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Influence of ambient pressure on properties and expansion
of laser-induced plasma
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A Nd:YAG pulsed laser is used to ablate HgCdTe target at different ambient pressures, the emission
spectrum is detected by a time- and space-resolved diagnostic technique. It is found that the characteristics
of time-resolved emission spectra are influenced by the pressure of background gas. A theoretical model is
developed to investigate expansion mechanism of plasma, the time evolution of the propagation distances
and the velocities of plasma plume are calculated by the model at pressures of 1.01 x 10°, 1000, and 5 Pa,
respectively. The calculated results are well consistent with the experimental data.
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When a pulsed laser is focused on a solid surface, it can
cause the removal of material by melting, vaporization,
sublimation, and a number of nonlinear processes. So far
a lot of new physical phenomena have been discovered
and many new physical laws have been achieved owing
to the use of the pulsed laser with high power density
and short duration!’:?l. Nevertheless the interaction be-
tween laser and material is very complex, it depends not
only on the laser parameters, but also on the ambient
pressurel3l. So the further study on the interaction pro-
cess is necessary.

To date we have carried out the studies on laser abla-
tion of Al and Cu under various pressure conditions!*®!
and have found that the expansion of the plume of
the ejected matter can be very affected by the colli-
sion between the laser-ablated particles and the back-
ground gas. For HgCdTe, as a kind of optimum material
for infared detector, we also have made some primary
investigation%l. Next our research group are going to
prepare HgCdTe thin film by the pulse laser deposition
(PLD) technique. Therefore it is very helpful to further
study the characteristic of HgCdTe plasma for getting
high quality film.

In the present work, a time- and space-resolved diag-
nostic technique is used to study the emission spectra
from the plume produced by a pulsed laser ablation of
a HgCdTe target at different ambient pressures. In or-
der to further study the mechanism of the laser-HgCdTe
interaction, the propagation characteristic of the plasma
along the normal direction of the target surface has to be
known. It has been found in a series of experiments that
the propagation of species in plasma can be described by
the point-source blast wave modell™l and the adiabatic
modell®1l, But the former is valid under a limiting
condition that the mass of the gas surrounded by the
shock wave is greater than the initial explosion mass.
The latter is only applied to describe the laser plasma
expansion at low pressure. We have developed a shock
wave model first considering the ejected HgCdTe mass
in our previous work[®. In this paper, a new expansion
model including radiation energy, ionization energy and
the work due to compressing air is established on the
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basis of previous studies. The calculated propagation
distances and velocities of the plasma using the model
are well consistent with experiment results.

The arrangement of the experimental apparatus has
been schematically shown in Ref. [11]. The pulsed
laser used in the experiment is a Nd:YAG laser (Spec-
tra Physics Quanta-Ray DCR-3) and operates in a Q-
switched mode. The laser output has a pulse duration of
10 ns and a wavelength of 1.06 um, and the maximum
laser energy is 1 J. The laser energy is measured by a
digital energy meter (OPHIR DGX-30A). The laser pulse
is focused onto the polished HgCdTe target surface by a
quartz focus lens L1 (f = 6.3 cm). The focus of the lens
is adjusted on the target surface, and the spot size of the
laser beam is 0.66 mm in diameter. The HgCdTe sample
is positioned on a sample holder in a pumped chamber.
Residual air in the chamber is used as buffer gas. The
chamber and lens L1 are mounted on two-dimensional
(z-y directions) movable plates, respectively. y direction
is in the laser beam axis. In x direction, two cylindri-
cal lenses (L2 and L3) are used to image, at 1:1, the
plasma emission from the plane which has a distance
d from the surface of the target, onto the entrance of
the slit of an ISA (HR-320) spectrum analyzer. The
dispersed emission is subsequently detected with a 10-ns
gated, image-intensified optical multichannel analyzer
(PARC OMA III). An accurate trigger delayer, which
is synchronistically triggered by the electric @-switched
signal produced from the YAG laser device, is used to
control the delay time. In addition, a photodiode and
a digitizing oscilloscope (Tektronix TDS620A) are used
to calibrate the time delay. By changing the distance d
and the delay time tq, one can get the space- and time-
resolved emission spectra.

The temporal evolution of the emission line profiles in
wavelength ranging from 372 to 626 nm at an observation
distance of d = 1.0 mm from the target surface is shown
in Fig. 1, the laser power density is 1.7 x 10° W /cm?,
and the ambient pressures are 1.01 x 10° Pa (Fig. 1(a))
and 5 Pa (Fig. 1(b)). In Fig. 1, both the strong analyti-
cal emission lines and an intense background continuum
are generated within 10 ns after the laser reaches the
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Fig. 1. Temporal evolution of the emission spectra in wave-
length ranging from 372 to 626 nm, recorded at 1.0 mm
position from the target surface, the ambient pressures are
1.01 x 10° Pa (a) and 5 Pa (b), respectively.

target surface. They all decrease quickly with time de-
lay and almost disappear after 300 ns. It is well known
that the continuum is related to the strong collision be-
tween free electrons and excited atoms or ions known
as bremsstrahlung, and the recombination of electrons
and ions, so we can speculate that there must be many
electrons, atoms, and ions near the surface of the ablated
HgCdTe and the plasma has come into being.

There exist some differences by comparing Figs. 1(a)
and (b). Firstly, the lines obtained at 1.01 x 10° Pa last
for longer time than those at 5 Pa. The reason is that the
ambient air has a stronger confining effect on the plasma
at high pressure than at low pressure, which would keep
the plasma in high temperature and high density state
for a longer time at high pressure. Secondly, we find
the corresponding line intensity in Fig. 1(a) is stronger
than that in Fig. 1(b). This is because that the increased
pressure slows the velocities of the atoms by the collision
between air particles and the ejected atoms, thus at low
pressure the plasma travels with a higher velocity for lack
of impedance and passes the observed position with less
time. Finally, from Fig. 1 the spectral line broadening
is observed evidently in the initial stage of the plasma
plume expansion. The mechanism of the line broaden-
ing has been investigated™ and proved that it resulted
dominantly from Stark effect.

The emission intensity of excited atoms is proportional
to the number of the excited atoms, and the time delays
embody the velocities of the atoms, so time and spatial
resolutions reflect the velocity distributions of the excited
atoms. Based on the delay time, the maximum intensity
for each offset can be used to estimate the velocity. Di-
viding the distance between the two measured positions
by the corresponding difference of the delay time gives
the average velocity of the excited atoms. The results
at three different ambient pressures under the same ex-
perimental conditions are shown in Fig. 2, it can be found
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Fig. 2. Comparison of the calculated results and experimen-

tal data of the ejected distances and velocities at different
pressures of 1.01 x 10° Pa (a), 1000 Pa (b), and 5 Pa (c).

that the velocities decrease with the time delay and reach
the level of sound velocity after hundreds of nanoseconds.
Furthermore, the velocities of the atoms decrease with
time delay more rapidly at higher pressure than at lower
pressure. It is because that the increased pressure slows
the velocities of the atoms by the collisions between air
particles and the ejected atoms. The ejected distance is
also given in this figure.

A shock wave model for investigating the propagation
of the plasma is developed as follows. In this model, the
plasma travels forward with a hemispherical shape pulse
and compresses the background gas like a piston, so that
all the ejected particles are concentrated near the bound-
ary of the compressed air layer. It is considered that the
plasma travels along with the compressed air with the
same velocity and temperature.

Let R be the distance of shock wave from detonation
point, AR be the thickness of the expanding plasma.
Both of them are the function of the time of the plasma
propagating. Then

V = 27R%AR, (1)

Sy =R, (2)

Sy = 21 R?, (3)
dR
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2
V= gmR, (5)

where V' is the volume of the plasma, S; the interface
area of the plasma and the target, So the whole surface
area of the shock wave, D the velocity of shock wave
front, ¢ the time of plasma expanding, V’ the volume of
the air compressed by plasma.

In the following we can obtain the relationship between
AR and t by fitting the experimental values in Ref. [6],

AR = 0.347t%1% — 0.422 (mm) (1.01 x 10° Pa),(6)
AR = 0.597t%2?2 — 0.803 (mm) (1000 Pa), (7)
AR = 0.787t%2' — 1.055 (mm) (5 Pa), (8)

the unit of ¢ is ns.

Let P, p, and T be the pressure, density, and tempera-
ture of the plasma respectively, Fx the kinetic energy of
the plasma, Er the thermal energy, Fr the ionization en-
ergy, and ¢(t) the power of the plasma absorbing energy.

According to the energy conservation laws, we can get

dEr

d
ET+EK)—|—PDS1 +JT4(S1 +SQ) dt

T q(t),
(9)
where 0 = 5.67 x 1078 W/(K*m?) is Stefan-Boltzman
constant, PD.JS; is the power used for compressing am-
bient gas and oT*(S; + S3) is the lost power owing to
thermal radiation. Let N7 be the number of particles of
the ejected HgCdTe in the expansion plume and Ns be
the number of compressed air, then the total number of
particles N can be obtained as
2m0 2V/p0
N =N;+ Ny = A, ——Np + A,
where my is the ejected HngTe mass, which can be mea-
sured by using a profilograph®, 4, the molecular weight
of HgCdTe, As the molecular welght of air, N the Avo-
gadro constant, and pg the density of air. It is assumed
that the ejected HgCdTe and the compressed air are dis-
sociated completely into single atom, this approximation
could be a good description of the system, because the
temperature of plasma is very high.
The total thermal energy of the plasma is

NAv (10)

Br— ;NkT, (11)

k is Boltzman parameter.

Substituting Eq. (10) into Eq. (11), we get

dEr 3 dT 3, ,dN;  2p9Np dV’

5T _ Op(N, + N TSy ZPofA AV
TR L I T L TR IR TS

(12)

The relationship between T and t can be obtained by
fitting the experiment results in Ref. [11] as follows

T = 2.754 x 10141018 1 560 (K) (1.01 x 10° Pa), (13)
T = 2.509 x 10M¢~1:97% 4 765 (K) (1000 Pa), (14)

T =2.060 x 10"¢71-192 1 802 (K) (5 Pa). (15)

The total kinetic energy can be written as

1 1
Ex = 5mD2 = 5(mo+ poV')D?

Differentiating the formula above with respect to time,
then

5)

dEx n~dD 1 2dV’
— = D— + —poD 1
i (mo + poV’) 7 TarP g, (16)
Similarly, we can get
dE; _ 2apoNaXs av’
dt A dt
2moNa % 2p0V'N d
o moIVA 21 n Po AZQ). Q (17)
Ay As

where Y1 = 9.576 ¢V and X5 = 14.545 eV are the ioniza-
tion energies of HgCdTe and nitrogen respectively, « is
the ionization coefficient of the plasma. For simplicity,
the ejected HgCdTe and the compressed air are consid-
ered to be with the same ionization coefficient.

In our model, as in Ref. [12]

a = o Pp, (18)

where o, = 1071 cm? is the gas dynamics section area,
% for
Maxwell distributions, Pp is the dissociated probability
while colliding, Pp =~ e~*r and @ = 9.8 eV, owing to air
mostly made up of nitrogen, here we can replace Pp of
air with that of nitrogen in Eq. (18). So we can obtain

v is the average thermal velocity and v =

<Q

. (19)

e

o = gKve

In addition, we have to apply transient momentum con-
servation to achieve the shock wave equation because of
the effect of dissociation. Then we can obtain

200051 DALN
(P — Py)SiAt— 20P0SIDANA S, - DALSD
A,D
2ap0N,
P = Py+ =25, 1 po D2, (20)
2

where Py is the ambient gas pressure.
The laser power for Gaussian distributions can be de-
scribed as

q07p —f(’%%ﬁ’ﬁ
P(t) = e 22,
21

where 0 = 7,/v/8In2, qo is the average laser power and
7p=10 ns is the laser pulse width, the reflectivity of the
HgCdTe crystal is » = 0.31, then the average power of
the plasma absorbing laser energy is

a(t) = (1 =) P(2). (21)

Now all the parameters of Eq. (9) are described as the
function of time ¢ and site R, then we can obtain a
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differential coefficient equation by substituting all equa-
tions above into Eq. (9). Obviously resolving this equa-
tion by numerical resolution method, we can get the vari-
ation of R as a function of ¢. In the calculation the values
of Ay =310, Ay = 29, go = 3.89 x 106 W are used, and
the values of 1.25 x 1073, 1.25 x 107°, and 6.25 x 108
g/cm?® are taken as the densities pg of air at different
pressures of 1.01 x 10°, 1000, and 5 Pa, respectively.

From the figures above we can see that the ejected
distances and the velocities of the plasma are greatly
influenced by the ambient pressure. With the time in-
creasing, the ejected distances increase and the velocities
decrease, also at low pressure the velocities decrease more
slowly and the distances increase more quickly than those
at high pressure during the initial course of the plasma
plume expansion. It is evident that the calculated results
are well consistent with the experimental data, especially
at high pressure and short delay time. At low pressure or
long delay time the calculated results are deviated from
the experimental data. The reason is that a strong shock
assumption has been used in the model. As known to
us that a strong shock wave can easily be formed at a
high ambient pressure within a short delay time and the
assumption is not completely satisfied at low pressure or
long delay time. Thus the model that we have estab-
lished is more suitable for the plasma plume expansion
at high ambient pressure and short delay time than at
low pressure or long delay time.

At the same time, the ejected distance as a function of
time for ambient pressure of 1.01 x 10° Pa can be deduced
by fitting the curve line of the calculated results in Fig.

2(a),
R = 0.045t°*3 + 0.42 (mm). (22)

The comparison of the ejected distance calculated in
our model with the radius of strong shock wave in Ref.
[13] shows that they vary similarly with increasing time
except for the index of the time. Our result is slightly
larger than that of Sedovl' R = (%)%t% and smaller

than that of Guptal'3l R(t) oc t°68.

In conclusion, the spectroscopic analysis method is
used to investigate the time-resolved behavior of the laser
plasma produced from a HgCdTe target at different pres-
sures. The emission characteristics are found to depend
strongly on the pressure of the surrounding gas. These
results show that the line broadening increases with the
pressure increasing and the spectral lines obtained at

high pressure last for a longer time than those at low
pressure. Furthermore we develop a shock model describ-
ing the propagation of the plasma, the calculated ejected
distances and the velocities are well consistent with the
experimental data, especially at high pressure and short
delay time. The results are somewhat deviated from the
measured values probably due to the assumption of a
strong shock at low pressure or long delay time.
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