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The supersonic gas jets from conical nozzles are simulated using 2D model. The
on-axis atom number density in gas jet is investigated in detail by comparing the
simulated densities with the idealized densities of straight streamline model in scaling
laws. It is found that the density is generally lower than the idealized one and the
deviation between them is mainly dependent on the opening angle of conical nozzle,
the nozzle length and the gas backing pressure. The density deviation is then used to
discuss the deviation of the equivalent diameter of a conical nozzle from the idealized
d eq in scaling laws. The investigation on the lateral expansion of gas jet indicates the
lateral expansion could be responsible for the behavior of the density deviation. These
results could be useful for the estimation of cluster size and the understanding of
experimental results in laser-cluster interaction experiments. C 2015 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4934675]

I. INTRODUCTION

In the study of laser-cluster interaction, e.g., the deuterium-deuterium nuclear fusion,1–3 plasma
waveguide generation,4 x-ray,5 terahertz radiation,6 the cluster size in a gas jet is an important parameter for the understanding of these experimental results. Usually, a clustered gas jet is produced by
the adiabatic expansion of gas under a high backing pressure through a conical nozzle into vacuum
and the average cluster size is estimated by Hagena scaling laws.7,8 In the scaling laws, the average
cluster size Nc depends on (Kdeq0.85 P0/T02.29)2.35, where K is a constant related to the property of a gas
species,d eq is the equivalent diameter of a conical nozzle and P0, T0 are an initial gas backing pressure
in mbar and a gas temperature in Kelvin before expansion, respectively. Among these parameters,
the determination of d eq is important for the estimation of cluster size. In scaling laws, the definition
of d eq is based on an idealized straight streamline model in which the expansion angle of gas jet
through a conical nozzle into vacuum is the same as the opening angle of the conical nozzle. From this
idealized model, a conical nozzle corresponds to an idealized equivalent diameter d eq of 0.74d/tanα
for a rare gas, i.e., d eq = 0.74d/tanα, where d is the throat diameter and α the half opening angle of
the conical nozzle. It is well known that the scaling law is based on the experimental data obtained at
relatively low gas backing pressures, while in the usual laser-cluster interaction experiment, a high
backing pressure is quite often employed to produce a gas jet with a high atom density. Thus one
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expects the cluster size deviation when the scaling law is used to estimate the cluster size under a
high gas backing pressure. Up to now, there have existed many papers about the investigation of the
gas jet and its cluster size,9–19 and there have been papers reporting the cluster size deviation from
the size expected by the scaling laws20,21 and some works concerned about the understanding of the
deviation.22 In Ref. 22, the d eq was investigated by experimentally measuring the dimension of a gas
jet. It was found that the experimental dimension was larger than the idealized one. And thus it was
concluded that the actual d eq was smaller than the idealized d eq. Actually, the deviation of dimension
from the idealized dimension denotes the existence of the lateral expansion of a gas jet. As stated
in Ref. 22, the definition of d eq is directly based on the on-axis atom number density of a gas jet,
rather than the dimension of gas jet. Considering the spatial distribution of atom density in a gas jet,
the investigation of the on-axis atom density becomes more important than that of the dimension for
the understanding of the deviation of d eq and the effect of the lateral expansion on it. In this work, a
large number of simulations about argon gas jet produced from the conical nozzle were made using
the Boldarev’s 2D model.21 It aims to investigate the on-axis atom number density and try to show
the behavior of on-axis atom number density under the effect of the lateral expansion of gas jet. The
on-axis atom number density was investigated in detail by comparing the simulated atom density of a
gas jet with that expected by the straight streamline model. The deviation of d eq from the idealized one
was then discussed. In this work, eighteen cases were considered in simulations: six nozzle lengths
(L = 5, 10, 15, 20, 25 and 30 mm) and three half opening angles (α = 8.5o, 14o and 19.3o) for each
nozzle length. For each nozzle, the on-axis atom number densities of gas jets at sixteen different
heights above a nozzle exit were examined under five different gas backing pressures (P0 = 10, 20,
30, 40 and 50 bars). It is demonstrated in simulation that due to the lateral expansion of gas jet, the
formula 0.74d/tanα of the idealized d eq for a rare gas could be valid only when the conical nozzle
with a long nozzle length and a large opening angle is used under a low backing pressure.

II. THE DIMENSION OF GAS JET AND THE EQUIVALENT DIAMETER
OF CONICAL NOZZLE

Figure 1 shows the schematic diagram for the idealized streamline of a gas jet into vacuum from
a conical nozzle. From Fig. 1, the idealized dimension of gas flow 2l T can be given by the expression
2lT = 2 (L + h) tan α + d, where L is the length of the conical nozzle, h the height above the nozzle
exit and d, α the throat diameter and the half opening angle of the conical nozzle, respectively. It is
clear that the idealized dimension is related to the opening angle, the height and the nozzle length.

FIG. 1. The schematic diagrams for streamline of gas jet into vacuum from a conical nozzle based on the idealized straight
streamline model.
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Based on the idealized straight streamline model,7,8 at a few diameters of conical nozzle throat
downstream, the idealized on-axis atom number density nT in the gas jet can be expressed as 0.15
(x/d eq)−2 n0, where n0 is the atom number density at the gas source. To compare the atom number
density in the gas jet between the simulated results and the results from the straight streamline model,
the on-axis atom number density ratio η is defined as nT /nc, where nc is the on-axis atom number
density in gas jet by simulation. And thus the simulated equivalent diameter d eqc is the idealized d eq
(=0.74d/tanα) by η −0.5, i.e., d eqc = η −0.5d eq.
III. RESULTS AND DISCUSSIONS

In this work, the simulations were done for the argon gas flow using the 2D hydrodynamic model
described in detail in Ref. 21. The capability of this model for the gas density has been demonstrated.19,21,23 In this work, the gas jets of eighteen conical nozzles with the same throat diameter
d of 0.5 mm under five gas backing pressures were simulated for the on-axis atom number density.
As examples, the results about density at the gas backing pressure of 50 bars are shown in Fig. 2.
The colored solid symbols are used for the simulation results about nc and the black symbols for the
idealized densities nT. Note that the densities for the nozzles with the same opening angle are plotted
using the same color. For examples, the red symbols in Fig. 2 denote the densities for six nozzles with
α = 8.5o at h = 1.8, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0, 3.2, 3.4, 3.6, 3.8, 4.0, 4.2, 4.4, 4.6, 4.8 mm, respectively.
The six nozzles correspond to the nozzle lengths L = 5, 10, 15, 20, 25 and 30 mm from left to right,
respectively. That is to say, the first group of red symbols represent the densities at every height for
nozzle of L = 5 mm (the corresponding L + h is from 6.8 mm to 9.8 mm), and the second group of red
symbols represent the densities at every height for a nozzle of L = 10 mm (the corresponding L + h
is from 11.8 mm to 14.8 mm), and so on. From Fig. 2, in general, we note the following points: (1)
the bigger the opening angle or the height is, the lower the atom density in gas jet is for a given nozzle
length. Moreover, it is also noted that the atom density decreases with the increase of the nozzle length
L for a given opening angle. These results can be easily understood based on the geometrical structure
of conical nozzles. For a conical nozzle, the radius of nozzle exit will become larger when the opening
angle and the nozzle length increase. The dimension of a gas jet should then increase, which leads
to the decrease of density. It is in agreement with the result from the idealized straight streamline
model. (2) However, as expected, the on-axis atom number density nc is generally lower than the
idealized one nT, i.e., there exists the deviation between them. If the density ratio η is used to denote
the density deviation, η is generally bigger than one. Based on the definition of atom density ratio
η and the formula (d eqc = η −0.5d eq), one expects the deviation of the equivalent diameter from the

FIG. 2. Comparison of the on-axis atom number density in gas jet at different heights above nozzle for conical nozzles with
three opening angles and six nozzle lengths under a gas backing pressure of 50 bars. (The colored and the black symbols
denote the densities in simulation n c and those predicted by the straight streamline model n T, respectively).
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idealized d eq. Thus the simulation results reveal that the actual equivalent diameter of a conical nozzle
d eqc is smaller than the idealized d eq, i.e., the equivalent diameter is overestimated in idealized straight
streamline model. For example, for the nozzle (L = 5 mm, α = 8.5o), η is about 1.5 at h = 2.4 mm.
And then d eqc is about 0.8 times lower than the idealized d eq. (3) From Fig. 2, it is found the density
deviation decreases when the nozzle length or the opening angle increases. That is to say it shows a
clear dependence on the nozzle length and the opening angle. For example, the deviations are about
7.2 × 1024 m−3 and 2.4 × 1023 m−3 for the nozzle (L = 5 mm, α = 8.5o) and the nozzle (L = 25 mm,
α = 8.5o) at h = 2.4 mm, respectively, while it becomes 1.0 × 1022 m−3 for the nozzle (L=25 mm,
α = 19.3o). These results are similar with those discussed for the conical nozzle with L = 5 mm in
Ref. 22. It is noted that the deviation shows a weak dependence on the height. That is to say, the
deviation generally decreases with the increase of the height, but the density ratio η hardly changes
with the height for a given nozzle, which is different from that discussed for the conical nozzle with
L = 5 mm in Ref. 22, as discussed below.
It is necessary to note the dependence of the on-axis atom number density on the gas backing
pressure. We calculated the atom densities at a height of 2.4 mm for eighteen nozzles under the backing pressures of 10, 20, 30, 40 and 50 bars, respectively. From the results, it is found that the deviation
of nc from nT shows a dependence on the backing pressure. As examples, nc and nT for the nozzles
(L = 5 mm, α = 8.5o and L = 25 mm, α = 8.5o) are shown in Fig. 3(a) and Fig. 3(b), respectively.

FIG. 3. Comparison of on-axis atom number density between the simulation results and the idealized ones in the straight
stream model at h = 2.4 mm under different gas backing pressures. (a) L = 5 mm, α = 8.5o and (b) L = 25 mm, α = 8.5o.
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From Fig. 3, it is found that (1) the dependences of the density on gas backing pressure for the
simulation results and the idealized results are similar, which are nearly proportional to gas backing
pressure. (2) There exists the deviation of the density from the idealized one for a given gas pressure
(nT is higher than nc), and the deviation between them generally increases when the gas backing pressure changes from 10 bars to 50 bars. (3) By comparing Fig. 3(a) with Fig. 3(b), the density deviation
indicates a smaller variation for the nozzle with a long length when the gas backing pressure increases.
For an example, when the gas backing pressure increases from 10 to 50 bars, the density deviation
changes from 1.2 × 1024 m−3 to 7.2 × 1024 m−3 for the nozzle length of 5 mm (i.e., it increases by
6 times), while it only changes from 5.7 × 1022 m−3 to 2.5 × 1023 m−3 for a nozzle length of 25 mm
(i.e., it increases by about 4.4 times). Hence the deviation is related to the backing pressure and the
nozzle length.
From discussion above, it is concluded that there does exist the deviation between the nc and nT,
and the deviation is mainly related to the conical nozzle length, the opening angle, the gas backing
pressure. The deviation behaves like this: it increases when the gas backing increases or the nozzle
length, the half opening angle decreases. The on-axis atom density in gas jet is close to that predicted
by the idealized model only for the nozzle with a longer length and a big opening angle under a low gas
backing pressure. Because it leads to the increase of the dimension of a gas jet, the lateral expansion
of a gas jet could result in the decrease of the on-axis density. The relation between the behavior
of the density deviation and the lateral expansion of gas jet will be discussed below. It is necessary
to note that if the deviation of the simulated dimension of a gas jet from the idealized dimension is
investigated, as shown in Ref. 22, the dimension deviation shows a similar behavior. However, both
the dimension deviation and the ratio of the dimension to the idealized dimension show the stronger
dependences on the height above the nozzle, the opening angle, the nozzle length and the gas backing
pressure. This could result from the fact that the dimension is easier than the on-axis density to be
affected by the lateral expansion of gas jet.
To understand the behavior of the on-axis density, the lateral expanding velocity at h = 2.4 mm
is investigated. As examples, Fig. 4(a) and 4(b) show the 2D flow velocity spatial distributions for
the nozzles with L = 5 mm and α = 8.5o, and with L = 25 mm and α = 8.5o under a gas pressure
of 50 bars, respectively. The insert in the upper side shows the x-component of the velocity at the
center of gas jet (i.e., the longitudinal velocity) along the jet direction (i.e., the x axis), while the insert
in the lower side shows the y-component velocity at h = 2.4 mm (i.e., the lateral velocity along y
axis). Clearly both x-velocity and y-velocity must be considered when the effect of lateral expansion
is investigated. From Fig. 4, it is found that (1) the x-velocity generally increases as x and its increase
gradually becomes slow. And thus the x-velocity at the exit of the 25 mm-nozzle (567 ms−1) is a little
higher than 507 ms−1 of 5 mm-nozzle. (2) The lateral velocity at h = 2.4 mm for the 25 mm-nozzle
(its maximum velocity is about 270 ms−1) is much lower than that for 5 mm-nozzle (its maximum
velocity is about 460 ms−1). It implies that the lateral expansion is obvious in the case of 5 mm-nozzle,
i.e., the lateral expansion could make the obvious effect on the on-axis density for the short nozzle.
Hence a bigger density deviation is expected for the nozzle with a short length. It is in agreement
with the result above that the short nozzle corresponds to a big density deviation.
Similarly, the lateral expansion is investigated for the nozzles with different opening angles but a
same nozzle length. The simulation results indicate the increase of the x-velocity at center of jet as the
opening angle increases, while the lateral velocity nearly keeps the same. Thus the lateral expansion
will be weak for a big opening angle. In this case for the nozzle with a big opening angle, the density
deviation could be small. Meanwhile, for a given nozzle (L = 5 mm, α = 8.5o), the lateral expansions
at h = 2.4 mm are compared under the gas backing pressures of 10 bars and 50 bars. As expected,
it is found that the lateral velocity under 10 bars is lower than that under 50 bars, while the longitudinal velocity is nearly same. Thus the lateral expansion is weaker under a low gas backing pressure,
which suggests a dependence of density deviation on gas backing pressure. The behavior of the lateral
expansion is in agreement with the behavior of density deviation discussed above. It is reasonable to
conclude that the lateral expansion of gas jet could be responsible for the density deviation and result
in the dependence of the density deviation on the nozzle length, the opening angle and the gas backing
pressure. Thus the effect of the lateral expansion on the on-axis atom density has to be considered in
the study on the supersonic gas jet. It is noted that the nozzle surface could make effects on the gas
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FIG. 4. The 2D velocity spatial distribution of (a) the nozzle with L = 5 mm and α = 8.5o, (b) the nozzle with L = 25 mm
and α = 8.5o under a gas pressure of 50 bars, respectively.

flow velocity near the nozzle wall and produce the boundary layer between the flowing gas and the
stationary nozzle surface. And the boundary layer could have effects on the lateral expansion of gas
flow. However, as stated in Ref. 9, the boundary layer thickness under high gas pressure is less than
tens of micrometers. Hence its effects on the lateral expansion can be neglected under a gas backing
pressure of several tens of bars. The reduction of the lateral expansion under a given condition will
be helpful for the increase of the on-axis atom density, which could be useful for the production of
large-size clusters.
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IV. CONCLUSIONS

In conclusions, we investigated the on-axis atom number density and the lateral expansion in
the supersonic gas jet for further understanding the deviation of the equivalent diameter of a conical
nozzle. The on-axis atom number density is generally lower than the idealized one and the density
deviation increases when the gas backing increases or the nozzle length, the half opening angle decreases. This behavior of the density deviation results from the behavior of the lateral expansion of
a gas jet. Because the definition of d eq is directly based on the on-axis atom number density of a
gas jet, the density deviation implies the deviation of d eq. The actual d eqc is close to the idealized
d eq only where the conical nozzle with a long nozzle length and a large opening angle is used under
a low gas backing pressure. The determination of d eq is important for the estimation of cluster size
in scaling laws, and thus the results could be helpful to estimate the cluster size in a gas jet from a
conical nozzle in the case that there is still no proper method to directly measure the absolute cluster
size experimentally up to now.
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