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Abstract:
The article deals with the effect of the critical flow, which is examined at pumping of the
differential pumping chamber of the Environmental Scanning Electron Microscope
(ESEM). The article compares the state of the flow in the area of pumped chamber at
pressure ratio on the apertures when the critical flow occurs and its advantages in design of the chambers versus the flow without the clogging the nozzle. Problematics were
solved using finite volume method by Ansys Fluent system.
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1. Introduction
Using the Environmental Scanning Electron Microscope (ESEM) is possible to observe samples, which contain water in their natural condition [1]. This can be achieved
using a relatively high gas pressure in the specimen chamber, because examination of
biological samples in low pressure is not possible due to their desiccation. Another
advantage is that the sample does not need to be plated because it is not charged, thus
the electron beam does not deflect. This allows us to observe samples containing
greater or lesser quantity of water, liquid samples, and dielectric materials and after
some adjustments it is even possible to observe chemically active samples, chemical
reactions and biological processes.
Achieving and maintaining a higher pressure in the specimen chamber (as high as
the pressure of 3 000 Pa) separated from the low pressure within the area of the electron source from 10−3 Pa to 10−9 Pa puts specific requirements on the design of the
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microscope and its pumping system. The microscope needs to be divided using apertures containing holes in the order of tens to hundreds of micrometers forming the
differentially pumped chamber (PLA 1 and PLA 2 in Fig. 1) [2]. Using this way, we
can achieve the lowest pressure possible on the optical axis of the microscope which is
on the primary electron beam path, as well as we can maintain a high pressure in the
specimen chamber at the same time. Usually a system of rotary, diffusion or turbo
molecular vacuum pumps is used for the pumping of the interior of the specimen
chamber and the adjacent differentially pumped chamber, or ion vacuum pumps for
the source of electrons. In this case, it is still necessary to ensure the slowest desiccation of the sample possible.

Fig. 1 Primary electron beam passing through a high‐pressure environment
in the differentially pumped chamber of AQUASEM II
Due to the higher gas pressure in the ESEM specimen chamber, there is an increased occurrence of interactions of electrons with molecules and atoms of gases
(mainly water vapors) and subsequently the original primary electron beam diffuses [3]. The diffusion of primary electrons increases with increasing pressure, average
atomic number of gas, working distance and decreasing accelerating voltage of the
beam. This diffusion results in an increase in the diameter of the primary electron
beam trajectory. In construction of ESEM, it is necessary to choose properly previous
conditions. The non‐acceptance of the previous conditions has such an effect that the
signal/noise ratio in the detected signal is less favorable, and the final effect may deteriorate the resolution of the microscope [4].

2. AQUASEM
Environmental scanning electron microscope of AQUASEM type enables to observe
soft tissue samples, dynamic events and reactions occurring in a gaseous or humid
environment at higher pressure than before [5]. This is achieved through a unique
construction of the microscope that includes a differential pumped chamber, separating
the tube, where the vacuum is from the specimen chamber where there can be a pressure up to 2 000 Pa [6, 7]. The microscope is equipped with a combined signal
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electron detection system that allows recording the sample’s image in different contrast modes [8]. Monocrystalline backscattered electron detector incorporating a YAG
(Yttrium Aluminum Garnet) of a new type can change the contrast of the image by
changing the voltage on the electrodes. The microscope includes a sample cooling
device giving up to −30 °C and water vapor permeation and regulation equipment in
a specimen chamber working in any pressure range [9]. The limitation of a soft tissue
destruction during the pumping process is achieved by the developed method of
a cyclic flooding the sample using a water injection built into the specimen chamber.

3. Critical Flow
The gas flow in apertures has specific physical characteristics for given pressure ratios
called critical flow. The characteristic phenomenon, which also occurs in our case, is
a fast flow through the small aperture which separates significantly different pressures
in chambers [10]. The one‐dimensional flow of ideal gas gives us the basic idea.
The higher the pressure difference between both sides of the aperture is, the
higher the velocity of the flow within the aperture. However, this relation applies only
until the moment when the flow through the aperture reaches the velocity of 1 Mach.
Then the flow reaches the critical flow, meaning it cannot reach a higher velocity
within the aperture than the sound velocity, even when the pressure difference in between the chambers is increasing more. This also means the aperture cannot let pass
more gas per time unit through itself than the amount which passes the moment when
the gas flows through the aperture at the velocity of 1 Mach, therefore a pressure drop
occurs behind the aperture. To determine the mass flow rate of the gas through the
nozzle, we use the continuity equation applied in the output cross section of the nozzle. In the modified computational relationship, the mass flow rate through the nozzle
depends on the pressure and the density of a gas in the specimen chamber and on the
ratio of the pressure on the output of the nozzle and the pressure in the specimen
chamber. When the critical state of the flow happens in the output cross section, the
critical and its maximum mass flow rate occurs. Other diminution of the pressure of
the surroundings could not increase this flow rate – the additional expansion behind
the nozzle happens. These realities determine pressure ratios. The ratio of the pressure
behind the nozzle pa and the pressure in the specimen chamber in front of the nozzle po:

εa =

pa
.
po

(1)

The ratio of the critical pressure pcr and the pressure in the specimen chamber in
front of the nozzle po:
εcr =

pcr
.
po

(2)

The subsonic flow of the gas through the nozzle does exist in the range of the
pressure ratios 1.0 > εa > εcr = 0.5283 for κ = 1.4. Up to values of pressure ratios
εa < εcr, the critical mass flow rate of the gas remains constant.
Subcritical flow is for:
εa

≥

ε cr .

(3)
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The critical pressure ratio:
εcr =

p cr
po




 κ +1 

=

2

1
κ−1

.

(4)

In Fig. 2 there are Schlieren pictures, where shades correspond to the gradient of
the air refraction index and thus its density. Behind the aperture, there is the area of
supersonic flow with a lower pressure forms. The area of transition between lower and
higher pressure areas is the point where the flow velocity drops below the speed of
sound in a form of shock wave. It is a very thin area of increased density of gas. There
are different forms of a shockwave according to the pressure difference, the direction
of the flow and other effects.

Weak expansion

Strong expansion

Fig. 2 Critical flow [11]

In Fig. 2 is shown the flow of the real gas behind the output cross section, when due
to other expansion rises the area of supersonic flow, which is slowed down in shockwaves. The pictures of flowing flow from the symmetric tapering nozzle are shown in
Fig. 2. All developmental stages of the flow structure are well visible, as in case of:
• Weak expansion very close to the suggested regime
• Stronger expansion
• Formation of the shock wave
• Strong expansion and the existence of the shock waves
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4. Results
Boundary conditions of the numerical solution are shown in Fig. 3. The gas flow analysis was realized as a simulation of pumping of the differentially pumped chamber.
The analysis was solved using the mechanism of continuum method by the Ansys
Fluent system [12], which uses the finite volume method [13]. Because of the critical
flow which occurs in the examined area, the Density Based Coupled Calculation
Scheme with the second upwind discretization with the Advection Upstream Splitting
Method (AUSM) was used in the calculation [14, 15].

Fig. 3 Boundary conditions

Courses of the gas pressure and velocity in the primary beam path have been examined (Fig. 4) to evaluate the influence of critical flow. Results of the numerical
simulation shown in Figs. 5 and 6 prove that with the pressure values above 500 Pa in
the specimen chamber, the critical flow in the aperture PLA 1 rises.
The simulation of the flow by the Ansys Fluent system with given dimensions
and the shape of the differentially pumped chamber gives us results connected to the
critical flow at pressures above the 200 Pa in the specimen chamber. The result of the
solution is also determination of the pressure decrease behind the aperture PLA 1.
The result is that with every increase in the pressure ratio between the specimen
chamber and the differentially pumped chamber, the pressure drop behind the aperture
PLA 1 in the area with supersonic flow increases as well. As shown in Fig. 6, for specified boundary conditions of the solution at operating pressure within the specimen
chamber of 2 000 Pa, the pressure within the differentially pumped chamber drops
to 250 Pa and the pressure ratio is 0.125, i.e. there is an area of strong expansion behind the PLA 1.
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Fig. 4 Scheme of the primary beam path

Fig. 5 Course of gas velocity on primary beam path for 500 Pa variant (left)
and 2 000 Pa variant (right)

Fig. 6 Courses of gas pressure on primary beam path for cases of 500 Pa variant (left)
and 2 000 Pa variant (right)
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Fig. 7 Color image of the pressure distribution for cases of 500 Pa (left) and 2 000 Pa
(right) with shockwave structures

Fig. 7 shows the pressure distribution for two cases of pressure in specimen
chamber 500 Pa and 2 000 Pa. Further on, the shockwave is not shaped into a thin
zone but into a cloud‐like area with an increased pressure. The reason for that is the
low ambient pressure behind the aperture. The supersonic flow is always slowed down
the area of subsonic flow in shockwaves. Because of the average pressure decrease on
the primary electron beam path, the effect mentioned above is applicable when constructing the differentially pumped chamber.
For the given example, it is possible to verify critical quantities according to
principles and relationships for the one‐dimensional flow:
The critical pressure comes from:
pcr = 0.528 p0 .

(5)

In the case of 2 000 Pa in the specimen chamber, the critical pressure is:
pcr = 1 056 Pa, which respond to the value shown in the graphics in Fig. 6 right.
In the case of 500 Pa in the specimen chamber, the critical pressure is:
pcr = 264 Pa, which also respond to the value shown in the graphics in Fig. 6 left.
It is also appropriate to express the value of the critical velocity. In fact, that the
critical velocity is not the function of the pressure but the temperature, it is possible to
use the following equation:

Vcr =

2κ
RT0
κ +1

Vcr = 313.2 ms

(6)

−1

The result responds to the values shown in graphics in Fig. 5.
From the comparison of the critical pressure values and of the critical velocity
follows, that the one‐dimensional flow provides the same results with the modeling by
the CFD system.

5. Knudsen Number
Since it is about the calculations in the area of low pressures is necessary to evaluate
the value of the Knudsen number, for the evaluation of the flow character in the solving area, whether it is continuous area where Stock‐Navier equations apply.
The Knudsen number should be checked [16] by Eq. (7).
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λ
.
(7)
L
where λ is the mean free path of gas molecules [m] and L is the characteristic dimension [m].
Kn =

λ=

kT
2πδ2 p

.

(8)

where k is the Boltzmann constant, T is the absolute temperature [K], δ is the gas molecule diameter [m], p is the pressure [Pa]. According to the value of the Knudsen
number, it is possible to evaluate the character of the flow. It applies:
Kn < 0.1
Continual (viscous) flow
0.1 < Kn < 0.5
Transitional flow
Kn > 0.5
Molecular flow

Fig. 8 Knudsen number for chosen variants

The course of the Knudsen number along the primary electron beam path (see
Fig. 4) is shown in Fig. 8. The results show that up to a value of the pressure of 200 Pa
in the specimen chamber, the flow in the calculating area has the character of a mechanism of continuum. If the specimen chamber pressure is less than 200 Pa, the value of
the Knudsen number is in the transition flow range in some places. This case is shown
in Fig. 8 in the 50 Pa variant. It is true that even in this variant of 50 Pa in the specimen chamber the value of the Knudsen number is not in the molecular flow, but only
in the transitional flow area, but for this reason the results will be checked on the experimental model.
The course of the Knudsen number determines the possibilities of use of CFD
simulations for solving of the gas flowing at low pressures. The results show that for
a given example of a differential chamber construction, in a variation where the spec-
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imen chamber has a pressure lower than 200 Pa, flow occurs in the character of the
transient flow in some areas. CFD does not provide corresponding results here.
For this reason, the experimental measuring will be done on the experimental
chambers made for this purpose, to verify current results. On these experimental
chambers will be mapped the character of the flow also for variants below 200 Pa in
the specimen chamber, where transitional flow occurs. These results will be compared
with the results obtained from CFD for this area, where CFD might have problem
because of the value of the Knudsen number above 0.1.

6. Conclusions
Due to the wide possibilities, which the electron microscopy offers, is its using in the
military totally necessarily to maintain the defense on the high level. One of the inventions that would not be possible without the electron microscopy is the development of
the composite plastic, which is equal with its strength to the steel, but is much lighter
and transparent. This plastic was created by scientist at the University in Michigan, by
mimicking the molecular structure which was found in seashells. The invention should
lead, for example, to designing lighter and stronger armors for soldiers or police and of
course also for their vehicles. The effort is to make this material absorb the energy
from the projectile. US Department of Defense is interested in this field in the development of more effective armor for unmanned aircrafts of the air forces, but also for
the vehicles and other fields of armed forces.
For the purposes of the army for using in terrain was also directly developed
electron microscope Mini SEM.
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