorption zone are vapour and plasma; when the am-

bient pressure varies from 35325 to 101325Pa, that

is, the vacuum degree varies from −0.06 to 0.00MPa,

the compositions in the laser absorption zone are air

and plasma; the rapid change process of compression

ratio, that is, vacuum degree varies from −0.07 to

−0.06MPa, can be regarded as the criterion of varia-

tion of the compositions in the laser absorption zone.

(3) The physical explanation for the variation of

compositions in the laser absorption zone with ambi-

ent pressure is that the ignition of LSDW happens in

the target vapour when the ambient pressure is low.

With the increase of ambient pressure, the ignition of

LSDW happens in air near the target surface.

(4) When vacuum degree varies from −0.09 to

−0.07MPa and from −0.06 to −0.03MPa, the plasma

content increases; the mechanism of laser absorption

is changed when vacuum degree varies from −0.07 to

−0.06Mpa, that is, the mechanism of laser absorp-

tion changes from the inverse-bremsstrahlung absorp-

tion and electron transition to multi-photon absorp-

tion and cumulative ionization. When the vacuum

degree varies from −0.03 to 0.00MPa, because of the

recombination between electrons and ions, the plasma

content oscillates.
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