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The plasma sustained by an infrared laser, upstream of a sonic nozzle, is used for the generation of a supersonic

freejet. Through a skimmer, a fast atombeam is extracted from the axial part of the freejet final stage, inside the zone

of silence. In these conditions, the kinetic properties achieved at the end of the expansion are conserved in the atom

beam and reflected in its velocity distribution. As the expansion of the freejet is closely described by the classical

isentropic laws, at least on the axis, an equivalent stagnation temperature can be deduced from the time-of-flight

velocity distribution of the atom beam. In the same way, the axial velocity at the nozzle throat can be obtained from

the mean velocity of the atom beam. Also, the temperature and velocity fields of the plasma are calculated with fluid

dynamic models, in the flowfield of the sonic nozzle. Two different solving procedures, including the laser beam

energy absorption process, are presented. The values of equivalent stagnation temperature and the axial velocity at

the nozzle throat, directly issued from these calculations, are found to be in reasonable agreement with the

experimental results.

Nomenclature

Cp = specific heat at constant pressure
D� = nozzle orifice diameter
dS = surface element
k = Boltzmann constant
m = atom mass
n = number density
p0 = stagnation pressure
p1 = pressure in expansion chamber
p2–4 = pressures in chambers 2–4
S== = speed ratio
T = local translational temperature
T==1 = final longitudinal translational temperature
T�ax = axial translational temperature at the nozzle throat
Te = electron temperature
Tmax = maximum of an imposed Gaussian temperature

distribution
T0 = equivalent stagnation temperature
v = flow velocity
v�ax = axial velocity at the nozzle throat (sonic velocity)
v1 = flow velocity at the end of the expansion
W = laser beam power
z = axial distance from laser waist, or from nozzle throat in

the cold gas case
zfreeze = distance between freezing point and nozzle throat

zM = distance between Mach disk and nozzle throat
zw = distance between laser waist and outer wall of the

nozzle
� = ratio of specific heats
�r = calculation step for radial coordinate

I. Introduction

T HE fast atom beam extracted from a laser-sustained plasma
freejet has axial velocity distributions in quite good agreement

with the usual Maxwellian distribution, solution of the Boltzmann
equation for the expansion [1]. Also, this distribution is consistent
with the model of a virtual neutral gas in isentropic expansion from
stagnation conditions T0, p0 [2]. So, in spite of very strong gradients
in density, temperature, and velocity, in the vicinity of the laser waist
and near the nozzle throat, the expansion of the plasma behaves as if it
were produced from a neutral perfect gas in equilibrium in the nozzle
reservoir with uniform temperature T0 and uniform pressurep0. This
means that the plasma relaxation processes do not affect the
translational behavior of the heavy particles (atoms and ions) in the
freejet. This is consistent with the low ionization degrees achieved
downstreamof the nozzle [3]. In a simple one-dimensional schematic
description of the expansion [3–5], it has been assumed that electrons
and heavy particles are locally in thermal equilibrium inside the
nozzle reservoir, whereas heavy particle translational temperature
and electron temperature begin to part from each other at the very
beginning of the expansion. The assumption of a single local
equilibrium temperature inside the nozzle reservoir is rather correct,
mainly in the vicinity of the plasma core [6]. Anyway, T0 is only
defined as the uniform stagnation temperature of a gas in isentropic
expansion which would give the same velocity distribution as
obtained from the real plasma. Then, the atom beam can be
considered as a probe able to report about the properties of the
plasma, inside the nozzle, where no other experimental diagnosis is
available. And so, it is possible to compare the value of T0, as
obtained experimentally from time-of-flight measurements, with the
axial temperature calculated at the nozzle throat, using the isentropic
law [1]

T0 � T�ax
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where the specific heat ratio is assumed to be constant: 5=3 for
monatomic gas. In the same way, the measured mean velocity of the
atom beam is the final longitudinal velocity achieved at the end of the
expansion, which is related to the axial velocity at the nozzle throat
by the law of adiabatic expansion [1]:

v1 �
������������
� � 1

� � 1

s
v�ax � 2v�ax (2)

The goal of this paper is to present calculation procedures for the
description of the temperature, density, and velocity fields, upstream
of the nozzle, and in the freejet expansion, as far as possible. The
calculations are first checked without laser power, for a neutral gas
expanding at room temperature. In this case, the usual axial
isentropic laws should be obtained very accurately, even upstream of
the nozzle throat, as often observed experimentally [7]. After
validation of the calculation through these flow predictions, the
laser power is added for a complete description of the plasma.
Experimental and theoretical values of T0 and v�ax can then be
compared.

It is of interest to notice that the spot where the properties are
compared is reached by a backward procedure, starting far
downstream of the nozzle, for the experimental measurement (the
flight length is longer than 4 m), and by a forward procedure, from
inside the nozzle, for the theoretical calculation.

II. Experimental Conditions

The experimental device and the experimental procedures have
been described previously [2–5]. Only the characteristics necessary
for the understanding of the present work are recalled here. Gas
mixtures Ar-O2 of various concentrations [4,5] have been used, but
pure argon is here taken for the sake of simplicity of the
interpretations. A freejet is generated from a sonic nozzle (circular
diameter ofD� � 0:5 mm in a plane thin wall of thickness 0.5 mm).
An infrared laser beam of wavelength 10:6 �m, propagating along
the axis of the nozzle, is focused just upstream of the nozzle throat by
means of a ZnSe lens with a focal length of 38.1 mm and an
f number� 8 (in Fig. 1, the laser beam is represented by the dashed
line and its propagation by the open arrow). The diameter of the laser
waist is 0.07 mm. The distance between the laser waist and the outer
face of the nozzle wall is 1.3 mm. The gas pressure in the nozzle
reservoir can be adjusted below 106 Pa. This upper limitation in
pressure is related to 1) the pumping flow rate in the expansion
chamber (4000 m3=h at pressurep1 between 5 and 20 Pa), and 2) the
permissible stress in the entrance window of the laser beam. The
continuous-wave laser power is adjusted between 165 and 385 W
(values actually measured at the plasma location). In these
conditions, the laser radiation is absorbed by the gasmedium through
the inverse bremsstrahlung process (see, for example, [8]), and a
plasma is formed around the laser waist. The nozzle is an
interchangeable piece, made of brass, protected bywater cooling and
by the boundary layer of the gas flow. For a typical pressure p0 of

5 � 105 Pa, the flow rate is about 11 slm (standard liter per minute)
without plasma, and 2.5 slm with a laser power of 220 W.

An atom beam is extracted from the freejet by a skimmer located at
a distance zs of 50–70 mm from the nozzle exit (according to p0),
within the Mach disk location. From hereon, the atom beam crosses
three chambers with pressures ranging from 10�3 Pa to 10�7 Pa, on a
distance of 4.17m.Thisflight distance is used for themeasurement of
the velocity distribution of the atom beam. The best Maxwellian
analytical fit of this distribution leads to the values of v1 and S== (or
the translational final temperature) from which is derived the
equivalent stagnation temperature through the adiabatic expansion
law [1,2]:

1

2
mv21 �

�

� � 1
k�T0 � T� (3)

This formulation is equivalent to Eq. (2) in which T was neglected
with respect to T0 (the measured values of T are between 100 and
400K). T0 is not the plasma core temperature, but some intermediate
temperature (between the core temperature and the sonic temp-
erature) which is actually expressed by the adiabatic expansion. As it
is determined by time-of-flight measurements, this temperature is
sometimes called “the time-of-flight temperature” [2,3].

III. Principle of the Calculations

Two different procedures are used:
1) The first model is based on the SIMPLE Patankar procedure

(semi-implicit method for pressure-linked equations [9]). This
calculation is carried out in the subsonic part, upstream of the nozzle
throat, with a homemade calculation code.

2) The second model uses a freely available solver LCP-FCT
(Laboratory of Computational Physics: flux corrected transport
[10]). This calculation is valid in the supersonic expansion as well as
in the nozzle reservoir.

Both models use the general basic system of conservation
equations for mass, momentum, and energy, written in cylindrical
coordinates [11–14]. Nevertheless, in the SIMPLE procedure, the
density conservation equation is disregarded and replaced by a
correction of the initial pressure field which minimizes the error
made on the mass flow conservation, cell by cell.

Such procedures have often been used previously. Data can be
found in the literature for laser-sustained plasmas, as applied to a
rocket thruster [11,15], for incompressible flows [16], and, in amuch
simpler way, for a parallel flowfield, without any radial effect on the
velocities [17].

In Table 1, the main characteristics of both calculation procedures
are listed and compared. It is worth noticing that the comparison of
the computation times is not very significant for the following
reasons:

1) LCP-FCT is time integrated; SIMPLE is implemented only in
space coordinates and its convergence time depends strongly on the
chosen initial conditions.

2) LCP-FCT is carried out with the language FORTRAN FTN77;
SIMPLE is written in MATLAB R2006b (The MathWorks, Inc.)
with direct imaging of the data. Both calculations are made with a
Xeon (Intel) processor with CPU� 3:2 GHz. In these conditions,
the total computation times for one set of conditions �p0;W� are on
the order of 12–48 h (between 105 and 106 time steps for LCP,
corresponding to a physical time of about 10�4 s, and the same
number of space iterations for SIMPLE).

For the LCP-FCT procedure, the time step is adjusted, through the
Courant–Friedrichs–Lewy (CFL) number, as a function of local
space step and flow velocity. The CFL number has been carefully
optimized, according to each situation. Inmost cases, it is taken equal
to 0.01. Also, for LCP, the calculation domain is divided into several
parts with different grid properties, to fit at best with the gradients
expected in each part. The grid step is small and uniform radially,
within the nozzle diameter (�r smaller than laser waist radius), and
axially, inside the nozzle thickness and just in front of the nozzle

0 zN-zM

rN

rM

laser beam
waist

nozzle

zF

SIMPLE

LCP-FCT

Fig. 1 Calculation region (not to scale).
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wall. The step increases as a geometrical law toward the outer walls,
and toward the inlet and outlet of the domain.

IV. Transport Coefficients

The transport coefficients included in the calculations are written
as analytical fits of semi-empirical functions or theoretical data taken
from the literature, in terms of pressure and temperature. The
temperature range is generally below 25,000 K and the pressure
range around 1 atm. The functions are the same as used in [17]. As
Te is not calculated (except in the LCP-FCT nonequilibrium
calculation, see Sec. V), it is assumed here that the electron
temperature is in equilibrium with the heavy particle temperature.
This assumption is not very restrictive in the absorption region [6]
where most of the energy exchanges occur (absorption from laser
power and radiative losses).

The absorption of the laser beam power is calculated at each axial
step, assuming that the beam profile is Gaussian and remains
Gaussian in spite of absorption. This assumption seems rather
correct, as it has been demonstrated that the shape of the laser beam is
not so much affected by the absorption process, which is limited to
the vicinity of the laser waist [11,12]. The absorption coefficient is
the inverse bremsstrahlung Kramers coefficient [2,18], with the
assumption that the prominent effect occurs for collisions between
electrons and ions. This latter assumption is valid as far as a high
temperature area is imposed for initiating the plasma. This point is
discussed in [19,20].

The radiative loss coefficient used is available only at atmospheric
pressure. The variation of this coefficient with pressure is then
assumed to follow a p3=2 law [21].

For the SIMPLE calculation only, when describing the equivalent
isentropic expansion, the specific heat at constant pressure is taken as
a constant, but, in the equation system, CP is actually recalculated in
each point for the gas of interest [22]. The viscosity is a simple fit of
the recommended values derived from collisional integrals [23]. It is
noteworthy that the viscosity formulation given in [13] is expected to
be better above 15,000K, due to the effect ofAr�� ions, not included
in [23]. For the LCP calculation, the specific heat is taken as a
constant and the viscosity is disregarded.

V. Initial Conditions

The situation is very different for eachmodel. In the case of a time-
dependent calculation (LCP-FCT), each step is expected to be the
actual description of a transient process between an initial physical
description toward a final stationary state, under the action of a
number of constraintswhich can be put into action one after the other.
For the case of a stationary calculation, each step accounts for the
numerical convergence from an initial unrealistic system toward its
physical stationary state, under the influence of a fixed number of
constraints.

For the LCP-FCT calculation, the starting point is the following:
both chambers are at the same pressure p0, and have the same
temperature, 300K, except around thewaist of the laser beam, where
is applied a narrow Gaussian temperature distribution, with
maximum Tmax � 14; 000 K and 1=e half-width of order D�=2. At
time t� 0, the pressure in the expansion chamber is progressively
decreased. Simultaneously, the constant-wave laser power is applied
(power chosen between 165 and 385 W, the experimental range),
together with the pulse of a secondary laser (2 � 105 W during
100 ns). This is the exact description of an experimental procedure
for the ignition of the plasma [2–5]. The slowdecrease of the pressure
in the expansion chamber allows the generation of transient artificial
shock waves to be avoided.

The starting conditions are the same for the SIMPLE calculation,
limited to the stagnation chamber, and without laser pulse, which is
not relevant in stationary conditions.

The Gaussian temperature distribution, which is initially applied,
is necessary for the ignition of the plasma by forcing the initial
absorption of the laser power by the gas medium. Such an artificial
procedure can be avoided by modelling the complete process of
plasma ignition [19,20]. This complete model has been carried out
here, with the LCP-FCT code, as an optional procedure [24], which
will be described in more detail later. Then, the chemistry of the
plasma is taken into account, at first with only three species, Ar,Ar�,
and electrons, and introducing a nonequilibrium between the heavy
particle and the electron temperatures [6,13]. The plasma is then
initiated simply by taking, among initial conditions, a small uniform
density of electrons. The absorption coefficient includes then the
neutral and ionic parts [19,20]. This extended LCP-FCT process will
be called hereafter the “nonequilibrium model.”

VI. Boundary Conditions

The boundary conditions in the stagnation chamber are the same
for both calculations, and correspond to the experimental conditions:
temperature maintained at 300 K on each wall by water cooling (full
lines in Fig. 1), vanishing of radial velocities on the outer wall, and of
the longitudinal velocities on the front wall (the velocities on
boundaries appear as small arrows in Fig. 1).Nevertheless, the size of
the test region is taken as much smaller than the experimental
stagnation chamber, and is not the same for both calculations (length
20mm, radius 5mm in theLCPcase, 4mmand1.5mm, respectively,
for the SIMPLE case). The goal is obviously to limit the calculation
in the smallest volume which surrounds the plasma, without any
influence of the walls on the plasma extent. In each case, it has been
checked that extending the useful volume over the preceding
dimensions does not influence the results significantly.

For the SIMPLE case, it is necessary to take a boundary condition
at the nozzle throat, only for enforcing the sonic condition to the
system. And so, the longitudinal velocity is imposed equal to the

Table 1 Compared properties of both calculation procedures

Property LCP-FCT SIMPLE

Time dependent yes no
Domain of validity subsonic, supersonic,

shock wave
only subsonic part

Viscosity terms no yes
Constant specific heats yesa no, pressure and temperature

dependence
Adaptable grid yes noa

Sonic condition no yes, boundary condition
Entrance flow condition no yes
Control during computation

of convergence speed/stability
yes, controlled

time step
noa, fixed heavy
underrelaxation

Relative computation time
for the same case (see text)a

1 2

Convergence criteriona final axial velocity conservation of mass flow rate
Grid size (axial � radial)a up to 500 � 500

(stagnation chamber� expansion chamber)
160 � 30

(stagnation chamber only)

aIndicates that the limitation is not an intrinsic property of the method, but is rather linked to the present state of the calculation code.
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local sound velocity at the exit of the calculation zone, with the
temperature calculated freely by the equation system. Because the
exact location of the sonic surface is not known a priori inside the
channel of a thick nozzle, the assumption of an infinitely thin wall
appears necessary here.

In the expansion chamber, for the LCP-FCT calculation, the
boundary is open for the velocities (entrance and exit surfaces are
shownbydotted lines in Fig. 1); the values of the other parameters are
of little influence on the expansion, as the supersonic process is not
affected by the outer conditions. The nozzle wall thickness equals
1 D�, as in the experimental case.

VII. Test Calculation: Standard Nozzle Reservoir

The complete codes are tested by taking first the laser power equal
to zero. The situation is then the case of the standard expansion of a
gas from a nozzle reservoir at room temperature. The gas medium is
assumed to be homogenous and in equilibrium in the whole volume
of the reservoir until the effect of the nozzle begins to take place.
Then, the axial variables follow the isentropic rules, which are
known to be accurate, even upstream of the nozzle [25], where the
Mach number also follows a law of the Ashkenas and Sherman
type [7]. It may be noted that, at the high pressures used
(2 � 105 < p0 < 8 � 105 Pa), the viscous effects are limited to a very
narrow boundary layer which affects very little the paraxial
properties of the flow. Furthermore, the step of the space grid may be
much larger than the thickness of the boundary layers. Nevertheless,
the viscosity is taken into account in the SIMPLE calculation,
following [11,13] for the equations, and [23] for the recommended
value. For the initial conditions, the pressure and temperature are
taken uniform over the whole region (with Tmax � 300 K), in
equilibrium with the wall values.

The final temperature contour map is reported in Fig. 2a, for a
stagnation pressure p0 � 7 � 105 Pa in the LCP case. The structure
of the freejet appears clearly with a sudden cooling effect, except in
the lateral shock wave where the temperature increases again at
values higher than 20 K. The isopycnal contours (Fig. 2b) can be
compared with those calculated for a very different p0=p1 ratio [26].
In the present case, p0=p1 � 70; 000 instead of 17.5 in [26]. This is
the reason why the Mach disk is not present in Fig. 2b. It should
appear far after the end of the continuous regime (at about 145 D�),
i.e., out of the domain of validity of the present calculation. This
limitation does not appear in [26] because the product p0D

� is larger
than in the present case (750 instead of 350 Pa �m), and therefore
also the freezing distance [27].

For the subsonic region, the agreement between SIMPLE andLCP
calculations is quite good, provided that the location of the SIMPLE
thin nozzle wall is taken slightly inside the thickness of the LCP
nozzle, at the location of the sonic plane. This is demonstrated in
Fig. 3, in which the axial Mach number and temperature are
presented, as a function of axial distance. For comparison, the
Ashkenas and Sherman data [7] are also given, obtained for a realistic
nozzle of thickness 0.6D�. The isentropic law [1,7], calculated for an
ideal infinitely thin nozzle, is shown as a dashed-dotted line, and the
same, shifted by the nozzle thickness of 1 D�, as a dashed line. The
pressure and axial velocity are given in Fig. 4. The conservation of
themass flow rate along the cross sections of the calculation region is
maintained to within 2%, except for the last two points in the
SIMPLE scheme, where it can remain at about 10%; this shift
accounts for the background lack of convergence. Each result is
compared with the axial isentropic curve obtained through the Mach
number, as calculated with the usual set of formula [2] used for
z=D� < 1 and z=D� > 1, respectively.

The agreement of the results with the isentropic laws is very good
for z=D� < 0, and fairly good in the expanded gas, as far as the real
thickness of the nozzle is taken into account. It may be noticed that
the expansion is very fast, and nearly frozen at a distance of 5 D�.
This is consistent with the scale given by the “sudden freeze model”
(assuming a sudden transition from continuous to rarefied flow at
some freezing distance zfreeze) [27] and a previous one-dimension
calculation [3]. And so, not only is the agreement excellent at z� 0,

but also at the end of the continuous part of the jet. For instance, the
final velocity is found to be about 540 ms�1 instead of 555 ms�1

obtained experimentally (provided that condensation effects are
avoided) (see, for example, [28,29]), as well as by the isentropic law.
Figure 5 summarizes the different scales of interest for this
interpretation, and a number of typical values are given in Table 2
(where italic type corresponds to calculated values). The Mach disk
distance is estimated by assuming valid the usual relation [7] zM �
0:67 � �p0=p1�1=2 in spite of nonuniform pressure and temperature
in the plasma/nozzle region. This relation is consistent with the direct
visual estimation as well as with the optimized distance of the
skimmer.

This general agreement on the axis does not necessarily mean that
the results are correct in the whole volume, but, as neither artifact nor
accident appears anywhere, and as the mass flow rate is well
conserved through any cross section of the test region, it can be
expected that the flow properties are well predicted by the present
calculations.
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And so, the laser beam power can be added safely as the energy
source in the flow equations.

VIII. Complete Calculation: Laser-Sustained Plasma
in the Flowfield of the Nozzle

The boundary conditions are the same as those of the standard
case,without laser power, because of thewater cooling of thewalls. It
is always checked, in each calculation, that the plasma effects do not
reach the vicinity of the boundaries (if otherwise, the boundaries
should be enlarged). Then, only three changes have to be introduced
in the calculation to maintain the plasma:

1) Laser power is taken as a realistic value in the range obtained
experimentally for the maintenance of the plasma (“effective” laser
power, i.e., power actually available for the plasma after losses along
the optical path).

2) Themaximumof the initial Gaussian temperature distribution is
taken equal to 14,000 K instead of 300 K.

3) The nozzle mass flow rate is adjusted to each set of conditions
�p0;W� according to the experimental data (only for defining the
entrance velocity in the calculation area, for the SIMPLE procedure).
This mass flow rate can be calculated in two different ways.
Experimentally, through mass conservation in the expansion
chamber, it is given by the pumping speed of the vacuum system, and
by the pressure in the expansion chamber [2], assuming that the gas at
the pump inlet is thermalized at 300 K. It can also be obtained, with
the calculation, by integrating the product n�v�axdS over the whole
nozzle area. These two results will be compared further.

A. Temperature, Density, and Velocity Maps

Temperature and velocity maps are calculated for each
experimental point �p0;W�. Qualitatively, it is observed, as expec-
ted, that the plasma core moves toward the laser waist when the
conditions become closer to threshold. Quantitatively, it is possible
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Table 2 Values of different parameters characterizing some typical

experimental cases

Pressure p0,
105 Pa

Laser power
W, W

Pressure
p1, Pa

Freezing
distance
zfreeze=D

�

Mach disk
location
zM=D

�

7 0 15.0 4 145

2 385 2.5 5.5 190

3 385 3.5 6 195

4 330 4.5 5 200

4 220 5.5 5 180

6 360 8.8 5 175

6 250 10.0 5 165

8 330 17.0 5 145

8 275 17.0 5 145

8 165 19.0 5 135
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to compare several results with the experimental data [30]: the axial
temperature at the nozzle throat with the isentropic stagnation
temperature [through Eq. (1)], the axial longitudinal velocity at the
nozzle throat with the measured time-of-flight velocity [Eq. (2)], and
the mass flow rate calculated at the nozzle with the flow rate given by
the pumping speed of the vacuum system (and controlled by a flow
meter). Most of the experimental data have been obtained previously
[2,3].

Temperature maps are given in Fig. 6, for both calculation codes,
mainly for the stagnation chamber. The laser beam profile is
represented by a dotted line. The nozzle wall is shown by a shaded
line in the SIMPLE case (Fig. 6a) and as a shaded area in the LCP
case (Fig. 6b). It turns out that the extent of the plasma upstream of
the nozzle is nearly the same with SIMPLE and LCP calculations.
Figures 7a and 7b present contour maps for temperature and density,
respectively, obtained with the LCP code, with more detail in the
expansion chamber. In Fig. 7b, it should be noticed that the
successive contour lines are separated by 1:5 � 1025 m�3 upstream
of the nozzle throat, and 3 � 1023 m�3 in the expansion chamber. The
freejet exhibits a very sudden expansion region clearly inscribed
within a steep boundarywhich appears to be the lateral shockwave of
the zone of silence.

B. Comparison Between Calculation and Experimental Data

1. Plasma Threshold

Experimentally, for a given focal length of the lens used and for a
given distance between the laser waist and the nozzle throat, the
plasma appears to be stable above a given line in the frame �p0; W�
and vanishes everywhere else [2,3,31]. The same finding is obtained
with the calculations. In Fig. 8 are reported the lowest experimental
points of operation (open circles). The error bars correspond to the
mean square deviation over five measurements obtained by
decreasing laser power at constant pressure p0. For each calculation
procedure, the shaded area represents the uncertainty on the
calculated threshold. It is limited by the lowest stable line and by the
highest unstable line which have been clearly obtained. Between
these boundaries, the computation time becomes so long before the
possible extinction of the plasma that it is quite difficult to assert
whether the plasma is stable or not.

The agreement is remarkably good, for both calculations, for
pressures higher than 3 � 105 Pa. Below this pressure, the LCP-FCT
calculated thresholds do not follow the measured increase of the
boundary below which no plasma exists. SIMPLE follows more or
less the measured boundary. This effect could be explained by the
assumptions on the Cp values. In the SIMPLE case, Cp is calculated
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as an approximation where the presence of Ar�� is neglected. This
assumption appears especially valid for Cp at pressures higher than
1 bar, even at temperatures in the vicinity of 20,000 K [22]. In the
present situation, lower pressures are achieved only in regions where
the temperature decreases very quickly (in fact, only far downstream
in the freejet), i.e., whereAr�� ions are not expected (and where the
SIMPLE calculation is not carried out). And so, the Cp values are
likely quite correct in the SIMPLE case. In counterpart, takingCp as
a constant is especially unrealistic at lower pressures [22], and this
could be a reason for the threshold gap in the LCP case, for these
lower pressures. Finally, a poorer balance between absorption
coefficient and radiative loss could be possible at lower pressures.
Perhaps the dependence of the radiative loss in terms of p3=2 should
be refined [21], or another formulation could be tested [13,32].

2. Equivalent Stagnation Temperature

The agreement between the experimental data and both
calculations is generally good and remains within 20%, except on
the boundaries of the stability region, close to threshold, where the
error can reach 35%. Nevertheless, for the LCP-FCT calculation, the
values obtained for the lowest laser power (165 W) are completely
underestimated. These data are compared in Fig. 9 for three values of
the laser power: one close to threshold (165 W), one far above
threshold (360 W), and one intermediate value (275 W).

It appears, when reporting to the threshold data, that the threshold
effect is less steep than for the experimental data, and appears rather
as a slow decrease of plasma temperature than as a sudden plasma
extinction. This could be the reason why the calculated temperatures
are too small in the vicinity of the experimental threshold. The
nonequilibrium model gives values of temperature significantly
lower than the other data. Nevertheless, this model is the most
promising for further improvements due to the large number of
physical properties which are taken into account or which can be
added.

3. Axial Velocity

There are two different ways for comparing the experimental data
to the calculated values of the axial velocity. It is first possible to
compare the final time-of-flight mean velocity with the velocity
calculated at the nozzle throat, bymeans of Eq. (2). Also, for the LCP
calculation, it is possible to compare directly the experimental
velocity with the axial velocity obtained at the end of the continuous
expansion.

These comparisons are made in Fig. 10, in the same conditions as
in Fig. 9. In Figs. 9 and 10, the experimental error bars are
approximately on the order of magnitude of the symbol size. As a
matter of fact, the uncertainty on the measurement is small (for
instance, in [2], the values ofT0 have beenmeasuredwith an error bar
of 	0:5% for a number of nozzle-skimmer distances); the possible
error can only be due to a small shift of pressure and/or nozzle
diameter during the acquisition time. Some of the data for the
velocities reproduced in Fig. 10 are correlated with the
corresponding T0 values of Fig. 9. The experimental values of T0,
T==1 (�T, the terminal translational temperature [1]), and v1 are
connected by the adiabatic relation [Eq. (3)], which can be rewritten
asv21 � a �T0 � T�, with a� 1032:93 in mks units. In the SIMPLE
calculation, the sonic condition is imposed and v1 is determined by
Eq. (2), and so, v1 and T0 are connected by the same adiabatic law as
the experimental data. For the LCP calculation, the sonic condition is
not a preliminary prescription, and the adiabatic relation is
subsidiary. Even when v1 is calculated from Eq. (2), v�ax is obtained
from the calculation and is not directly correlated to T0 (symbol� in
Fig. 10). Then, it may be worth comparing the data with the results of
Eq. (3). In this case, the correlation coefficient is found to be
a� 1250 (�20% larger than the experimental value). When v1 is
obtained directly from the calculation, at the end of expansion
[symbol in Fig. 10], there is no requisite at all between v1 and
T0. Then, the values of a are, respectively, for laser powers of 165,
250, and 330W: 833	 100, 716	 40, 785	 40, i.e., respectively,
20%, 30%, and 25% lower than the experimental value. This means
that the calculated velocity decreases toomuch during the expansion,
but the main discrepancy, observed in the vicinity of the plasma
threshold (for instance for W � 165 W), arises from an
underestimation of T0 and not from an inconsistency in the
expansion description. Changing the value of �, as proposed in [33],

Fig. 8 Plasma threshold in terms of laser power and gas pressure.

Fig. 9 Temperature T0 as a function of gas pressure p0 for different

values of laser power.
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from 5=3 to 1.3, would lead to a� 2480 (�140%), and does not
seem adequate in the present case, where the discrepancies remain
within a reasonable range in most of the experimental conditions.
The relative error between the LCP velocity values (values � of
Fig. 10), and the experimental data (independent of �) are sum-
marized in Fig. 11 in the part of the plane �p0;W� accessible to the
experiment. Except for the lowest values of laser power, the accuracy
is better than 	20%.

As for the standard cold gas test calculation, it turns out that for the
LCP calculation, the velocity obtained at the end of the freejet [values

of Fig. 10] is, generally, on the same order of magnitude than the
result of Eq. (2), but always significantly lower. This could be due to
the limitation of the expansion region in the calculation.

4. Mass Flow Rate

The flow rate, integrated over the whole area of the nozzle throat,
can be compared with the experimental flow rate, as deduced from
the pumping conditions in the expansion chamber, assuming that the
gas is thermalized at room temperature at the pumping flange (the
mean free path is on the order of 0.5mm at a pressure of about 10 Pa).
The data are reported in Fig. 12, in which the full line represents the
ideal case where the calculated flow rate would be equal to the
experimental flow rate. The orders of magnitude are generally quite
correct. For the SIMPLE procedure, the flow rates are always higher

than the experimental values, but the agreement becomes very good
for the lowest and for the highest flow rates; the average error is 45%.
For the LCP equilibrium calculation, the values are all lower than the
experimental data, with a close agreement for the lowest flow rates
(the average error is 33% below 1:6 � 10�4 kg=s), and an increasing
discrepancy as the flow rate increases (50% above 1:6 � 10�4 kg=s).
The average error is 38% on the complete range. It can be expected
that the error on the experimental measurement is lower than	5%,
as it is corroborated by three different means: two different vacuum
gauges for the determination of p1, and one flow meter on the gas
inlet. And so, the LCP calculation is likely responsible for an
underestimation of the highest flow rates, which are obtained with
higher pressures and/or lower temperatures T0; this range
corresponds roughly to the maximum uncertainty region of the
velocities.

IX. Discussion and Conclusions

The generating conditions of a laser-sustained plasma freejet have
been simulated by two different numerical procedures (SIMPLE and
LCP-FCT), and two different models (equilibrium and non-
equilibrium cases). It turns out that the flowfield can be completely
and accurately described, from the inlet conditions to the end of the
expansion. And so, it is possible to predict the different possibilities
of a fast atom beam generator, based on this principle, thus avoiding
long and heavy experimental measurements. The LCP-FCT
procedure appears as very efficient, with a good accuracy in the
complete domain. Nevertheless, for the threshold predictions, the
SIMPLE procedure gives better results, and also reveals a better
behavior in conditions close to threshold. An extension of the LCP
calculation including the complete description of the ignition of the

Fig. 10 Same as Fig. 9 for the axial velocity v1.
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plasma (nonequilibriummodel) could be applied to gasmixtures. Up
to now, it has been used with the species Ar, Ar�, and electrons, for
pure argon. The addition of O2, O

�
2 , O, and O� should allow the

conditions of an oxygen atom beam source [4,5] to be theoretically
predicted. Finally, it can be noted that the pretty good agreement
between the velocity calculated in the final stages of the freejet and
the velocity deduced from Eq. (2) confirms the validity of the
isentropic assumption for the expansion, with � � 5=3, in the present
plasma jet conditions. This seems consistent with a very low
ionization degree in the expansion.
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