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Abstract:

The paper focuses on the simulation of medium dynamics in the environmental scanning
electron microscope. In particular, the paper examines the conical aperture location effect
in the differentially pumped chamber and the width of the pumping channel in this cham-
ber. The solution is based on the Taylor-Maccoll theory about the impact of the shock
wave and was obtained by the use of continuum and finite volume methods in the ANSYS
Fluent system.
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1. Introduction

The present paper follows the work by Danilatos [1], which deals with the problem of
the shape impact of the differentially pumped chamber of the electron microscope on
the pressure field in the given chamber. Fig. 1 shows the identical axis of the chamber
with the primary path of the electron beam. The pressure value, achieved in the axis of
the differentially pumped chamber, in which the primary electron beam goes through,
is the first main criterion [2, 3]. The second main criterion is the mass flow rate through
the aperture PLA 2 towards the tube [1, 4].

In the microscope (ESEM), the differentially pumped chamber with the aperture
PLA 1 (Fig. 2) separates the area of the specimen chamber in which a high value of
pressure is maintained (up to 2000 Pa) and the aperture PLA 2 separates the area of the
tube (0.01 Pa) [5]. The requirement for the differentially pumped chamber during its
operation — while interacting with the gas molecules during their passage through the
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chamber — is to have the least dispersed electron beam, because its dispersion causes
reduced sharpness up to the total destruction of the resulting image [6].
During construction of the differentially pumped chamber, the following requirements
are to be met:
e to ensure the least electron dispersion in the primary beam axis [7],
e to ensure the least mass flow rate towards the tube through the aperture
PLA 2 [8].
Fig. 1 shows the gas density field given trough the Normalized Density Number.
The number of atoms or molecules (n) in a mass (m) of a pure material having
atomic or molecular weight (M) is easily computed from the following equation using
Avogadro number (Na):
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Fig. 1 Primary electron beam path between the apertures [1]

In case the density p of the substance is given, the atomic number density N, which
is the concentration of atoms or molecules per unit volume V, becomes a more conven-
ient quantity to compute. It can be found as

n _ PN, -3
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The original field of the Normalized Density Number is shown in Fig. 1. Here, the
microscope axis is shown by axial distance Z, which is also the primary path of the
electron beam between the apertures PLA 1 and PLA 2 within the range from 0 mm to
6 mm [1].
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2. Adjustment of Aperture PLA 2

The improved design of the differentially pumped chamber is based on the change of
the PLA 2 aperture shape. It was designed as a conical aperture and the cone was ex-
tended and placed into the supersonic flow area. Such a shape of the aperture protects
the area with a significant density increase, which was created by the flat aperture. The
modified conical aperture PLA 2 is shown in Fig. 2 [1].
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Fig. 2 Use of conical aperture PLA 2 for appropriate experimentally
obtained conditions [1]

This study concerns the impact of the conical aperture (PLA 2) shape change and
the impact of the mid-aperture distance on the formation of shock waves. In addition,
the Taylor-Maccoll theory was used to determine a final shape of the shock wave which
is formed behind the conical aperture. The effect of the pressure loss along the path of
an oblique shock wave on the mass flow into the tube was studied as well.

3. Taylor-Maccoll Analysis

Due to the pressure ratios, the flow behind the outlet of the aperture PLA 1 is supersonic.
In the design of the aperture PLA 2, it is necessary to take into account the angle of the
aperture cone PLA 2 which has an impact on the character of the shock wave emerging
in front of this cone. In the supersonic regime (Ma > 1), a shock wave is created in front
of the head of the aperture cone PLA 2.

Depending on the value of the Mach number and the value of the cone angle, two
basic shapes of the shock wave can take place: either an oblique shock wave or a de-
tached shock wave (Figs 3, 4). It is important to mention here that the oblique shock
wave does not cause as big pressure loss as the detached shock wave does [9].

Using an appropriate value of the cone angle, it is necessary to endeavor achieving
an oblique shock wave, because of a favorable flow character through the aperture
PLA 2.

The Taylor-Maccoll procedure of the flow calculation consists of four steps:
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* for the given values of the Mach number and cone angles, guess a shock angle
and use the oblique shock relations to determine velocity V downstream of shock.
Resolve into V: (radial) and Vs (angular),

* numerically integrate the Taylor-Maccoll differential equations for V: and Vp
(Egs (3) and (4)) from the shock wave until Vo = 0,
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angle,
e use isentropic relations to determine the flow variables along each ray.

v — specific heat ratio a — deflection angle

V - velocity Ve s
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8- ray angle

s — shock angle 02 :
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Fig. 3 Ratio of the flow velocity and the cone angle'

Fig. 4 shows the dependence of the limiting cone angle on the Mach number [9].
In the area above the curve, the detached shock wave is formed, while the oblique shock
wave is formed below the curve.

The information shown in Fig. 4 was used for choosing the shape of the conical
aperture PLA 2, the evaluation of the angle of the conical aperture and its location in
the supersonic flow. It is worth noting here that the pressure loss originates behind the
detached shock wave, which, in the given case, favorably affects the reduced flow to the
aperture PLA 2.

4. Aperture PLA 2 Versions

Two values of the conical aperture PLA 2 angle were chosen — 17° (Fig. 5 left) and 37°
(Fig. 5 right) — to evaluate how the shape and location of the mentioned aperture affect
the dispersion of the primary electron beam and mass flow rate to the tube through that
aperture. Both versions were analyzed for four different spacings between the apertures
PLA 1 and PLA 2, namely: 1.1 mm, 2.1 mm, 3.1 m, and 4.1 mm (marked as X on
Fig. 5).

Overall, eight models were evaluated which differed by the distance between the
apertures PLA 1 and PLA 2 and by the angle of the aperture PLA 2. These versions are

! https://www.grc.nasa.gov/WWW/k-12/airplane/coneflow.html
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listed in Tab. 1. Each version is characterized by the distance between the apertures and
the cone angle.

A numerical solution was obtained by the use of continuum and finite volume
methods in the ANSYS Fluent system. Because a supersonic flow is considered, the
density base model with the second order discretization was chosen.
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Fig. 4 Dependence of the cone angle on Mach number [9]
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Fig. 5 Angle adjustment of aperture PLA 2

Tab. I Models versions

Version | 1.1-17 | 1.1-37 | 21417 | 2.1-37 | 3.1-17 | 3137 | 41417 | 4137
Distancex |, | 11 2.1 2.1 3.1 3.1 41 41
[mm]
Angle [] 17 37 17 37 17 37 17 37
5. Results

For each model, five basic quantities were evaluated, namely: the gas flow velocity, the
normalized density number, the temperature, the pressure in the differentially pumped
chamber, and the mass flow from the aperture PLA 2 to the tube. An expected probabil-
ity of the electron dispersion was evaluated from the data about the flow along the
primary beam path.
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Fig. 6 shows the dependence of the gas flow velocity on the distance between the
PLA 1 and PLA 2. From the figure, it is obvious that the gas flow velocity decreases
as the distance from PLA 1 increases, whereas the model of 1.1 mm produces the lowest

flow velocity of 100 m s™! and the model with the longest distance of 4.1 mm and angle
-1

of 17° decreases that velocity up to the value of 28 ms
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Fig. 6 Graphic of dependence of gas flow velocity on distance from PLA 1

In the models with the aperture distance of 1.1 mm, 2.1 mm, and 3.1 mm, the ap-
erture PLA 2 intrudes into the area of the supersonic flow. This is why the flow braking
is more intensive than in the model of 4.1 mm.

The velocity gradient is also distinct for each of the models, from its highest value
to the lowest one. The models with the distance of 1.1 mm produce the highest gradient
values.

The velocity increase at the end of the curves is caused by the re-accelerating flow
which occurs in the aperture PLA 2.

Fig. 7 shows the gas particle density over the distance from the aperture PLA 1 in
the direction to PLA 2. The highest gas density in front of the aperture PLA 2 inlet
comes out in the model with the apertures distance of 1.1 mm, where the gas has the
highest density after the passage through the aperture PLA 1, because of the significant
gas braking from the high speed. This also applies to the model with the aperture PLA 2
angle of 17° and 37°. In other models, the braking from a high speed does not occur.
From the figure it is obvious that the gas density declines with the increasing apertures
distance.

In front of the inlet of the aperture PLA 2, the gas braking occurs, thus, the density
increases. The faster the braking, the higher the density, therefore, the density increase
within the distance between the apertures PLA 1 and PLA 2 declines.

Fig. 8 shows the temperature dependence on the distance from PLA 1, the temper-
ature is within the interval from —50 °C to —180 °C. The reason for the fast gas
temperature reduction is the supersonic flow. Due to this reason, all models have similar
temperature behavior up to its minimum. Upon reaching its minimum, the temperature
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begins to rise and with the increased distance between the apertures the temperature
changes slowly.

The pressure dependence on the distance from PLA 1 is shown in Fig. 9. As in case
of the gas particle density, the model with the aperture distance of 1.1 mm is the most
different, that is, it develops the largest pressure rise in front of PLA 2.
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Fig. 7 Graphic of gas density dependence on distance PLA 1
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Fig. 8 Graphic of temperature dependence on distance from PLA 1

The one main criterion - the probability of the electron dispersion, is derived from
the given pressure running on the primary electron beam path. The electron is directly
proportional to the product of the pressure values and the distance which an electron
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runs. Due to the significant initial dependence of the pressure on the distance offsets by
an electron from the PLA 2 up to PLA 1 (quantity d) can be expressed using integral:

P= px)dx . (5)
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Fig. 9 Graphic of pressure dependence on distance from PLA 1
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Fig. 10 Graphic of probability of electron dispersion of each version

From the values of the electron dispersion shown it is obvious that, as the distance
between the apertures PLA increases, the probability of the electron dispersion also in-
creases. This brings a negative effect in the form of a smaller amount of the impinging
electrons on the tested element and overall image deterioration. That is why it is desir-
able to keep the dispersion as little as possible.
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The second criterion is the mass flow rate through the aperture PLA 2 to the tube,
which is shown in Fig. 11 for all models. In case of a large value of the mass flow rate,
one is unable to maintain vacuum in the tube and the microscope would lose its function.

From the presented data, it follows that the mass flow rate of the gas in the direction
towards the aperture PLA 2 decreases as the distance between the apertures PLA 1 and
PLA 2 increases. It comes out that, for all the models, a bigger angle delivers a better
result due to the detached shock wave, behind which a bigger pressure loss occurs
[10-12]. The difference in the character of the shock wave being formed behind the
aperture PLA 2 becomes obvious from Fig. 12, which shows the iso-surface of the Mach
number with the angle of 17° (Fig. 12, left) and with the angle of 37° (Fig. 12, right).
The angle of 17° exhibits a more oblique character of the Mach number isosurface.
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6. Conclusions

From the results presented in this study, it follows that, as far as the first criterion is
concerned, the version with the distance of 1.1 mm between the apertures delivers the
least probability of the electron dispersion.

At the same time, as far as the second criterion is concerned, the version with the
aperture distance of 4.1 mm and angle of 37° provides the best mass flow rate in the
aperture PLA 2.

Since two different versions deliver the best results as far as the two criteria are
concerned, the version with the distance of 2.1 mm with the angle of 37° has been cho-
sen as a compromise between the two. This is because none of the two criteria can be
compromised.

This version will be used for the modernization of the actual version of the envi-
ronmental electron scanning microscope, whereas the sharpness of the image will be
experimentally verified.

To maintain a high level of defense, the usage of electron microscopy is absolutely
necessary in the military technology. This is also due to a wide range of possibilities
such a usage offers. One of the examples is the invention of a lightweight plastic with
the strength of steel for construction of a light armor, which absorbs projectile energy
well. This would not be possible without using an electron microscope.

Suffice it to say that the electron microscope Mini SEM was designed solely for
the purposes of the army in terrain.

Similarly, such army components as USAMRIID (United States Army Medical
Research Institute of Infectious Diseases) would not be able to perform without electron
microscopy. Among the success stories of the USAMRIID is using self-vaccine against
the Venezuelan equine encephalitis in 1971, which allowed to confine the epidemic in
the South of the United States.

Based on the above mentioned facts, electron microscopy is indispensable for the
army, in particular, for the Research Analytical Laboratory at the Department of Me-
chanical Engineering equipped with the top quality diagnostic technique and the
electron microscope Tescan VEGA 5135.
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