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In a laser-cluster interaction experiment, the radial dimension of a supersonic gas jet
is an important parameter for the characterization of interaction volume. It is noted
that due to the lateral gas expansion, the diameter of a supersonic gas jet is larger
than the idealized diameter of a gas jet from a conical nozzle. In this work the effect
of the lateral expansion on the radial dimension of gas jet was investigated by sim-
ulations. Based on the simulation results, the diameter of gas jet / was compared in
detail with the corresponding diameter It in the idealized straight streamline model
and the diameter /yj at a half of maximum atom density of gas jet. The results reveal
how the deviation of / from /1 (/) changes with respect to the opening angles of
conical nozzles, the heights above the nozzle, the nozzle lengths and the gas backing
pressures. It is found that the diameter of gas jet [ is close to the idealized diameter
It and I in the case where a long conical nozzle with a large opening angle is used
under a low gas backing pressure. In this case, the effect of the lateral expansion is
so weak that the edge of gas jet becomes sharp and the radial distribution of atom
density in gas jet tends to be uniform. The results could be useful for the character-
ization of a supersonic gas jet. © 2016 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4967782]

I. INTRODUCTION

A clustered-gas jet has been widely used in the studies of laser pulse interaction with matter,
e.g., table-top nuclear fusion experiment'? plasma waveguide generation.>* The production of a
gas jet and its characterization have attracted interests and been extensively studied.’!° Usually, a
supersonic clustered gas jet can be produced by the adiabatic expansion of gas under a high backing
pressure through a conical nozzle into vacuum. The dimension of a gas jet is an important parameter
for the determination of interaction length.*?° Based on the idealized straight streamline model,
the expansion angle of a supersonic gas jet is equal to the opening angle of a conical nozzle. Thus
the idealized diameter of gas jet from a conical nozzle can be obtained by following the nozzle’s
geometric structure. Unfortunately, due to the lateral gas expansion into vacuum, the diameter of a
gas jet will be larger than the idealized one.®?!?*> Thus it is important to know how the lateral gas
expansion makes effects on the radial dimension of a supersonic gas jet. In this work, a large number
of simulations about supersonic gas jet in case of a conical nozzle with a throat diameter of 0.5 mm
were made using the Boldarev’s 2D model.!® Eighteen cases were considered in simulations: six
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nozzle lengths L of 5, 10, 15, 20, 25 and 30 mm, and three opening angles for each nozzle length.
For each nozzle the diameters of gas jets at sixteen different heights above the nozzle exit were
investigated under five different gas backing pressures (Py=10, 20, 30, 40 and 50 bars). Firstly we
made detailed comparisons between the idealized diameter /T and the simulated diameter / of gas
jet for all conical nozzles. To further investigate the effect of the lateral expansion on gas jet, the
diameter /py of gas jet at a half of its maximum atom density is also compared with the diameter of
gas jet. In this work, the ratio of simulated diameter to that from the straight streamline model of
gas jet is introduced to denote the deviation between them. Furthermore the ratio of the diameter at a
half maximum atom density to the diameter of gas jet was calculated to investigate the radial density
distribution of gas jet. It is interesting to find that both the ratios are related to the nozzle length and
the gas backing pressure besides the opening angle of conical nozzle and the height above the nozzle.
The dependence of the diameter ratio on these parameters is similar to that of the on-axis atom density
on these parameters.”'?> Due to the lateral expansion, the diameters /, I and Iy are usually different.
They tend to be the same only when the conical nozzle with a long nozzle length and a large opening
angle is used under a low backing pressure. In other words, a long conical nozzle of a large opening
angle could be used to produce a supersonic gas jet with the uniform radial atom density distribution,
even at high gas backing pressure. The results could be helpful for the characterization of a gas jet in
the study of laser-cluster interaction.

Il. THE RADIAL DIAMETER RATIO OF GAS JET

Because there is no effect of the lateral gas expansion in the straight streamline model, the ratio
of the gas jet dimension from simulation to that in the straight streamline model can be used to study
the effect of the lateral expansion. Firstly the diameter ratio 7 is defined as 1 =//It, where [ is the
simulation diameter of gas jet and It is that expected by the straight streamline model. Also the other
diameter ratio 7y is defined as nyy = Iy /1, where Iy is the diameter of gas jet, at which the atom density
is a half of the maximum atom density. This work mainly concerns about the variation of these two
diameter ratios for eighteen conical nozzles.

The idealized diameter of a gas jet from a conical nozzle can be obtained based on the idealized
straight streamline model. Figure 1 shows its schematic diagram for the streamline of a gas jet into
vacuum from a conical nozzle. Form Fig. 1, the idealized diameter of gas flow /1 can be given by the
expression I =2 (L + h) tan a + d, where L is the length of the conical nozzle, / the height above the
nozzle exit and d, a the throat diameter and the half opening angle of the conical nozzle, respectively.
It is clear that the idealized diameter is related to the opening angle, the height and the nozzle length.
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FIG. 1. The schematic diagrams for the streamline of a gas jet into vacuum from a conical nozzle based on the idealized
straight streamline model.
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The simulation diameter of gas jet is obtained from the simulation results about argon gas flow
using e 2D hydrodynamic model described in detail in Ref. 18. The capability of this model for
the spatial distribution of gas density has been demonstrated.'®!®!° The 2D hydrodynamic model
reproduces the spatial structure of the gas jet, including the rarefaction waves at the edges of the
jet, and it is possible to evaluate the diameter on the base of the simulated results by introducing a
threshold density value. Similarly to the definition of gas diameter in Ref. 22, the calculated diameter
of gas jet, [, is, in this work, defined as that of the region where the atom density is higher than
3% of the maximum atom density. The diameters of a gas jet at sixteen heights above the nozzle
are obtained. Meanwhile, the diameter of the gas jet Iy, at which the atom density is a half of the
maximum atom density, is also obtained based on the simulation results.

lll. RESULTS AND DISCUSSIONS

For analysis of the diameter of a gas jet, we calculated all the diameters from the atom density
profiles based on the simulation results. As expected, it is found that the bigger the opening angle or
the higher the height is, the larger the diameter of gas jet is for a given nozzle length. Moreover, it
is also noted that the diameter increases with the increase of the nozzle length L for a given opening
angle. For example, the diameter is about 2.8 mm at 4 =3.0 mm for the conical nozzle of L=5mm,
a = 8.5°, while it is about 6.2 mm for the conical nozzle of L=30 mm, « = 8.5°. All these results can
be easily understood based on the geometrical structure of conical nozzles. For a conical nozzle, the
diameter of nozzle exit will become larger when the opening angle and the nozzle length increase. The
diameter of a gas jet should then increase, which is in agreement with the results from the idealized
straight streamline model.

The detailed comparison between the simulation diameter and the diameter in the straight stream-
line model is made. The diameter ratios 5 for all conical nozzles and for all heights are calculated
and listed in Table I. From Table I, it is clearly found that for any nozzle length, (1) the diameter
ratio is always larger than 1. That is to say, due to the lateral gas expansion, the diameter of a gas jet

TABLE I. The diameter ratio 77 of gas jet at the heights from 1.8 mm to 4.8 mm for the eighteen conical nozzles under the
backing pressure of 50 bars.

Height (mm)

1.8 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48

8.5° 1.67 173 178 1.83 1.88 192 196 2.01 205 208 212 215 219 222 226 229
L=5mm 14.0° 1.46 149 152 156 159 162 165 1.68 170 1.73 176 176 - - - -
19.3° 1.31 134 136 139 139 140 142 144 - - - - - - - -

8.5° 139 142 146 149 152 156 159 1.62 165 168 1.71 1.74 176 1.79 1.81 1.84
L=10mm 14.0° 1.23 1.25 127 129 130 132 134 137 138 140 142 144 145 147 148 149
19.3° 1.15 1.17 1.18 1.19 121 122 123 124 126 127 128 129 131 132 133 1.34

8.5° 126 1.28 130 132 134 137 139 141 143 145 148 150 1.52 154 156 1.57
L=15mm 14.0° 1.15 1.16 1.17 1.19 120 121 123 124 125 126 127 129 130 131 133 134
19.3° 1.10 1.11 1.12 1.12 1.13 1.14 1.14 115 1.15 1.16 1.16 1.17 1.18 1.18 1.19 1.19

8.5° 1.19 121 123 124 126 128 130 131 133 135 137 138 140 142 144 145
L=20mm 14.0° 1.11 1.12 1.13 1.13 1.14 1.15 1.16 1.17 1.18 1.19 120 120 121 122 123 124
19.3° 1.07 1.07 1.08 1.08 1.08 1.09 1.09 1.10 1.11 1.11 1.11 1.11 112 112 1.12 1.13

85° 1.14 1.15 1.17 1.19 120 1.21 123 124 126 127 128 130 131 132 134 135
L=25mm 14.0° 1.08 1.09 1.10 1.10 1.11 1.12 112 1.13 1.14 1.15 1.15 1.16 1.17 1.17 1.17 1.18
19.3° 1.05 1.05 1.06 1.06 1.06 1.06 1.06 1.07 1.07 1.07 1.08 1.08 1.08 1.08 1.09 1.09

85° 1.12 1.13 1.14 115 116 1.17 1.19 1.19 121 122 123 124 125 127 127 1.28
L=30mm 14.0° 1.06 1.07 1.06 1.08 1.09 1.09 1.09 1.10 1.10 1.1l 1.11 1.12 1.13 1.13 1.13 1.14
19.3° 1.03 1.04 1.04 1.04 1.04 1.04 1.04 1.05 1.05 1.05 106 1.06 1.05 1.05 1.05 1.06
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is always larger than the one predicted by the idealized straight streamline model. (2) The diameter
ratio generally increases with the increase of the height and (3) the diameter ratio generally decreases
with the increase of the opening angle. For example, the diameter ratios are 1.39, 1.23, and 1.15,
for the opening angle of 8.5°, 14.0°, and 19.3°, respectively, at a height of 1.8 mm and for a nozzle
length of 10 mm, while the diameter ratios are 1.84, 1.49, and 1.34 at the height of 4.8 mm for
the same nozzle. These observations clearly say that both the diameter and the diameter ratio are
related to the height and the opening angle for any nozzle. These results are similar to the experi-
mental results discussed for the conical nozzle with L = 5 mm in Ref. 22. It is also interesting to
find from Table I that the diameter ratio is related to the nozzle length: it decreases with the increase
of the nozzle length for the same height and opening angle. For example, the diameter ratios are
1.88, 1.52, 1.34, 1.26, 1.20 and 1.16 for a nozzle length of 5, 10, 15, 20, 25 and 30 mm, respec-
tively at a height of 2.6 mm and a opening angle of 8.5°. Because the diameter ratio indicates the
deviation from the prediction by the streamline model, it is concluded that the deviation of diameter
becomes small for the conical nozzle with a big opening angle and a long nozzle length at a low
height.

To more clearly show the radial spatial structure of the supersonic gas jet, the diameter ratios
ny for all conical nozzles and for all heights were calculated and listed in Table II. Table II, clearly
shows that, similar to the diameter ratios 1, iy is also related to the height, the opening angle and the
nozzle length for any nozzle. However, it is noted that ny shows a different dependence from 7. It
generally increases with the increase of the opening angle and the nozzle length, but decreases with
the increase of the height. For example, ny are 0.69, 0.80, and 0.84 for an opening angle of 8.5°,
14.0°, and 19.3° respectively, at a height of 1.8 mm and a nozzle length of 10 mm, while the diameter
ratios are 0.47, 0.62, and 0.69 at a height of 4.8 mm for the same nozzle. Meanwhile, it is noted that
the diameter ratios are 0.89 at a height of 1.8 mm and for a nozzle length of 30 mm with an opening
angle of 8.5°. It is noted that the dependence of 7y on the height is similar to the experimental result
for the nozzle with L =5 mm in Fig.4 of Ref. 22. Because the ratio ny denotes the deviation of Iy
from /, the smaller iy corresponds to the weaker lateral expansion and the sharper edge of gas jet.

TABLE II. The diameter ratio 7 of gas jet at the heights from 1.8 mm to 4.8 mm for the eighteen conical nozzles under the
backing pressure of 50 bars.

Height (mm)

1.8 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48

8.5° 0.52 0.50 048 046 045 043 042 041 040 038 037 036 034 033 032 032
L=5mm 14.0° 0.63 0.62 0.60 0.58 0.56 0.55 054 0.53 0.51 0.50 049 049 - - - -
19.3° 0.70 0.68 0.66 0.64 0.63 0.61 0.60 0.58 - - - - - - - -

8.5° 0.69 0.67 0.65 0.63 0.62 0.60 0.58 0.57 0.56 0.54 053 0.52 0.51 049 048 047
L=10mm 14.0° 0.80 0.78 0.77 0.75 0.74 0.73 0.71 0.70 0.69 0.68 0.66 0.66 0.65 0.64 0.63 0.62
19.3° 0.84 0.83 0.82 0.80 0.79 0.78 0.77 0.76 0.75 0.74 0.73 0.72 0.72 0.71 0.70 0.69

8.5° 0.78 0.77 0.75 0.74 0.72 0.70 0.69 0.68 0.66 0.65 0.64 0.63 0.62 0.61 0.60 0.59
L=15mm 14.0° 0.86 0.85 0.83 0.82 0.81 0.80 0.79 0.78 0.77 0.76 0.75 0.74 0.74 0.73 0.72 0.71
19.3° 0.89 0.89 0.88 0.87 0.87 086 0.85 0.85 0.84 0.84 0.83 083 0.82 0.82 0.81 0.81

8.5° 0.83 0.81 0.80 0.78 0.77 0.76 0.75 0.73 0.72 0.71 0.70 0.69 0.68 0.67 0.66 0.65
L=20mm 14.0° 0.89 0.89 0.88 0.87 0.86 0.85 0.84 0.84 0.83 0.82 0.81 081 0.80 0.80 0.79 0.78
19.3° 093 092 0.92 091 091 091 090 0.89 0.89 0.88 0.88 0.88 0.88 0.87 0.87 0.86

8.5° 0.86 0.85 0.84 0.82 0.82 0.80 0.79 0.78 0.77 0.76 0.75 0.74 0.73 0.72 0.71 0.70
L=25mm 14.0° 092 091 090 0.90 0.89 0.88 0.88 0.87 0.86 0.86 0.85 0.84 0.84 0.84 0.83 0.83
19.3° 095 094 0.94 094 094 093 093 092 092 092 092 091 091 091 0.90 0.90

8.5° 0.89 0.88 0.87 0.85 0.85 0.84 0.82 0.82 0.81 0.80 0.79 0.78 0.77 0.76 0.76 0.75
L=30mm 14.0° 0.94 093 0.93 0.92 091 091 091 090 0.90 0.89 0.89 0.88 0.87 0.87 0.87 0.86
19.3° 0.97 096 0.96 0.96 095 096 095 095 0.94 094 094 093 094 094 0.94 093




115015-5 Chen et al. AIP Advances 6, 115015 (2016)

: . ' ‘ ‘
25| (a) ~ L=30 mm (b)
o 10 A
® L=5mm unt 2 :":4«1——<«1——44——4«1,4,,4,4,74474
: = 2 VIV v-vv-
9 o g r115
E - \\.\/.’. 1 VVV-9-v-gv g
_m-" oo 5
8 " . o o-0-® 2 ool
‘® 1.5F ._._.—.’ | 2
: =
E w—v—v—v—v—v—v—v—v—v—v—v—v—v—v v 5 o4r
A 10} 99<9LLHIHILIA9A<99
02} A
L=30 mm
0.5 T T T T T T T 0.0 L L ) ) ‘ ‘ ‘
15 20 25 30 35 40 45 50 156 20 25 30 35 40 45 50
Height (mm) gt (o,

FIG. 2. Comparison of diameter ratios 7 (a) and 77y (b) at different heights above the nozzle for two nozzle lengths (L=5 mm
and 30 mm) and three opening angles (@ =8.5°, 14.0°and 19.3°), respectively.

From Table I and Table II, it can be found that 7 and 5y are close to 1 only when the height is
low for a nozzle with a long length and a big opening angle. The small 7 indicates that the deviation
of [ from [t is small, which mean the weaker rarefaction waves at the edge of jet. Meanwhile, when
the diameter ratio iy is close to 1, Iy will be equal to /, which means a sharp edge of the jet profile,
i.e., the atom density in gas jet could be radially uniform. Thus it can be concluded that a conical
nozzle with a long length and a big opening angle could be helpful to produce a supersonic gas jet
with a radially uniform distribution of atom density, especially at a low height. These results can be
understood as below: Because the lateral expansion becomes weak with the increase of the nozzle
length and the opening angle,?! it is reasonable that the Iy become to be close to /, and the radial
distribution tend to be uniform for a nozzle with a long length and a big opening angle at a given
height. Meanwhile, as for the height dependence, because the increase of the height results in the

TABLEIII. The diameter ratios 77 of a gas jet at the height of 2.4 mm under five gas backing pressures for the eighteen conical
nozzles.

Py (bars)
10 20 30 40 50
8.5° 1.49 1.53 1.62 1.79 1.83
L=5 mm 14.0° - 1.31 1.30 1.57 1.56
19.3° 1.12 - - 1.38 1.39
8.5° 1.25 1.44 - 1.49 1.49
L=10 mm 14.0° 1.14 1.14 1.18 1.29 1.29
19.3° 1.09 1.10 1.10 1.18 1.19
8.5° 1.16 1.17 1.25 1.32 1.32
L=15 mm 14.0° 1.09 1.09 1.12 1.18 1.19
19.3° 1.07 1.07 - 1.11 1.12
8.5° 1.12 1.12 1.23 1.24 1.24
L=20 mm 14.0° 1.07 1.07 1.10 1.13 1.13
19.3° - - 1.05 1.08 1.08
8.5° 1.09 1.09 1.16 1.19 1.19
L=25 mm 14.0° 1.05 1.05 1.07 1.10 1.10
19.3° - - 1.04 1.06 1.06
8.5° 1.08 1.08 1.15 1.15 1.15
L=30 mm 14.0° - 1.05 1.06 1.08 1.08

19.3° - - 1.03 1.04 1.04
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increase of the lateral expansion time, the deviation of Iy from [ or the deviation of / from It will
increase as the height.

It is necessary to note that though the ratio is related to the height and the opening angle, the
dependence is different for different nozzle lengths. To illustrate the dependence more clearly, both
n and ny for the nozzles with L=5 mm and 30 mm were plotted together in Figs.2(a) and (b). From
Fig.2(a), it is clearly seen that for the nozzle with L=30 mm, the dependence of 7 on the height and
the opening angle is weaker and the change of the ratio is not so large as that for the nozzle with
L=5 mm. From Fig.2(b), the similar results about 7y can be found. This means that the diameter of
gas jet is close to that predicted by the idealized model or the dimension at a half maximum for the
nozzle with a longer length, even though the nozzle has the small opening angle. It can be understood
from the fact that the lateral expansion would become weaker with respect to the axis expansion with
the increase of the nozzle length.

To investigate the dependence of the diameter ratios on a gas backing pressure, we calculated
the diameter ratios for eighteen nozzles under a backing pressure of 10, 20, 30, 40 and 50 bars,
respectively. As examples, the results about 7 and iy, at a height of 2.4 mm are listed in Table III
and Table IV. From Table III and Table 1V, it is found that (1) the behavior of the diameter ratio
under other backing pressures is similar to that under a backing pressure of 50 bars, i.,e., the diameter
ratio is bigger (17) or smaller (77yy) for nozzles with smaller opening angles and shorter nozzle lengths.
(2) The diameter ratio increases (17) or decreases (r71) when the gas backing pressure changes from
10 bars to 50 bars for any nozzle. This means that the diameter ratio is dependent on the gas backing
pressure. (3) The diameter ratio indicates the smaller variation for a long nozzle when the gas backing
pressure increases. For example, the ratio i (n717) changes from 1.49 (0.61) to 1.83 (0.47) for a nozzle
length of 5 mm, while it only changes from 1.08 (0.93) to 1.15 (0.86) for a nozzle length of 30 mm
when the opening angle is 8.5°. This results from the fact that the lateral expansion becomes strong
as the gas expands from a conical nozzle under the high backing pressure.>! This fact cannot be
explained in the frames of the idealized straight streamline model, since this model provides a fixed
structure of the jet for a given nozzle geometry (and a given gas species), which is independent of a
gas backing pressure.

TABLE IV. The diameter ratios 775 of a gas jet at the height of 2.4 mm under five gas backing pressures for the eighteen
conical nozzles.

Py (bars)

10 20 30 40 50

8.5° 0.61 0.59 0.59 0.45 0.47

L=5 mm 14.0° - 0.70 0.78 0.59 0.58
19.3° 0.84 - - 0.67 0.64

8.5° 0.79 - - 0.64 0.63

L=10 mm 14.0° 0.87 0.87 0.84 0.75 0.75
19.3° 0.91 0.90 0.89 0.81 0.80

8.5° 0.86 0.83 0.78 0.74 0.74

L=15 mm 14.0° 0.91 091 0.89 0.83 0.82
19.3° 0.93 0.93 - 0.88 0.87

8.5° 0.90 0.89 0.80 0.79 0.79

L=20 mm 14.0° 0.93 0.93 0.91 0.86 0.87
19.3° - - 0.94 0.91 0.91

8.5° 0.92 091 0.85 0.83 0.83

L=25 mm 14.0° 0.95 0.95 0.93 0.90 0.90
19.3° - - 0.95 0.93 0.94

8.5° 0.93 0.92 0.86 0.86 0.86

L=30 mm 14.0° - 0.94 0.94 0.92 0.92

19.3° - - 0.96 0.95 0.96
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It is noted that the relation between /1 and /i can be obtained using 1 and 7. From discussion
above, the [y is close to [T at a low height and low gas backing pressure for a long conical nozzle and
a big opening angle. This result implies that /T can be used to estimate /g in this case.

IV. CONCLUSIONS

In conclusions, by simulations, we investigated the dependence of the diameter ratio of a gas
jet on the opening angle, the nozzle length of a conical nozzle, the height above the nozzle and the
gas backing pressure. All the results indicate that the diameter ratio is related to these parameters.
Because the diameter ratio indicates the deviation of the diameter of a gas jet from that predicted
by the idealized diameter or the diameter at half maximum atom density, we can conclude that the
three diameters trend to be equal to each other (i.e., the diameter ratio is close to 1.0) only when long
conical nozzles with a large opening angle are used under a low gas backing pressure and a small
height. In this case, a supersonic gas jet with a uniform radial distribution of an atom density could
be produced, i.e., the supersonic gas jet has a relative sharp edge, in which the idealized diameter
(I1) in straight streamline model can be almost equal to the diameter / or the diameter /i of gas jet.
This kind of gas jet with a uniform radial atom density distribution will be useful in the laser-cluster
interaction experiments.
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