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Abstract:  

Environmental scanning electron microscopes offer wide possibilities for the exploration 
of various types of specimens, especially non-conductive and wet specimens containing 
different material phases. The evaluation of pressure on the secondary electrons 
trajectory is one of the important parameters in design of scintillation detector of 
secondary electrons. The final process is influenced by the size and the shape of the 
apertures used to separate areas with different pressure gradient. This article is focused 
on the comparison of the aperture with circular orifice and aperture with Laval nozzle. . 
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1. Introduction 
Scintillation and ionization detectors are used to detect secondary electrons. The 
ionization detector works on the principle of impact ionization. The scintillation 
detector contains a scintillator (e.g. YAG, CRY 18, etc.) which releases electrons 
when they hit a flash of light whose intensity is proportional to the energy of incident 
electrons [1]. 

The scintillator in the scintillation detector of secondary electrons is placed in a 
separately pumped chamber separated from the specimen chamber by apertures C1 and 
C2 (Fig. 1). Electric potential of hundreds of volts is applied on the apertures. 

                                                           
*  Corresponding author: Department of Electrical and Electronic Technology, Faculty of 

Electrical Engineering and Communication, Brno University of Technology, Technická 10, 
616 00  Brno, Czech Republic, phone: +420 54114 6129, E-mail: maxa@feec.vutbr.cz 



60 P. Vyroubal, J. Maxa, V. Neděla, J. Jirák and K. Hladká 
    

 

 

Apertures form electrostatic lens. Secondary electrons are directed by the electrodes to 
the lens in the mouth of the detector and then the electrons pass through it. Apertures 
also prevent gas flow from the sample chamber into the scintillator chamber. In the 
specimen chamber there is a gas pressure from 0.01 to 1,000 Pa.  

At the maximum pressure of 5 Pa in the scintillator chamber, a voltage up to 8 
kV can be attached to the scintillator without causing a gas discharge. This voltage 
accelerates the electrons through the apertures with an energy which is sufficient to 
generate scintillation. Photons created by scintillation are kept in the light guide into 
photomultiplier, where they are amplified and converted into an electrical signal [2]. 

 

Fig. 1 Functional scheme of the scintillation detector of secondary electrons 

The orifices of small dimensions are found in the construction of the electron 
microscope, where it is necessary to separate areas with a large pressure gradient 
without the possibility of perfect isolation (Fig. 2). The pressure in the fluid flow 
depends on the speed of flow. The higher the speed is, the lower gas pressure can be 
achieved by reducing the size of the orifice in apertures or changing their shape [3-5]. 
In terms of detectors, the following aspects are important: 

1. The pressure in the area of a scintillation crystal must be higher than 5 Pa to 
avoid electric discharge in the gas because of the high voltage on the 
scintillator (up to 8 kV). 

2. Average pressure on the trajectory of secondary electrons must be low to 
avoid scattering of electrons. 

2. Mathematical Interpretation 
For the modelling of individual apertures, the SolidWorks detector and SolidWorks 
Flow Simulation were used and thus the flow can be calculated using the finite 
volumes method. Flow Simulation solves a system of three partial differential 
equations, completed with a fourth equation of state. It is a type of three-dimensional 
flow of compressible viscous fluid. Basic equations describing the flow of viscous 
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compressible fluid written in conservative form are three conservation laws, law of 
conservation of mass, momentum and energy completed with the fourth equation of 
state of the considered fluid [6]. 

 

Fig. 2 Illustration of the detector and investigated apertures in Flow Simulation 

Continuity equation (1) expresses the law of conservation of mass and it takes the 
form 
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where ρd is the symbol of density, ui  is the velocity.  
Navier-Stokes equations (2) express Newton’s theorem applied to the change of 

momentum in the form 
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where p is the symbol of pressure, τij  is the viscous stress tensor. 
Energy equation (3) expresses the law of conservation of energy for compressible 

fluid and it takes the form 
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The equation of state (4) for the considered ideal gas is as follows: 

 
TR

Mp=dρ . (4) 

In the above mentioned equations ui is the fluid velocity, p is the fluid pressure, ρd the 
fluid density, M the molar mass of the fluid, T the temperature of the fluid, E the 
internal energy, Si the external mass forces (gravity, centrifugal), QH the supply and 
heat dissipation per volume unit, qi the flow heat, τij  the viscous stress tensor and 
indexes ij  indicate summation variables in three directions according to the coordinates 
(Einstein summation) [7]. 

3. The Mathematical-Physical Model 
The forces acting on a moving electric charge in an electromagnetic field can be 
expressed by the specific Lorentz force according to relation [8] 

 ( )BvEf ×+= ρe , (5) 
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where B is the magnetic flux density vector in the space of a moving electrically 
charged particle with the volume charge density ρ, v is the mean velocity of the 
particle, and E is the electric intensity vector [9]. Then, the specific force acting on the 
moving of electrically charged particles with charge qe and number Ne and – in the 
monitored area – with volume V is 
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d
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On the moving particle in the system A', the relativity effect from the place of the 
observer system A must still be applied. The model (6) includes this effect. In the 
example provided by reference [10], current density in the A system is J = ρ v, for 
mutually moving Cartesian coordinate system A-A´ in the component form [11] 

 tzzyyxx jcJJJ uuuuuuuuuuuuuuuu ρ ′+′+′+′=�J , (7) 

where J�  is the current density 4-vector, J´x,y,z are its components in the Cartesian 
coordinates A´, j is a symbol which indicates an imaginary part of the complex 
variable (in a harmonious state of phase-shifted by π/2), c is the velocity of light and 
ρ´ is the volume density of electric charge in the system A´. 

The continuity equation can be formulated as follows 
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After applying the Lorentz transformation to simplify the moving systems in the 
direction of x, current density (7) can be written in the form 
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where v is the instantaneous particle velocity module (system A) and vx  is its 
component in the direction of the x axis. To eliminate possible errors in the non-
dynamic system of Maxwell reduced equations, it is suitable to include the term which 
respects Faraday’s law of induction [11] 
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and for the magnetic field relation (10) 
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The complete Maxwell equations are covariant in all systems, therefore it is not 
important to specify the system within which the observer moves, because the 
described relations always hold true. After the derivation of the four-vector and 
respecting the Lorentz transformation [12], for the moving electric charge with density 
ρ from the viewpoint of two individual systems relatively moving at the velocity v of 
A and A´, the source current density is written in the form 
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where s is the position vector of a material point in the coordinate system A. Then 
equation (5) or (6) for the specific force acting on an elementary particle with an 
electric charge qe and current density vJ eeqN= is 

 ( )BvEvJf ×+= −1
e  (13) 

with respect to relative movement systems A-A´ the specific power is (14) 
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The total specific force acting on the moving electrically charged particles with respect 
to the velocity of moving electrically charged particles v in the magnetic field is: 
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where m is the particle mass which is given by the relation 
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Further qe is the electric charge of the moving particle, l is the damping coefficient, 
and k is the coefficient of stiffness of the ambient environment. Material relations for 
the macroscopic part of the model are represented by the expressions 

 HB rµµ0=  (17) 

and 

 ED rεε0= , (18) 

where the indexes of quantities of permeabilities and permittivities r denote the 
quantity of the relative value and the 0 value of quantity for vacuum. By applying the 
Galerkin method to find the functional minimum and respecting the boundary 
conditions, the numerical model is obtained as a system of non-linear equations. It will 
be possible to solve the system of equations using standard methods. 

The description of the coupled model with macroscopic properties is perceived in 
area ΩF with the pressure parameters which express a body balance (5) [11] 
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where ρd is the fluid density and v is the vector of instantaneous velocity. Stress tensor 
of the relationship (19) can be written as follows (generalized Hooke’s law) 

 eDT ⋅F= . (20) 

Specific deformation tensor is expressed in the form 
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Putting the stress tensor (20) and power density (15) into equation (19) and 
itemizing this equation we obtain 
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For Poisson ratio σ  applies 5.01 ≠∧−≠ σσ .  
This work does not deal with particle trajectories; however, it is focused on the 

evaluation of the pressure gradient in a small nozzle area. Then it is possible to 
linearize this model piecewise. 

4. Finite Element/Volume Method 
The finite volume method is a discretization method which is well suited for the 
numerical simulation of various types of conservation laws. It has been extensively 
used in several engineering fields, such as fluid mechanics, heat and mass transfer or 
petroleum engineering. Some of the important features of the finite volume method are 
similar to those of the finite element method. The method may be used on arbitrary 
geometries, using structured or unstructured meshes, and it leads to robust schemes.  

The finite volume method is a numerical method for solving partial differential 
equations that calculates the values of the conserved variables averaged across the 
volume. One advantage of the finite volume method over finite difference methods is 
that it does not require a structured mesh (although a structured mesh can also be 
used). Furthermore, the finite volume method is preferable to other methods as a result 
of the fact that boundary conditions can be applied noninvasively. This is true because 
the values of the conserved variables are located within the volume element, and not at 
nodes or surfaces. Finite volume methods are especially powerful on coarse non-
uniform grids and in calculations where the mesh moves to track interfaces or shocks 
[13-15]. The method is used in many computational fluid dynamics packages [16]. 

A supersonic flow created by apertures with circular orifices is accompanied by a 
local reduction in pressure (Fig. 3). This is an advantage in relation to the scattering of 
secondary electrons. There is a slight local decrease in pressure. Some energy is lost to 
the free expansion of gas around the nozzle mouth due to its geometry (Figs 4 and 5). 
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Fig. 3 The pressure as it passes through the first aperture (circular orifice) 

 

Fig. 4 The Mach number as it passes through the first aperture (circular orifice) 
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Fig. 5 Pressure profile and Mach number in apertures with circular orifice 

The energy lost in uncontrolled expansion allows the use of the Laval nozzle, which 
consists of a convergent part (tapers to a critical section) and divergent part, which 
directs the gas expansion to the critical cross section (Fig. 6). In the convergent part 
the gas reaches the critical speed and in the divergent part the gas is further accelerated 
(Fig. 7). 

 

Fig. 6 The pressure as it passes through the first aperture (Laval nozzle) 
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Fig. 7 The Mach number as it passes through the first aperture (Laval nozzle) 

The characteristic feature of the Laval nozzle is called a double expansion wave, 
which can be used to streamline the passage of the secondary electrons through the 
detector at a higher pressure in the specimen chamber (Fig. 8). Double expansion wave 
extends the area of low pressure. This affects the media pressure conditions entering 
into the second aperture and thus the pressure at the scintillator. 

 

Fig. 8 Pressure profile and Mach number in apertures with Laval nozzle. 
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5. Discussion 
The supersonic flow through the aperture can cause shock waves. This is a significant 
compression of gas at short distances, which may create a barrier to the passage of 
electrons. The shock wave is a step change value (pressure, density), and it creates a 
discontinuity which in the calculations by the finite volume method cannot be 
described without a correct approximation type. The second order upwind method was 
used to investigate shock waves. Figures 3, 4, 6, and 7 show us the pressure 
compression behind the aperture. It assumes that shock waves can occur in these 
places. 

6. Conclusion 
When setting up pressures in the range of 200 to 1000 Pa at the inlet of the scintillator, 
the results show that at the Laval nozzle pressure drops faster than at an aperture with 
a circular orifice. Due to the requirement to maintain the pressure on a lower trajectory 
of secondary electrons in the scintillator chamber, the aperture with the Laval nozzle 
appears to be better.  

Aperture C1 determines the pressure ratios across the detector. Gas that enters 
into it is moving into a critical state and moves at supersonic speed. Gas entering into 
aperture C2 is already moving at subsonic speeds, far below the Mach number. In 
some cases, swirls are formed directly in apertures or even before the entry into the 
first aperture, which again affects the pressure in the detector. 
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