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Abstract 
 

          Capillary-array windows have garnered significant interest in the realm of plasma 

processing and semiconductor fabrication. One potential application of these windows is their use 

in enabling the transmission of optical radiation produced by plasma processing systems while 

simultaneously safeguarding the substrate being exposed to these radiation from damage caused 

by high-energy electrons, ions, and neutral particles generated in the plasma. 

          The hypothesis of this study posits that capillary-array windows would exhibit superior 

optical transmission capabilities in the ultraviolet (UV) and vacuum-ultraviolet (VUV) range in 

comparison to solid thin films. Furthermore, it is believed that the transmission efficiency of the 

capillary-array windows can be maximized by optimizing their dimension and the experimental 

settings while still maintaining a substantial pressure differential between two regimes. 

          Three types of capillary-array windows were considered, classified according to their pore 

size: nanoporous, microporous, and milliporous. The nanoporous capillary-array windows were 

found to behave similarly to solid thin films, with low transmission of optical radiation in the 

ultraviolet (UV) and vacuum-ultraviolet (VUV) range. In contrast, the microporous and 

milliporous capillary-array windows exhibited UV and VUV transmission efficiencies of up to 

approximately 58.93% and 44.87%, respectively. 

          This work employed a fractional-factorial design method to investigate the effect of various 

factors on the optical transmission through capillary-array windows. These factors included pore 

diameter, window thickness, open area ratio (OAR), exposed area, wavelength of incident 

radiation, and incident angle of radiation. Subsequent statistical analyses, including effect analysis, 

ANOVA, and regression analysis, were conducted to determine the optimal optical transmission 
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through microporous and milliporous capillary-array windows. The results showed that the 

optimal optical transmission through microporous capillary-array windows was 59.24%, which 

closely aligned with the theoretical maximum of 60%. Similarly, the optimal optical transmission 

through milliporous capillary-array windows was found to be 45.03%, which aligned well with 

the theoretical maximum of 44%. 

          In addition to the optical transmission measurements, several rounds of pressure tests were 

conducted on the capillary-array windows to evaluate their mechanical durability. The windows 

were subjected to two initial pressure differentials: (1) 10−6 torr to 20 mtorr, which mimics the 

condition of optical transmission measurements through the capillary-array windows in the 

Electron Cyclotron Resonance (ECR) plasma system, and (2) 20 mtorr to 760 torr, which is the 

pressure range required for generating UV and VUV radiation. All capillary-array windows were 

observed to withstand these pressure differentials without any failure. Further pressure tests were 

conducted to investigate the maximum pressure differential that capillary-array windows could 

withstand before failure. The results revealed that the capillary-array windows demonstrated a high 

tolerance for pressure differentials of several hundred of psi without experiencing any failure.  
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Chapter 1 - Introduction 
 

1.1 Motivation 
 
 

          Plasma processing has a wide range of applications in the semiconductor industry where it 

is used for, but not limited to, fine line-pattern definition, selective processing over topography, 

planarization, and resist stripping.[1] During processing, semiconductor materials are often exposed 

to plasma-generated ultraviolet (UV) and vacuum-ultraviolet radiation (VUV), as well as electrons, 

ions, and neutral particles that can lead to damage to the materials under exposure.[2] Also, 

experiments with optical-radiation sources often require separation of a region of relatively high 

pressure from a low-pressure region while allowing transmission of radiation between regions.[3] 

Traditional techniques using thin solid films of various materials, such as aluminum, carbon, and 

tin to transmit radiation limits the VUV spectrum from X rays (in the range of 0.01 to 10 nm) to 

about 70 nm. [3] Indium and LiF are suitable materials for thin solid windows for transmitting 

radiation greater than 80 nm in wavelength. [3] However, these thin solid windows, which are not 

fabricated as capillary arrays have drawbacks. Some of these windows can withstand only a small 

pressure differential, while some of them can only provide limited transmission over a relatively 

narrow spectral range especially above approximately 100 nm. [3] Previous work has shown that a 

microporous capillary-array window in conjunction with a VUV source at 104.8 nm and 106.6 nm 

in wavelength from an argon plasma can be used as a transmission window with roughly 50% 

transmission efficiency. [3,4,5] In this work, multiple capillary-array windows as well as thin solid 

films with a range of pore dimensions, thicknesses, and materials, will be investigated to see if 
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they can couple VUV radiation more effectively at the same wavelengths and other wavelengths 

while still holding a pressure differential between two systems. 

          On one hand, with a small pore size, a window will be able to slow the transmission of large 

particles, which makes it a protective layer to prevent damage to targets. On the other hand, making 

a comparison to solid windows, a thinner window with a large amount of open area should result 

in higher UV and VUV transmission, which makes it appropriate for several applications such as 

gas sensing or mass spectrometry. [6] Of course, there is a tradeoff with the highest-pressure 

differential such a window can support. The thicker and more porous the window is, the higher the 

pressure differential it can hold. However, the optical transmission will be limited when the 

thickness increases. but if it is more porous, it could be improved.  Therefore, it is critical to find 

a balance between obtaining the optimal UV and VUV transmission while still holding a pressure 

differential. This indicates that it is important to know how to choose window dimensions, such as 

the pore diameter, the thickness, the open area, as well as other important factors, such as the 

wavelength of the incident radiation, the exposed area, and the incident angle of the radiation.  

 



 

 

3 

1.2 Hypothesis and tasks 
 
 

          We hypothesize that porous capillary-array windows and thin solid films will both be able 

to transmit UV and VUV, but that porous capillary-array windows will exhibit a better 

transmission efficiency than thin solid films while still holding a significant pressure differential 

between atmosphere and vacuum. The UV and VUV transmission efficiency of the capillary-array 

windows can be optimized by modifying the pore dimensions, percentage of open area, thickness 

of the window, total exposed area, as well as the incident angle and the wavelength of the UV 

and/or VUV. We also need to examine the total exposed area when doing the pressure tests to get 

an idea of how large it can be while still holding the pressure differential.  

          The following tasks will be undertaken to prove the above hypothesis. If confirmed, they 

will provide us with methods that can select optimized UV and VUV transmission properties over 

a given wavelength range using either/or capillary-array windows and thin solid-film windows.  

1. To the gas-flow rates through capillary-array windows and solid windows, the pressure at 

break of the capillary-array windows, and optical transmission through them as a function 

of wavelength. 

2. To design fractional-factorial experiments to reduce the number of trials for the UV and 

VUV transmission measurements while still letting us find the optimum choices of factors, 

which are, but not limited to: pore diameter, thickness, the percentage of opening area, the 

total exposed area, as well as the angle and the wavelength of incident radiation, will be 

undertaken. 

3. To experimentally measure the UV and VUV transmission efficiency through both 

capillary-array windows and solid windows.  
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4. To evaluate the weight of each factor and each of their interactions and to estimate the 

effects of the factors. To use statistical models to analyze the results of the fractional-

factorial design to estimate the combination of factors that output the optimized optical 

transmission through the capillary-array windows.  

5. To experimentally measure the pressure differential across both capillary-array windows, 

and to test out the maximum pressure differential that one window can hold before break.  

 

The organization of this document is as follows. 

          Chapter I defines the motivation, hypothesis, and tasks for this work.   

          Chapter II is the background for this work. It includes a brief overview of the capillary-array 

windows that will be used as the experimental samples. Next, a general introduction to the light 

source, ultraviolet (UV) and vacuum-ultraviolet (VUV), is presented. Finally, the applications of 

the capillary-array windows in the industry are presented.  

          Chapter III will look into the details of theoretical calculations of this work. The calculation 

of gas-flow rate through a capillary-array window and the pressure at break of a capillary-array 

window are included to estimate how much the pressure differential a given capillary-array 

window can hold. Next, the calculations of optical transmission through both capillary-array 

windows and thin solid windows as a function of wavelength and incident angle are presented and 

discussed.  

          Chapter IV introduces the experimental methods and setups used in this work. As many of 

the devices were built and methods were developed specifically for this work, characterization and 

design choices are presented and discussed. In details, the descriptions of a capillary-array window 

holder, the description of the UV source, and the configuration of an Electron Cyclotron 



 

 

5 

Resonance (ECR) system which generates plasma that will be used as the VUV source in this work 

are introduced. To enhance the ability of detecting signals, specific signal collection and digital-

signal processing methods are also described and tested. Fractional-factorial-experimental-design 

methods are also introduced in this chapter to give us the experimental results with fewer data 

collected instead of taking all possible experiments. 

          Chapter V examines the optical transmission through both capillary-array window samples 

with several dimensional parameters, such as pore diameters, thickness and the open area ratio 

(OAR) of the window, as well we several system parameters such as the total exposed area, the 

wavelength and the incident angle of the radiation. The examinations on thin solid windows with 

the same parameters were also implemented so as to be compared with the capillary-array windows. 

          Chapter VI presents the statistical analysis on the experimental results of both optical 

transmission and pressure differential. The optimized responses, as well as the weighs of each 

factor and their interactions were determined by the statistical analysis.  

          Chapter VII examines the pressure differential across the same capillary-array window 

samples as those being used to measure the optical transmission. Maximum pressure differential 

over the window samples were obtained by breaking the samples.  

          Chapter VIII presents the conclusions drawn from this work as well as a discussion of the 

future work. 
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Chapter 2 – Background 
 

2.1 Capillary-array windows 
 
 

          A traditional technique for transmitting UV and VUV radiation while holding a high-

pressure differential is using free-standing thin solid films with differential pumping. However, 

without the help of differential pumping, films ranging from thicknesses a few nanometers to 

several micrometers have several drawbacks which are: (1) limited spectral ranges that can be 

transmitted, and (2) limited pressure differentials can be withstood as reported by previous work. [1] 

In addition, some of these windows can be easily corroded and contaminated by oxidation and 

other reactions.  

          An alternative option is the use of capillary-array windows, [1] an example of which is shown 

in Figure 2.1, which allows VUV transmission and still holds a pressure differential. In Figure 

2.1(a), the dimension of the capillary-array window is 2 x 2 cm in area. The pore size is 50 𝜇𝑚 in 

diameter, which is not visible to the naked eye. An enlarged SEM photograph of this capillary-

array window that allow us to see pores through the window is also shown in Figure 2.1(b). With 

the help of differential pumping, a higher-pressure differential between atmospheric pressure and 

low vacuum can be achieved for proper operation of various devices. Capillary-array windows 

with a range of pore sizes in addition to ranges of open area and thickness can provide us with 

broad spectral transmission capabilities in the VUV range while they are often able to separate 

higher pressure regions, as reported in previous work.[1] 
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   Figure 2.1(a). A capillary-array window sample          Figure 2.1(b). SEM photograph of a 

                                                                                          capillary-array window with 50 𝜇𝑚  

                                                                                          in pore diameter 

 

          As per J. D. Chatterton [1], a capillary array with 1 mm thickness, 20 𝜇𝑚 in pore diameter 

and 53% in open area ratio was able to couple approximately 50% of the VUV with a wavelength 

in a range from 104 to 108 nm into a separate processing chamber with different pressure. Previous 

work also reported that capillary-array windows made of perforated stainless steel can transmit 

radiation at 121.6 nm although no details of the properties of the capillary arrays were given. [2] 

Here, we will explore the transmission of radiation over a wider range of wavelengths through 

capillary-array windows with different dimensions while still holding a pressure differential.  

          In this work, three categories of capillary-array windows, which are classified by the 

dimension of the pores, will be used. They are nanoporous windows [3], microporous windows [5], 

and milliporous windows, the latter produced with 3D printing. 
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2.1.1 Nanoporous capillary-array windows 
 

          The nanoporous capillary-array windows used in this work were manufactured by Smart 

Membranes GmbH and are made of alumina. The pores are etched to be parallel and completely 

straight through the alumina during the manufacturing process. A general layout of the film with 

some defined quantities is shown in Figure 2.2. 

 

Figure 2.2. General layout of nanoporous alumina film  

           

          Figure 2.3 shows two SEM photographs of the capillary-array windows that were used in 

this project, which are SmartPor25 and SmartPor40. [3] Both of these two are straight-through 

capillary windows. The thickness, the porosity and the pore dimension of the windows are listed 

in Table 2.1 below.  
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Figure 2.3. SmartPor25 and SmartPor40 [3] 

 

Table 2.1. Nanoporous straight-through capillary-array window parameters [3] 

 

          As per K. Nielsch et. al, [4] formation of porous alumina using the anodization of aluminum 

method [4] will be able to fabricate an alumina window having well-arranged hexagonal arrays with 

circular pores in the center of each hexagon. The porosity of such a hexagonal structure, P in 

percentage, can be found using equation (2.1) 

                           𝑃 =  
2𝜋

√3
(

𝑟

𝐷𝑖𝑛𝑡
)

2

                                                              (2.1) 

from reference 4, where r is the radius of the pores in nanometers and 𝐷𝑖𝑛𝑡  is the interpore distance 

in nanometers.  
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Figure 2.4. Hexagonal nanoporous cells with holes in the center of the hexagons [4] 
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2.1.2 Microporous capillary-array windows 
 

          The microporous capillary-array windows used in this work were fabricated by Collimated 

Holes, Inc. and made of borosilicate glass. [5] The etchable pores are individually straight through 

and parallel. The diameter variation along a capillary is typically less than 2%. [5] 

          Each individual capillary is treated as a unit cell, with the hollow part referred to as the core 

and the surrounding by the solid medium referred to as the cladding, which are both shown on 

Figure 2.5.  

 

Figure 2.5. Core and Cladding 

          The open-area ratio (OAR) of a single pore is defined as the ratio of the cross-sectional 

surface area of the core to that of the entire cross-sectional surface area (core plus cladding). [5] 

Since the capillaries are evenly distributed along the entire fabricated window, the OAR of the 

entire window can then be calculated using the following universal expression [5] shown in 

equation (2.2)  

    𝑂𝐴𝑅 =  
𝐴𝑐𝑜𝑟𝑒

𝐴𝑐𝑜𝑟𝑒+𝑐𝑙𝑎𝑑
×  100% =   

𝐴𝑜𝑝𝑒𝑛

𝐴𝑡𝑜𝑡𝑎𝑙
 ×  100%                            (2.2) 

where 𝐴𝑜𝑝𝑒𝑛  represents the open area over the entire window, and 𝐴𝑡𝑜𝑡𝑎𝑙  represents the entire area 

of the window.  
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          The dimensions of the microporous capillary-array windows used are listed in Table 2.2 

below. As will be discussed later, the reason why these four microporous windows were chosen 

for this work is to undertake the fractional-factorial experimental design, which will be introduced 

in Section 4.5 of Chapter 4.  

         An SEM photograph of CHS50T500 taken under the microscope is also shown in Figure 2.6.  

 

 

Table 2.2. Properties of microporous-glass capillary-array windows 

 

Figure 2.6. Hexagonal holes for glass microporous capillary-array windows  

(Photo taken using an optical microscope) 
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2.1.3 Milliporous capillary-array windows 
 

The resin used for 3D printing is a standard UV-curing photopolymer resin, Elegoo ABS, 

which is opaque, and UV “prohibited”, so that it allows the incident light to be transmitted only 

through the pores rather than through the solid part of the window. However, to verify how much 

incident UV and VUV are transmitted through the cladding and how much is transmitted through 

the pores, the signal loss for transmission through solid 3D-printed windows with different 

thicknesses will also be measured.  

            The dimensions of the 3D-printed millimeter-porous capillary-array windows used in this 

work are listed in Table 2.3. Due to the resolution limit of the 3D printer (Elegoo Mars) that we 

are using, thinner windows and those with smaller pores cannot be made with this printer. 

Fortunately, a larger OAR can be achieved by adjusting the interpore distance if needed. (The 3-

D printed capillary-array windows were made with the help of Josh Blatz, one of our colleagues 

in the lab.) In addition, the reason why we chose these parameters of the milliporous capillary -

array windows is also due to the designs of the fractional-factorial experiments, which will be 

introduced in Section 4.5 of Chapter 4. 

 

 

Table 2.3. 3D printed milliporous capillary-array window dimensions 
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2.2 Ultraviolet (UV) and Vacuum-Ultraviolet (VUV) radiation 
 
 

          Optical radiation within the electromagnetic spectrum includes ultraviolet (UV) radiation, 

visible light, and infrared radiation. UV is defined as that radiation between 100 and 400 

nanometers (nm) in wavelength.[6] It is characterized further according to wavelength into long-

wave UV (UV-A, 315-400 nm), medium-wave UV (UV-B, 280-315 nm), short-wave UV (UV-C, 

200-280 nm), vacuum-ultraviolet (VUV, 100-200 nm), extreme-ultraviolet (EUV, 10-121 nm) etc. 

[7]  

          UV radiation is present in sunlight and constitutes about 10% of the total electromagnetic 

radiation output from the sun. [7] It can be also produced by electric arcs and specialized lights, 

such as mercury-vapor lamps, tanning lamps, and black lights. [7] The UV radiation that was used 

in this work is in the range of short-wave UV (UV-C, 200-280 nm), and it is produced by a low-

pressure, cold-cathode mercury UV Pen- Ray lamp.  

          More energetic, vacuum-ultraviolet (VUV, 100-200 nm), ionizes gases so strongly that is 

mostly absorbed by atmospheric oxygen, while 150-200 nm wavelengths can propagate through 

nitrogen. [7] Therefore, when detecting the VUV radiation, it is preferred to operate in high-vacuum 

chambers, or at least in an oxygen-free atmosphere. In this work, the VUV radiation is produced 

in a vacuum chamber under 20 mTorr by plasma, and the pressure of VUV radiation detecting 

system is controlled under 10-6 torr so that most of the VUV radiation can propagate in the 

chambers without being absorbed.  
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          Because of its ability to cause chemical reactions and excite fluorescence in materials, 

ultraviolet radiation has a number of applications in some specific wavelength bands. For example, 

in the range of 200-400 nm wavelength, UV radiation can be used in disinfection, decontamination 

of surfaces and water, protein analysis, medical imaging of cells, and various optical sensors. [7] In 

the semiconductor industry, both the UV and VUV in the range of 30-200 nm wavelength can be 

used in multiple applications, such as photoionization, ultraviolet photoelectron spectroscopy, and 

standard integrated circuit manufacture with photolithography, [8] a general term used for 

techniques that use this radiation to produce patterned thin films of suitable materials over a 

substrate, such as a silicon wafer, and to protect selected areas of it during subsequent etching, 

deposition, or implantation operations in integrated circuit manufacturing. Very importantly, the 

wavelength of radiation used determines the minimum feature size of the integrated circuit. 
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2.3 Applications of capillary-array window 
 
 

          The capillary-array window has many applications in industry including semiconductor 

techniques, biotech engineering, and material science. Capillary-array windows can be used for 

time of flight (TOF) mass spectrometry, neutron detection, microfluidic analysis and so on. [9]  

          In addition, a method called capillary electrophoresis (CE) [10], uses capillary-array windows 

to separate ions based on their electrophoretic mobility with an applied voltage. Since the 

electrophoretic mobility of an ion depends on the charge, the viscosity and the size of the ion, and 

the rate at which the ion moves being proportional to the intensity of the applied electric field, we 

have the following facts: (1) the greater strength of the electric field, the faster the ion moves. (2) 

For two ions with the same charge, but different masses, the smaller one moves faster and exhibits 

less friction. (3) For two ions of the same mass, the one with greater charge moves faster. [11] 

Capillary-array windows also have an advantage because of their thin dimensions, which greatly 

increases its surface to volume ratio, so that it helps to reduce the overheating on one side of the 

window introduced by a high voltage in capillary electrophoresis (CE). [11] 

          In the semiconductor industry, capillary-array windows can be also used to minimize 

charged-particle bombardment effects during plasma processing while letting the plasma 

generating optical radiation through. Since the charged-particle bombardment effects can likely 

damage the wafer while photons are being transmitted as well, such as the process of dry etch in 

the photolithography, in this work, we investigated the effectiveness of the capillary-array 

windows to partially block the charged particles while still let the photons through.  
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Chapter 3 – Theoretical Calculations 
 
          The capillary-array windows are primarily used here to separate the low-pressure (from 

0.001 to 0.1 mTorr) region from relatively high pressure (~20 mTorr) where a VUV source is 

located while allowing transmission of radiation between regions. Therefore, to determine if a 

capillary-array window is compatible for this purpose, two parameters need to be considered, 

which are (1) the pressure differential that can be supported by the window and (2) the optical 

transmission through the window.  

          To calculate how much pressure differential a capillary-array window can hold, it is 

necessary to calculate the gas-flow rate through the capillary-array windows and compare it with 

the pumping speed.[1] Then, it is also important to know the maximum pressure differential a 

capillary-array window can hold before failure.  

          In addition, the calculation of optical-transmission efficiency is needed to determine how 

much radiation can be transmitted and whether it is optimized for maximum transmission while 

holding a given pressure differential. To compare the transmission through a capillary-array 

window made with a solid film that has the same thickness, the optical transmission through solid 

films will also be calculated in this chapter to develop more reference results for comparison.  
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3.1 Calculation of gas-flow rate and pressure at break of a capillary-

array window 

 

3.1.1 Gas-flow rate 

          In general, there are three types of gas flow considered in a vacuum system regarding the 

pressure level. They are viscous flow, transition flow, and molecular flow. [2] Viscous flow occurs 

at the higher pressures, where the mean free path Λ <  0.09𝐷, where D represents the diameter of 

a tube. Under viscous-flow conditions, the gas molecules are colliding with each other more 

frequently than with the surfaces of the tubes. [2] Under viscous flow, there are two other conditions, 

turbulent and laminar flow. There is a number, called the Reynolds number, that can be used to 

determine whether a viscous flow is laminar or turbulent. [4]  

          The Reynolds number is dimensionless and is defined as [5] 

Rey =  
𝑣𝜌𝐷

𝜇
= 21.2 

𝜌𝑄

𝜇𝐷
                                                     (3.1)  

where 𝜐 is the fluid velocity in (𝑚/𝑠), 𝜌 is the fluid density in (𝑘𝑔/ 𝑚3), D is the diameter in (mm) 

of the tube, and 𝜇 is the dynamic viscosity in (𝑘𝑔/𝑚 ∙ 𝑠). The fluid velocity is defined as 𝑣 =

 𝑞 𝐴⁄  with flow rate q in units of (𝑚3 𝑠⁄ ), and the tube cross-section 𝐴 =  𝜋(𝐷 2⁄ )2. The fluid 

velocity is then calculated to be 𝑣 = 21.2 𝑄 𝐷2⁄  with volumetric flow rate Q in liters per minute 

(lpm). Therefore, the Reynolds number is calculated to be Rey = 21.2(𝜌𝑄 𝜇𝐷⁄ ) . When the 

Reynolds number is less than 2300, the flow is in the laminar regime, when the Reynolds number 

goes over 2300 and less than 4000, it is in the transition regime, and when the Reynolds number 

is greater than 4000, it is in the turbulent regime. [6] In this work, we used argon gas, which has the 

density 𝜌𝐴𝑟 = 1.86 (𝑘𝑔/ 𝑚3), and the dynamic viscosity 𝜇𝐴𝑟 = 2.22 × 10−5 (𝑘𝑔/𝑚 ∙ 𝑠). Thus, 

in our case, we have Rey𝐴𝑟 = 1780 (𝑄 𝐷⁄ ) in our case in terms of the gas flow rate Q in liters per 
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minute (lpm) and the tube diameter D in (mm). When the pressure drops still further and the gas 

flow reaches the lower end of the viscous-flow regime, there is a region where the flow changes 

from viscous flow to molecular flow.  This does not occur at a fixed spatial point.  Instead, it 

transitions from one flow to the other. This region is called the transitional-flow region, and it 

occurs when 0.09𝐷 <  Λ <  𝐷, where Λ is the mean free path and D represents the diameter of 

the tube in meters. [2] At the lower-pressure regime, when Λ ≫ 𝐷,  the gas flow changes to 

molecular flow. The majority of the molecules do not actually flow straight-through the tube. 

Instead, the gas molecules collide with the inner surfaces of the tube more often than they collide 

with other gas molecules. Therefore, the type of flow will be dependent on the magnitude of the 

pressure differential through a tube. [2] 

          A capillary-array window can be treated as a window consisting of multiple tubes in parallel. 

The diameter of the tubes can be in the range of millimeters, micrometers or even nanometers. For 

calculating the gas-flow rate through an entire window, we can start with a single tube. [7] 

          The gas flow 𝑄1 (𝑡𝑜𝑟𝑟 ×  𝐿𝑖𝑡𝑒𝑟 × 𝑠𝑒𝑐−1 ) and the gas flow rate 𝑅1(𝑐𝑚3 × 𝑠𝑒𝑐 −1), over a 

wide range of conditions, through a single tube of diameter D (cm) and length L (cm) with a 

pressure 𝑃1 at the high-pressure end and 𝑃2 at the low-pressure end can be calculated by using the 

expression [7] 

             𝑄1 (𝑡𝑜𝑟𝑟 ×  𝐿𝑖𝑡𝑒𝑟 × 𝑠𝑒𝑐−1) 

=  
133 × 752 × 10−6𝜋𝐷4

128𝜂𝐿
𝑃𝑎𝑣  ∆𝑃 + 103𝐾  (

1 + 𝐾1𝐷𝑃𝑎𝑣

1 + 𝐾2𝐷𝑃𝑎𝑣

)
𝐷3

𝐿
 ∆𝑃               (3.2𝑎) 

             𝑅1 (𝑐𝑚3  ×  𝑠𝑒𝑐−1) =  
𝜋𝑃𝑎𝑣𝐷4

128𝜂𝐿
 +   

𝐾𝐷3

𝐿
(

1 + 𝐾1𝐷𝑃𝑎𝑣

1 + 𝐾2𝐷𝑃𝑎𝑣

)                                                (3.2𝑏) 
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where 𝑃𝑎𝑣 = (𝑃1 +  𝑃2)/2  (𝑡𝑜𝑟𝑟), ∆𝑃 =  𝑃1 −  𝑃2 (𝑡𝑜𝑟𝑟),  and 𝜂  is the viscosity of the gas in 

poises. 𝜂𝑎𝑖𝑟~1.85 × 10−5 (𝑃𝑎 ∙ 𝑠) and. 𝜂𝑎𝑟𝑔𝑜𝑛 ~2.27 × 10−5 (𝑃𝑎 ∙ 𝑠).  [18] The constants 

𝐾, 𝐾1,𝐾2 are determined with the following three expressions [7] 

𝐾 =  
√𝜋

6
 √

2𝑘𝑇

𝑚
       (𝑐𝑚/𝑠𝑒𝑐)                                                         (3.3) 

𝐾1 =  
7.5 × 10−4

𝜂
 √

𝑚

𝑘𝑇
       (𝑡𝑜𝑟𝑟 ×  𝑐𝑚)−1                                 (3.4) 

𝐾2 =    1.24𝐾1                                                                                      (3.5) 

where m is the molecular mass in grams, k is Boltzmann’s constant in joules, and T is the 

temperature in degrees K, given a room temperature at 300 K. 

          In equation (3.2a), the first term represents the pressure-dependent viscosity flow, which 

will dominate at higher pressures, and the second term represents molecular flow, which dominates 

as the average pressure 𝑃𝑎𝑣 → 0.  As mentioned, the region that is between the viscous-flow regime 

and the molecular flow regime is the transitional-flow region. The pressure in the transitional-flow 

region, where these two terms are roughly equal, is called the transition pressure, and the 

relationship between the diameter D of the tube and the mean free path Λ𝑡𝑟  at the transition 

pressure is given by [7]  

Λ𝑡𝑟 = 0.09𝐷                                                                       (3.6) 

         From the different working conditions of the three gas-flow types mentioned above, the gas 

flow is the greatest in the viscous-flow region because the gas density is the highest, and the 

smallest in the molecular-flow region, and in between for the transition-flow region. [3] 
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          Thus, calculating the gas flow of a single tube will help us to understand in which pressure 

regime the flow along the tube will be. After that, to estimate the total gas flow of the capillary-

array window, we need to know the number of tubes N in an array of area A, which is given by: 

𝑁 =  (𝑂𝐴𝑅 × 𝐴) (𝜋(𝐷 2⁄ )2)⁄                                                      (3.7) 

where OAR is the open area ratio defined in equation (2.2) in Chapter 2.  Therefore, from equations 

(3.2a) and (3.7), the total gas flow of the array can be obtained by: [7] 

   𝑄𝑡𝑜𝑡𝑎𝑙_1 =  𝑄1  ×  𝑁                                                                                                                                      

=  𝑁
133 × 752 × 10−6𝜋𝐷4

128𝜂𝐿
𝑃𝑎𝑣 ∆𝑃 + 103𝑁𝐾  (

1 + 𝐾1𝐷𝑃𝑎𝑣

1 + 𝐾2𝐷𝑃𝑎𝑣

)
𝐷3

𝐿
 ∆𝑃                            

=  
𝑂𝐴𝑅 × 𝐴 × 𝐷 × ∆𝑃

𝐿
[
133 × 752 × 10−6𝐷

32𝜂
𝑃𝑎𝑣 +   (

1 + 𝐾1𝐷𝑃𝑎𝑣

1 + 𝐾2𝐷𝑃𝑎𝑣

)
103𝐾

𝜋
 ]       (3.8) 

          From equation (3.8), we notice that the gas flow is proportional to the product of the total 

open area A, the open-area ratio OAR, the diameter D, and the pressure differential divided by the 

length L which is in turn multiplied by the pressure-dependent term, which can be expressed as a 

function of 𝑃𝑎𝑣𝐷 by 

𝑓(𝑃𝑎𝑣𝐷) =
133 × 752 × 10−6

32𝜂
𝑃𝑎𝑣 𝐷 +  (

1 + 𝐾1𝐷𝑃𝑎𝑣

1 + 𝐾2𝐷𝑃𝑎𝑣

)
103𝐾

𝜋
                     (3.9) 

          Therefore, with OAR, A, D and L being constants, the conductance and 𝑓(𝑃𝑎𝑣𝐷)  are 

positively related, which means low gas-flow will be achieved when 𝑓(𝑃𝑎𝑣𝐷) is low.  



 

 

24 

  

Figure 3.1. 𝑓(𝑃𝑎𝑣𝐷) as a function of 𝑃𝑎𝑣𝐷   

          In our case of using argon at the room temperature 300 K, Figure 3.1 shows 𝑓(𝑃𝑎𝑣𝐷) is 

plotted as a function of 𝑃𝑎𝑣𝐷. Noticed that the unit of 𝑃𝑎𝑣𝐷 is 𝜇𝑏𝑎𝑟 ∗ 𝑐𝑚. In Figure 3.1, the red 

star represents the spot where Λ = 𝐷, and the blue star represents the spot where Λ = 0.09𝐷 . 

Therefore, the left side of the red star is where the molecular-flow regime is located. To the right 

side of the blue star is where the viscous-flow regime is located. The region between the stars is 

the transitional-flow regime. From Figure 3.1, we can see the low 𝑓(𝑃𝑎𝑣𝐷) is achieved in the 

molecular-flow region, where the condition Λ ≫ 𝐷 is applied.  

          Then, the total gas flow 𝑄𝑡𝑜𝑡𝑎𝑙_2 through a capillary-array window with molecular flow 

dominating as 𝑃𝑎𝑣 → 0 now becomes:  

    𝑄𝑡𝑜𝑡𝑎𝑙_2 (𝑡𝑜𝑟𝑟 ×  𝐿𝑖𝑡𝑒𝑟 × 𝑠𝑒𝑐 −1) =  
𝑂𝐴𝑅 × 𝐴 × ∆𝑃

𝐿
 (

1 + 𝐾1𝐷𝑃𝑎𝑣

1 + 𝐾2𝐷𝑃𝑎𝑣

)
103𝐾𝐷

𝜋
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                                = 103𝐾𝐷
𝑂𝐴𝑅 × 𝐴 × ∆𝑃

𝜋𝐿
                                              (3.10) 

          The same analysis can be also applied to the calculation of the total gas-flow rate through 

the entire capillary array. From equations (3.2b) and (3.7), the total gas flow rate 𝑅𝑡𝑜𝑡𝑎𝑙_1 through 

the capillary array can be obtained by 

   𝑅𝑡𝑜𝑡𝑎𝑙_1 =  𝑅1  ×  𝑁 =  𝑁
𝜋𝑃𝑎𝑣𝐷4

128𝜂𝐿
 +   

𝑁𝐾𝐷3

𝐿
(

1 + 𝐾1𝐷𝑃𝑎𝑣

1 + 𝐾2𝐷𝑃𝑎𝑣

)                                    

=  
𝑂𝐴𝑅 × 𝐴 × 𝐷

𝐿
[
𝑃𝑎𝑣𝐷

32𝜂
+   

4𝐾

𝜋
(

1 + 𝐾1𝐷𝑃𝑎𝑣

1 + 𝐾2𝐷𝑃𝑎𝑣

) ]                             (3.11) 

          Then, the total gas-flow rate 𝑅𝑡𝑜𝑡𝑎𝑙_2 through a capillary-array window with molecular flow 

dominating as 𝑃𝑎𝑣 → 0 can be calculated by 

𝑅𝑡𝑜𝑡𝑎𝑙_2 =  
4𝐾 × 𝑂𝐴𝑅 × 𝐴 × 𝐷

𝜋𝐿
                                                  (3.12) 

          Besides using a solid window to sustain a high pressure differential, if we want a capillary -

array window to sustain a high-pressure differential with minimum pumping requirements, this 

requires a low gas-flow rate (𝑅𝑡𝑜𝑡𝑎𝑙_2). One way to achieve this is to choose a small tube diameter, 

a smaller OAR, or a long tube length. This length is equal to the thickness of the capillary-array 

window since the tubes are straight through the window, to assure operation in the molecular-flow 

region. 

          Therefore, with the total gas flow 𝑄𝑡𝑜𝑡𝑎𝑙 _2  and the total gas-flow rate 𝑅𝑡𝑜𝑡𝑎𝑙_2  through a 

capillary-array window shown in equations (3.10) and (3.12), as well as a given pumping speed, 

we will be able to know if the capillary-array window is able to hold a pressure differential and 

what the dominant gas-flow type is occurring inside the tubes.   

          In our ECR system, which will be introduced in Chapter 4, the pressure on one side of the 

capillary-array window is about 2 × 10−2   Torr, controlled by the pumping rate of a mechanical 
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pump, a turbo pump, as well as the feed-in gas rate of a mass-flow controller to feed in the argon 

gas to the chamber that produces VUV radiation. On the other side of the capillary-array window, 

the pressure is about 10−6 Torr, which is controlled by another mechanical pump and turbo pump. 

Thus, the estimated pressure drop is about 2 × 10−2  Torr when we do the measurements of the 

VUV radiation transmission.  

          From equation (3.12), using a milliporous capillary-array window with 1 𝑚𝑚  in pore 

diameter, 1 𝑚𝑚 in thickness, OAR 20%, and a total exposed area with 5 mm in radius as an 

example, the total pumping rate needed for maintaining a pressure differential between 2 × 10−2 

and 10−6 torr is calculated to be 0.0074 𝑚3 ℎ⁄ . Using the same capillary-array window to hold a 

pressure differential between atmospheric pressure at 760 torr and a vacuum under the pressure at 

2 × 10−2  torr with a total exposed area with 5 mm in radius as an example, the total pumping rate 

needed for maintaining the pressure differential is calculated to be 36.3032 𝑚3 ℎ⁄ . As will be 

mentioned in Chapter 4, the mechanical pump that is used in our system can provide with a 

pumping rate of 110 𝑚3 ℎ⁄ . This means that the gas-flow rate calculated by the above examples 

for maintaining the pressure differential through the milliporous capillary-array window is in the 

normal operating range of the mechanical pump. Therefore, the milliporous capillary-array 

window mentioned above is able to hold the pressure differential.  

          In addition, as the microporous and nanoporous capillary-array window samples used in this 

project have much smaller pore diameters and similar thicknesses to the milliporous capillary -

array window, when substituting their dimensions to the calculation, the gas-flow rate turns out to 

be much smaller than the pumping rate provided in our system in the range of 

10−5  𝑚3 ℎ⁄ . Therefore, we can draw the conclusion that all capillary-array windows used in our 
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project can sustain the pressure differential mentioned above with the mechanical pump operating 

in the normal condition.  
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3.1.2 Pressure at Break 

          It is challenging to make an accurate calculation for the maximum pressure differential a 

capillary-array window can withstand before failure, which is called pressure at break, because the 

maximum pressure differential a capillary-array window can withstand depends on the specific 

characteristics of the material, the dimensions of the capillary-array window, and the 

manufacturing process used to produce it. For example, the microstructure of the capillary-array 

window, the distribution of the pores, manufacturing method, defects, and any other post-

processing steps and other forms of material degradation that may have happened will all affect 

the exact mechanical properties of the porous materials.  

          In general, the following factors need to be considered when calculating the maximum 

pressure differential that a capillary-array window can withstand before failure. 

(1) Pore size: The maximum pressure differential that a capillary-array window can withstand 

generally increases with decreasing pore size. However, excessively small pore sizes can 

lead to clogging and reduced permeability, which can reduce the overall effectiveness of 

the window.  

(2) Thickness of the capillary-array window: The maximum pressure differential that a 

capillary-array window can withstand generally increases with increasing thickness. 

However, excessively thick windows can be more brittle and prone to cracking or 

shattering, especially if the material is not uniform or has internal defects. [20] 

(3) Density of the capillary-array window: The maximum pressure differential that a capillary-

array window can withstand generally increases with increasing density. However, 

excessively high-density windows may also be more brittle and prone to cracking or 

shattering under stress. [20] The density of the capillary-array window can be determined 
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by the porosity, or open area ratio (OAR), of the window, because the capillary-array 

window made of Alumina (Al2O3) as an example, can be considered as a combination of 

Alumina and air.  

(4) Microstructure and composition of the material: These can affect the mechanical properties 

of the capillary-array window, such as strength, elasticity, and toughness, and therefore 

impact its ability to withstand pressure differentials. 

(5) Manufacturing process: The manufacturing process used to produce the capillary-array 

window can affect its microstructure, composition, and overall quality, which can impact 

its strength and ability to withstand pressure differentials. 

(6) Operating conditions: The specific operating conditions of the application, such as 

temperature, pressure, and chemical environment, can also impact the strength and 

integrity of the window material and its ability to withstand a pressure differential. 

(7) Loading conditions: The way in which the pressure is applied to the capillary-array window 

can also affect its ability to withstand pressure differential. For example, cyclic loading, 

high impact loading, or loading from multiple directions can all impact the window's 

strength and ability to withstand pressure differential. [20] 

 

          In industry, a wide range of mechanical testing methods can be used to measure the behavior 

of a porous material under different stresses directly, using techniques such as compressive testing, 

Brazilian disc testing, and 3-point bending test. [20] From these methods, we can obtain the stress-

strain curve, which describe the relationship between the magnitude of the force applied to the unit 

area of the material and the deformation (strain) caused by the force. The measurements and the 

data collection can be performed using an Instron 8562 and Bluehill software, [20] which records 
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the loadings and measures the deformation. For example, applying a quasistatic compression test, 

the stress can be calculated from the ratio of the actual load to the cross-sectional area, and the 

strain can be obtained by measuring the displacement of the crosshead. [20] Therefore, to obtain the 

most accurate theoretical calculation of the maximum pressure differential that a capillary-array 

window can withstand before failure without a mechanical testing can be complex.  

          However, from what has been discovered in previous work, [20], [22], [23] there is a method for 

an approximate estimation of the maximum pressure differential a capillary-array window can 

withstand before failure with considering the following factors (1) Pore size of the capillary-array 

window; (2) Thickness of the capillary-array window; (3) Relative density of the capillary-array 

window. 

          Assuming that (1) The pores are distributed uniformly throughout the capillary-array 

window; (2) The window is under uniaxial stress; (3) The pressure differential is evenly applied 

to the surface of the capillary-array window, which means the exposed area is not considered in 

the estimation. With the assumption listed above, the estimation of the maximum pressure 

differential a capillary-array window can withstand before failure can be determined by 

∆𝑃 (𝑝𝑠𝑖) =  18.1979 ×
𝐷𝑒𝑛 × 𝑇2

𝐷𝑖𝑎
+ 67.1989                                   (3.13)  

where  ∆𝑃 is the maximum pressure differential in psi of a capillary-array window can withstand 

before failure, Den is the relative density in g cm3⁄  of the capillary-array window made of 

Alumina (Al2O3), T is the thickness in cm of the capillary-array window, and Dia is the pore 

diameter in cm of the capillary-array window. It should be noted that equation (3.13) is a fitted 

equation obtained from the previous work. [20], [22], [23] 
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          Using the microporous capillary-array windows that have been explored in our project as an 

example, when applying the equation (3.13) to calculate the maximum pressure differential that 

these microporous capillary-array windows can withstand before failure, the results of the 

calculation are shown in Table 3.1 below.  

 

 

Table 3.1 Calculation results of pressure at break for microporous capillary-array windows 

          However, the accuracy of equation (3.13) may depend on other factors, such as the geometry 

and distribution of the pores, the manufacturing process of the capillary-array window, and the 

operating conditions under which the capillary-array window is being used. Therefore, equation 

(3.13) should be considered an estimate. To obtain a more accurate estimate, it may be necessary 

to perform additional mechanical tests or simulations to evaluate the specific performance 

characteristics of the capillary-array window. Therefore, physical pressure tests have been 

implemented for the capillary-array windows, and the experimental results will be presented in 

Chapter 7 to see how they match the estimation.  
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3.2 Calculation of optical transmission 

 
          In addition to the gas flow through the window and the maximum pressure a capillary-array 

window can hold before failure, the optical transmission of a capillary-array window consisting of 

multiple tubes of inner diameter D and the length L also needs to be calculated. In this work, the 

following assumptions and approximations have been made for calculating the optical 

transmission:  

(1) Here we consider two light sources, (a) the UV radiation at 253 nm from a mercury UV Pen-

Ray lamp and (b) the VUV radiation at 104.8 nm and 106.6 nm from the ECR plasma, which 

will be introduced in Section 4.1.2 and 4.1.3, respectively. We assume that each of the light 

sources is a combination of individual point sources, and each individual point source emits 

spherical waves. 

(2) We assume that the spherical wave becomes a plane wave when it hits the capillary-array 

window. The reason is that the distance between the light source and the capillary-array 

window is 50 cm, while the wavelength of the radiation of interest is about 100 to 300 

nanometers, so the curvature of the wavefront is very small when it hits the capillary-array 

window. This assumption applies to all the capillary-array windows in our experiment.   

(3) We consider the condition that there is an angle between the direction of the propagation of 

the incident radiation and the capillary-array window surface.  

(4) For the capillary-array windows, there are holes (pores) that are defined as nanoporous, 

microporous, and milliporous. Since the wavelength of the radiation that we are considering is 

in the UV and VUV range, which is 100 to 300 nm, we calculate the optical transmission 

through nanoporous windows using wave optics, while we calculate the optical transmission 

through both microporous and milliporous windows using ray optics because the wavelengths 
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we are interested in are much smaller than the size of the pores in these microporous and 

milliporous capillary-array windows.  
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3.2.1 Calculation of optical transmission through thin solid windows 
 

          Before calculating the optical transmission through capillary-array windows with a range of 

pore sizes, thicknesses, and open areas, etc., we start with the calculation of optical t ransmission 

through solid windows to give a reference for how much radiation can transmit through a solid 

window of a given thickness without any pores. Therefore, when calculating the optical 

transmission through the capillary-array windows, we can focus on the radiation that only 

transmits through the pore area.    

          To calculate how much radiation can be transmitted through a thin solid window, we need 

to consider the following things: 

(1) Reflection at the interface of the free space and the window surface. We need to calculate 

how much radiation is reflected when it first hits the surface of the solid window .  

(2) Propagation loss inside the solid material. The radiation that is successfully transmitted 

through the interface of the free space and the solid window is going to propagate through 

the solid material of the window. Because the window is made of dielectric material, that 

has some loss, then when the radiation propagates through the inside of the solid window, 

the signal will decrease in amplitude.   

(3) Reflection at the interface of the solid window and the free space. When the radiation gets 

to the end of the solid window, the reflection occurs again, and thus only part of the 

radiation is transmitted to free space.  

 

      3.2.1.1 Reflection at the input interface of free space and the window surface 

          To start with, the reflection at the input of the window from free space needs to be considered. 

Let 𝑃𝑤𝑖𝑛𝑑𝑜𝑤  be the total power of the incident radiation hitting on the entire solid window. 
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Applying the law of conservation of energy, the radiated power from a light source can be 

expressed as 

𝑃 =  ∫ 𝑆 ∙  𝑑𝐴⃗                                                                    (3.14) 

Where 𝑆 is the Poynting vector of the incident radiation as a function of position, and 𝑑𝐴⃗ is a 

vector differential area element of the solid window surface. Since the solid window is cuboid, we 

use a rectangular coordinate system as shown in Figure 3.2 to calculate the power that hits the 

entire solid window.  

 

Figure 3.2. Rectangular coordinate system for the solid window 

 

          In the rectangular coordinate system shown in Figure 3.2, the origin O is also where the light 

source is.  The Z axis goes through the center of the solid window, and 𝑧0 is the distance between 

the light source and the solid window. We assume the width of the window to be 2𝑥0 and the 

height of the window to be 2𝑦0 , therefore the area of the cross-section of the solid window is 4𝑥0𝑦0. 
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          Here, shown in Figure 3.2, we consider that there is an incident angle 𝛼 on the X-Z plane 

between the direction of the propagation of the radiation and the surface of the solid window. 

When the incident angle 𝛼 is zero, the incident radiation propagates along the Z axis, which means 

that the incident radiation is perpendicular to the solid window.  

          Since we have also assumed that the radiation becomes a plane wave at the window surface, 

which means the power density is uniform over the entire solid window. Therefore, the total power 

of the incident radiation hitting on the solid window surface, 𝑃𝑤𝑖𝑛𝑑𝑜𝑤 _𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒, can be expressed 

as 

𝑃𝑤𝑖𝑛𝑑𝑜𝑤 _𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 = ∫ 𝑆 ∙ 𝑑𝐴⃗                                                                                       

=  ∫ ∫ (𝑆 ∙ 𝑛̂)𝑑𝑥𝑑𝑦
𝑦0

−𝑦0

𝑥0

−𝑥0

                                                               

=   ∫ ∫ |𝑆|(𝑠̂ ∙ 𝑛̂)𝑑𝑥𝑑𝑦
𝑦0

−𝑦0

𝑥0

−𝑥0

                                                         

=   |𝑆| ∫ ∫ (𝑠̂ ∙ 𝑛̂)𝑑𝑥𝑑𝑦
𝑦0

−𝑦0

𝑥0

−𝑥0

                                                        

= 4𝑥0𝑦0 |𝑆| cos 𝛼                                                              (3.15) 

          In equation (3.15), 𝑆 is the Poynting vector, and 𝑑𝐴⃗ is a vector differential area element of 

the solid window surface. |𝑆| is the power density in the unit of 𝑤𝑎𝑡𝑡𝑠 𝑚2⁄ , 𝑛̂ represents the unit 

vector normal to the solid window surface, and 𝑠̂ represents the unit vector of the incident Poynting 

vector. The dot product of 𝑠̂ and 𝑛̂ becomes cos 𝛼 because there is an incident angle 𝛼 between 

the Z-axis and the direction of the propagation of the radiation. The power density |𝑆| is a constant 

because the plane wave has a uniform power density over the entire capillary-array window surface.  
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          After finding 𝑃𝑤𝑖𝑛𝑑𝑜𝑤_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒  from equation (3.15), which is the total power of the 

radiation incident on the entire solid window, we need to calculate how much radiation is reflected 

and how much radiation is transmitted through the interface of the free space and the solid window 

surface. 

          Figure 3.3 shows the reflection and the transmission occurring at the interface of free space 

and the solid window. The incident radiation comes from the upper left, and the reflected radiation 

goes to the lower left. The transmitted radiation into the solid window goes to the lower right. Here, 

𝜃𝑖 is the incident angle, 𝜃𝑟  is the reflected angle, and 𝜃𝑡 is the transmitted angle. 𝑛1 is the refractive 

index of air in the free space, which is on the outside of the solid window, and 𝑛2 is the refractive 

index of the material that the solid window is made of, which is alumina in our case.  

 

Figure 3.3 Reflection and transmission occur at the interface 
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          Here, we define the reflectance as 𝑅𝑟𝑒_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒  to represent how much radiation will be 

reflected back to free space after the scattering occurs at the interface of the free space and the 

entrance to the solid window, and the transmittance 𝑇𝑡𝑟_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒  to represent how much radiation 

is transmitted into the solid window. Starting from the Snell’s law of reflection, [8] we have 

𝜃𝑟 = 𝜃𝑖                                                                     (3.16) 

where 𝜃𝑖  represents for the incident angle of the radiation, and 𝜃𝑟  represents for the reflected angle 

of the radiation. From the Snell’s law of refraction, [8] we have 

𝑛1 sin 𝜃𝑖 = 𝑛2 sin 𝜃𝑡                                                         (3.17) 

where 𝜃𝑡 is the transmitted angle. 𝑛1 is the refractive index of air in the free space, and 𝑛2 is the 

refractive index of the material of the solid window.  

          In our case, the solid window is made of alumina, and we are considering the VUV radiation 

at 105 nm in wavelength and UV radiation at 253 nm in wavelength. The refractive index of 

alumina is approximately 1.92 at 104.8 nm in wavelength, 1.97 at 106.6 nm in wavelength and 

1.76 at 253 nm in wavelength. [15] With the refractive index of air in the free space, 𝑛1 , is 

considered 1.0, total internal reflection will not occur when the radiation enters the solid window 

from free space because the refractive index of alumina at either wavelength is greater than the 

refractive index of air in the free space. However, when the radiation incidences at Brewster angle, 

[16] it will be perfectly transmitted through the dielectric window surface with no reflection. The 

Brewster angle is determined by [16] 

𝜃𝐵 = tan−1 (
𝑛2

𝑛1

)                                                            (3.18) 

where 𝑛2 is the refractive index of the alumina, and 𝑛1 is the refractive index of air in the free 

space. Given the refractive index of alumina at these wavelengths, we have            



 

 

39 
𝜃𝐵 = 62.5°    (𝜆 = 104.8 𝑛𝑚) 

𝜃𝐵 = 63.1°    (𝜆 = 106.6 𝑛𝑚) 

𝜃𝐵 = 60.4°    (𝜆 = 253.6 𝑛𝑚)                                               (3.19) 

          Therefore, when the incident radiation at certain wavelengths with the corresponds to the 

Brewster angle listed in equation set (3.19) from the free space, it will be perfectly transmitted into 

the solid window without any reflection.  

          Now, besides the Brewster’s angle, if the radiation is incident at other angles, a more general 

case comes from the Fresnel equations, 𝑅𝑟𝑒_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 and 𝑇𝑡𝑟_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒  can be determined by [14] 

𝑅𝑟𝑒_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 = ||
𝑛1 cos 𝜃𝑖 − 𝑛2√1 − (

𝑛1
𝑛2

sin 𝜃𝑖 )
2

𝑛1 cos 𝜃𝑖 + 𝑛2√1 − (
𝑛1
𝑛2

sin 𝜃𝑖 )
2
||

2

                                (3.20) 

𝑇𝑡𝑟_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 = 1 − 𝑅𝑟𝑒                                                                                   (3.21) 

           Therefore, given an incident angle 𝜃𝑖 = 𝛼 and from the equations (3.20) and (3.21), we can 

determine both the transmittance and the reflectance when the incident radiation hits the solid 

window surface from free space. Since the total power of the incident radiation hitting on the solid 

window surface, 𝑃𝑤𝑖𝑛𝑑𝑜𝑤_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 , has been given in equation (3.15), the power of the radiation 

that enters the solid window after the scattering occurs at the interface, 𝑃𝑤𝑖𝑛𝑑𝑜𝑤 _𝑖𝑛 , can be 

determined by 

𝑃𝑤𝑖𝑛𝑑𝑜𝑤_𝑖𝑛 = 𝑇𝑡𝑟_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 𝑃𝑤𝑖𝑛𝑑𝑜𝑤 _𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒                                  (3.22) 

          In addition, if the incident angle is at the Brewster angle, then the power of the radiation that 

enters the solid window, 𝑇𝑡𝑟_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 in equation (3.22) will be considered equal to 1.0, and then 

𝑃𝑤𝑖𝑛𝑑𝑜𝑤_𝑖𝑛 = 𝑃𝑤𝑖𝑛𝑑𝑜𝑤_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒                                        (3.23) 
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      3.2.1.2 Propagation inside the solid window 

          After the radiation gets into the solid window, there will be some loss during its propagation 

inside the solid window. In the rectangular coordinate system shown in Figure 3.2, the general 

expression for the electric field 𝐸⃗⃗(𝑥,𝑦, 𝑧) can be written as [8] 

𝐸⃗⃗(𝑥,𝑦, 𝑧) = 𝑥̂𝐸𝑥 (𝑥, 𝑦, 𝑧) + 𝑦̂𝐸𝑦(𝑥,𝑦, 𝑧) + 𝑧̂𝐸𝑧(𝑥, 𝑦, 𝑧)                       (3.24) 

where 𝐸𝑥 (𝑥,𝑦, 𝑧), 𝐸𝑦 (𝑥,𝑦, 𝑧) , 𝐸𝑧(𝑥, 𝑦, 𝑧) are the electric field components in the X, Y, and Z 

directions, and 𝑥̂, 𝑦̂, 𝑧̂ are the unit vectors in the X, Y, and Z direction. Therefore, the ratio of the 

electric field 𝐸1
⃗⃗⃗⃗⃗(𝑥, 𝑦, 𝑧) after propagating the distance z in the Z direction to the electric field 

𝐸0
⃗⃗⃗⃗⃗(𝑥, 𝑦, 𝑧 = 𝑧0) at 𝑧0, which is the distance between the light source and the entrance to the solid -

window surface as shown in Figure 3.2, can be written as 

𝐸1
⃗⃗⃗⃗⃗(𝑥, 𝑦, 𝑧)

𝐸0
⃗⃗⃗⃗⃗(𝑥,𝑦, 𝑧 = 𝑧0)

~𝑒−𝑗𝑘⃗⃗ 𝑟                                                   (3.25) 

where the wave vector and the distance vector can be written as  

𝑘⃗⃗ = (𝑘 sin 𝛼 , 0, 𝑘 cos 𝛼)                                                    (3.26) 

𝑟 = (𝑧 tan 𝛼 , 0,𝑧)                                                         (3.27) 

where 𝛼 is the incident angle of the radiation, which in our case, is after the refraction occurs at 

the entrance to the solid window, the incident angle now becomes 𝛼 = 𝜃𝑡, as shown in Figure 3.4. 

In equation (3.26), k is the propagation constant, which can be expressed as  

𝑘 = 𝜔√𝜀0 𝜀𝑟𝜇 = 𝜔√𝜇𝜀0(𝜀𝑟
′ − 𝑗𝜀𝑟

′′)                                  (3.28𝑎) 

𝑘 = 𝑅𝑒(𝑘) + 𝑗𝐼𝑚(𝑘)                                                (3.28𝑏) 

where 𝜔 = 2𝜋𝑐 𝜆⁄ , c is the speed of light, and 𝜆 is the wavelength of the incident radiation. In 

equation (3.28a), 𝜇 is the permeability of the material of the solid window, 𝜀0 is the permittivity 
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in vacuum, and 𝜀𝑟 is the relative permittivity of the solid window. Because the solid window is 

made of alumina, which is a dielectric material, 𝜀𝑟  is imaginary. Thus, it can be written as 𝜀𝑟
′ −

𝑗𝜀𝑟
′′, where 𝜀𝑟

′ is the real part, and 𝜀𝑟
′′ is the imaginary part. Since the propagation constant, k, is 

also a complex number, it can be also written as what has been shown in equation (3.28b).  

 

Figure 3.4 Vectors of the electric field at the entrance of the windows 

 

          Giving an example at 253.6 nm in wavelength, the permittivity in vacuum 𝜀0 =

8.85 × 10−12  𝐹 𝑚⁄ , the relative permittivity 𝜀𝑟  of the solid window made of alumina is 3.1875 −

 𝑗0.04942 F/m, [15] and the permeability is 𝜇0 = 4𝜋 × 10−7 𝐻 𝑚⁄ , the propagation constant k can 

be solved as 4.4255 × 107 − 𝑗3.4305 × 105  (radians/m) from equation (3.28a). Therefore, 

𝑅𝑒(𝑘) = 4.4255 × 107, and 𝐼𝑚(𝑘) = −3.4305 × 105.  

          Substituting equations (3.26) and (3.27) into equation (3.25), we have  

𝐸1
⃗⃗⃗⃗⃗(𝑥, 𝑦, 𝑧)

𝐸0
⃗⃗⃗⃗⃗(𝑥,𝑦, 𝑧 = 𝑧0)

~𝑒−𝑗𝑘𝑧(sin 𝛼 tan 𝛼+cos 𝛼) = 𝑒−𝑗𝑘𝑧 cos𝛼⁄                        (3.29) 
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where the incident angle 𝛼 = 𝜃𝑡, and then substituting equation (3.28b) into equation (3.29), we 

have 

𝐸1
⃗⃗⃗⃗⃗(𝑥,𝑦, 𝑧)

𝐸0
⃗⃗⃗⃗⃗(𝑥,𝑦, 𝑧 = 𝑧0)

~𝑒−𝑗𝑅𝑒(𝑘)𝑧 cos 𝛼⁄ 𝑒𝐼𝑚(𝑘)𝑧 cos 𝛼⁄                             (3.30) 

          In equation (3.30), it indicates that when the radiation propagates through the solid window, 

it travels in the Z direction by 𝑒−𝑗𝑅𝑒(𝑘)𝑧 cos𝛼⁄  and decays by 𝑒𝐼𝑚(𝑘)𝑧 cos 𝛼⁄ . Therefore, the ratio of 

the amplitude of the electric field after propagating to the amplitude of the electric field at the 

entrance of the window can be written as 

|
𝐸1
⃗⃗⃗⃗⃗(𝑥, 𝑦, 𝑧)

𝐸0
⃗⃗⃗⃗⃗(𝑥,𝑦, 𝑧 = 𝑧0)

| = 𝑒𝐼𝑚(𝑘)𝑧 cos𝛼⁄                                     (3.31) 

          Now, let L be the thickness of the solid window, when the radiation propagates to the end 

of the solid window, the decay of the electric field can be written as  

𝐷𝑒𝑐𝑎𝑦𝐸 =  |
𝐸1
⃗⃗⃗⃗⃗(𝑥, 𝑦, 𝑧 = 𝑧0 + 𝐿)

𝐸0
⃗⃗⃗⃗⃗(𝑥, 𝑦, 𝑧 = 𝑧0)

| = 𝑒𝐼𝑚(𝑘)𝐿 cos 𝛼⁄                          (3.32) 

          Because the power of the electric field is proportional to |𝐸⃗⃗|
2
, from equation (3.32), the 

decay of the power of the electric field when the radiation propagating to the end of the solid 

window can be written as 

𝐷𝑒𝑐𝑎𝑦𝑃 = 𝑒2𝐼𝑚(𝑘)𝐿 cos 𝛼⁄                                                   (3.33) 

          Therefore, the power at the end of the solid window after the propagation, 𝑃𝑤𝑖𝑛𝑑𝑜𝑤_𝑒𝑛𝑑 , can 

be expressed as 

𝑃𝑤𝑖𝑛𝑑𝑜𝑤_𝑒𝑛𝑑 = 𝑃𝑤𝑖𝑛𝑑𝑜𝑤_𝑖𝑛𝐷𝑒𝑐𝑎𝑦𝑃                                          (3.34) 

where 𝑃𝑤𝑖𝑛𝑑𝑜𝑤_𝑖𝑛 can be found in equation (3.22), and 𝐷𝑒𝑐𝑎𝑦𝑃  can be obtained by solving the 

equation (3.33).  
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          Using the UV radiation at 253.6 nm in wavelength and the thickness 50𝜇𝑚 of the solid 

window as an example, when it is the normal incidence of the radiation, 𝐷𝑒𝑐𝑎𝑦𝑃  is calculated to 

be 1.2628 × 10−15  𝑚−1 . When the UV radiation incidences with a 5-degree angle, 𝐷𝑒𝑐𝑎𝑦𝑃  is 

calculated to be 1.2107 × 10−15 𝑚−1. 

 

      3.2.1.3 Reflection at the interface of the window surface and the free space 

          When the radiation propagates to the end of the solid window, which means it reaches the 

interface of the solid window and free space, scattering occurs again. The scattering at the interface 

of the end of the solid window and free space is similar to the scattering that occurs at the entrance. 

For computing the reflectance, 𝑅𝑟𝑒_𝑒𝑥𝑖𝑡 , and the transmittance, 𝑇𝑡𝑟_𝑒𝑥𝑖𝑡 , we can use similar 

calculations mentioned in section 3.2.1.1. They can be determined as 

𝑅𝑟𝑒_𝑒𝑥𝑖𝑡 = ||
𝑛1 cos 𝜃𝑖 − 𝑛2√1 − (

𝑛1
𝑛2

sin 𝜃𝑖 )
2

𝑛1 cos 𝜃𝑖 + 𝑛2√1 − (
𝑛1
𝑛2

sin 𝜃𝑖 )
2
||

2

                              (3.35) 

𝑇𝑡𝑟_𝑒𝑥𝑖𝑡 = 1 − 𝑅𝑟𝑒                                                                                 (3.36) 

          However, at the interface of the end of the solid window and free space, the radiation travels 

from the solid window into the free space. Therefore, in equations (3.35) and (3.36), 𝑛1  now 

represents for the refractive index of the material of the solid window, while 𝑛2 represents for the 

refractive index of air in free space.  

          In addition, the radiation now travels from inside the dielectric window to free space, total 

internal reflection may occur at or beyond the critical angle. [17] The critical angle can be 

determined by [17] 
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𝜃𝑐 = sin−1 (
𝑛2

𝑛1

)                                                        (3.37) 

where 𝑛1 now is the refractive index of the material of the solid window, and 𝑛2 is the refractive 

index of air in free space. As mentioned in the last section, the refractive index of alumina is 

approximately 1.92 at 104.8 nm in wavelength, 1.97 at 106.6 nm in wavelength and 1.76 at 253 

nm in wavelength. [15] Thus, the critical angle at these wavelengths can be determined by 

𝜃𝐶 = 31.4°    (𝜆 = 104.8 𝑛𝑚) 

𝜃𝐶 = 30.5°    (𝜆 = 106.6 𝑛𝑚) 

𝜃𝐶 = 34.6°    (𝜆 = 253.6 𝑛𝑚)                                               (3.38) 

          Therefore, when the radiation travels to the exit of the solid window at an angle which is 

greater than the critical angles listed in the equation set (3.38), it will be totally reflected back to 

the entrance of the solid window, which means there will be no radiation that exits the solid 

window. If the incident angle of the radiation at the exit of the solid window is less than the critical 

angle, once we get the reflectance, 𝑅𝑟𝑒_𝑒𝑥𝑖𝑡 , and the transmittance, 𝑇𝑡𝑟_𝑒𝑥𝑖𝑡  from equations (3.35) 

and (3.36), the power exits the solid window, 𝑃𝑜𝑢𝑡, can be determined by 

𝑃𝑜𝑢𝑡 = 𝑇𝑡𝑟_𝑒𝑥𝑖𝑡 𝑃𝑤𝑖𝑛𝑑𝑜𝑤_𝑒𝑛𝑑                                               (3.39) 

where 𝑇𝑡𝑟_𝑒𝑥𝑖𝑡  can be found in equation (3.36), and 𝑃𝑤𝑖𝑛𝑑𝑜𝑤_𝑒𝑛𝑑 can be found in equation (3.34).  

          Therefore, the transmission of the radiation, T, through a solid window can be calculated by 

𝑇 = 𝑃𝑜𝑢𝑡 𝑃𝑤𝑖𝑛𝑑𝑜𝑤_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒⁄                                             (3.40) 

where 𝑃𝑜𝑢𝑡  can be found in equation (3.39), and 𝑃𝑤𝑖𝑛𝑑𝑜𝑤 _𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 can be found in equation (3.15).  

          We can use a solid alumina window samples that we used for our project as an example to 

theoretically calculate how much transmission we can get. If we use the UV radiation at 253.6 nm 

in wavelength to give an example, the optical transmission through a solid window with 100 𝜇𝑚 
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in thickness is calculated to be 1.3620 × 10−28  in percentage with normal incidence and 

1.2501 × 10−28  in percentage with a 5-degree incident angle. The optical transmission ratio 

through a solid window with 50 𝜇𝑚 in thickness is calculated to be 1.0786 × 10−13  in percentage 

with normal incidence and 1.0326 × 10−13  in percentage with a 5-degree incident angle.  

          In addition, if we use the VUV radiation at 104.8 nm in wavelength to give an example, the 

optical transmission ratio through a solid window with 1 𝜇𝑚 in thickness is calculated to be 

1.4077 × 10−59  in percentage with normal incidence and 1.1837 × 10−59 in percentage with a 5-

degree incident angle. When the thickness of the solid window increases to 5 𝜇𝑚, the transmission 

will drop down to 10−300  in percentage. This means nearly no VUV radiation at 104.8 nm in 

wavelength can be transmitted through a micrometer-thick solid window made of alumina.  

          The results above show us that (1) Given the solid alumina window samples that we used 

for this project are at least 50 𝜇𝑚 in thickness, there will be approximately zero radiation which 

can be transmitted through the solid windows, either when the wavelength of the radiation is at 

around 105 nm in the VUV range or at 253.6 nm in the UV range. (2) There is a dramatic loss 

during the propagation of the radiation inside the solid alumina window, which causes the very 

low optical transmission through these solid windows. If the thickness of the solid windows is in 

the range of nanometers, there will be a fair amount of radiation that can be transmitted. Using the 

theoretical calculations discussed above, if the solid window is 100 nm in thickness, there will be 

79.7465% of the UV radiation at 253.6 nm can be transmitted with a normal incidence. Again, the 

capillary-array window samples that have been used in this project have a thickness in the range 

of micrometers or millimeters. As a comparison, the solid windows that have the same thickness 

transmit approximately zero radiation, which means there will be zero radiation that can be 

transmitted from the solid part of our capillary-array window samples. 
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3.2.2 Calculation of optical transmission through nanoporous 

capillary-array windows 

 
          The pore diameter of the nanoporous capillary-array windows, which is from 25 to 400 nm, 

is in the same order as the wavelength of the incident radiation, which is about 100 to 300 nm. 

Therefore, in this case, each pore in the nanoporous capillary-array window can be treated as an 

individual cylindrical waveguide with a circular cross-section. So, for these arrays, they may be 

considered as identical waveguides in parallel.  

          To calculate how much radiation can be transmitted through such capillary-array windows, 

we need to consider the following things: 

(1) Reflection at the window surface. We need to calculate how much radiation is reflected by 

the solid window.  

(2) Impedance mismatch at the entrance of the waveguide. We need to calculate how much 

radiation is remains in the waveguide after the impedance mismatch at the entrance. To 

calculate the impedance mismatch, we need to know a). The permeability and the 

permittivity of the waveguide b). The cutoff frequency of the waveguide c). the frequency 

of the incident radiation.  

(3) Excited modes of the waveguide. Once the dimension of the circular waveguide and the 

wavelength of the incident radiation are given, various modes that a waveguide can carry 

are determined. Thus, we need to calculate the electric and magnetic fields of each mode 

that is excited. 

(4) Coupling to the waveguide. Since only the radiation that can couple to the excited modes 

can propagate through the waveguide, while for radiation that cannot couple with the 
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excited modes of the waveguide will be mostly absorbed, we need to calculate how much 

radiation after the impedance mismatch can be actually coupled to the modes.  

(5) Scattering inside the waveguide. The radiation which is successfully coupled into the 

waveguide can propagate through the waveguide. Only a certain number of modes are 

excited, and the propagation constant can be obtained for each mode.  

(6) Reflection at the exit of the waveguide. When the radiation gets to the exit of the 

waveguide, the impedance mismatch occurs again, and thus only part of the radiation is 

transmitted to free space.  

(7) Diffraction at the exit of the waveguide. Because of diffraction occurring at the exit of the 

waveguide, only part of the exiting signal can be collected by the photon detector.  

 
 

      3.2.2.1 Reflection at the window surface 

          To start with, the reflection at the entrance of the window needs to be considered. Let 

𝑃𝑤𝑖𝑛𝑑𝑜𝑤  be the total power of the incident radiation hitting the entire capillary-array window 

including both the solid part of the capillary array and the waveguides. Applying the law of 

conservation of energy, the radiated power from a light source can be expressed as 

𝑃 =  ∫ 𝑆 ∙  𝑑𝐴⃗                                                                    (3.41) 

Where 𝑆 is the Poynting vector of the incident radiation as a function of position, and 𝑑𝐴⃗ is a 

vector differential area element of the capillary-array window surface. Since the nanoporous 

capillary-array windows are cuboid, we use a rectangular coordinate system as shown in Figure 

3.5 to calculate the power that hits the entire window.  
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Figure 3.5. Rectangular coordinate system for the capillary-array window 

 

          In the rectangular coordinate system shown in Figure 3.5, the origin O is also where the light 

source is.  The Z axis goes through the center of the capillary-array window, and 𝑧0 is the distance 

between the light source and the capillary-array window. We assume the width of the window to 

be 2𝑥0 and the height of the window to be 2𝑦0 . Therefore, the area of the cross-section of the 

window is 4𝑥0𝑦0. 

          Here, shown in Figure 3.5, we consider that there is an incident angle 𝛼 on the X-Z plane 

between the direction of the propagation of the radiation and the surface of the nanoporous 

capillary-array window. When the incident angle 𝛼 is zero, the incident radiation propagates along 

the Z axis, which means that the incident radiation is perpendicular to the capillary-array window.  

          We have also assumed that the radiation is a plane wave at the capillary-array window 

surface, which means the power density is uniform over the entire capillary-array window. 

Therefore, the total power of the incident radiation striking the entire capillary-array window 

including both the solid window and the waveguides, 𝑃𝑤𝑖𝑛𝑑𝑜𝑤 , can be expressed as 
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𝑃𝑤𝑖𝑛𝑑𝑜𝑤 = ∫ 𝑆 ∙ 𝑑𝐴⃗                                                                                       

=  ∫ ∫ (𝑆 ∙ 𝑛̂)𝑑𝑥𝑑𝑦
𝑦0

−𝑦0

𝑥0

−𝑥0

                                                               

=   ∫ ∫ |𝑆|(𝑠̂ ∙ 𝑛̂)𝑑𝑥𝑑𝑦
𝑦0

−𝑦0

𝑥0

−𝑥0

                                                         

=   |𝑆| ∫ ∫ (𝑠̂ ∙ 𝑛̂)𝑑𝑥𝑑𝑦
𝑦0

−𝑦0

𝑥0

−𝑥0

                                                        

= 4𝑥0𝑦0 |𝑆| cos 𝛼                                                              (3.42) 

          In equation (3.42), 𝑆 is the Poynting vector, and 𝑑𝐴⃗ is a vector differential area element of 

the capillary-array window surface. |𝑆| is the power density in the units of watts m2⁄ , 𝑛̂ represents 

the unit surface normal to the capillary-array window surface, and 𝑠̂ represents the unit vector of 

the incident Poynting vector. The dot product of 𝑠̂  and 𝑛̂ becomes cos 𝛼  because there is an 

incident angle 𝛼 between the Z-axis and the direction of the propagation of the radiation. The 

power density |𝑆| is a constant because the plane wave has a uniform power density over the entire 

capillary-array window surface.  

          After finding 𝑃𝑤𝑖𝑛𝑑𝑜𝑤,  which is the total power of the radiation incident on the entire 

capillary-array window from equation (3.37), we need to calculate how much radiation is reflected 

by both the solid window and by the entrance of the waveguide due to the impedance mismatch.     

          Let 𝑃𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 _𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒  be the power of the radiation that hits all the waveguides (not the 

solid window material) over the entire window, and 𝑃𝑜𝑛𝑒_𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 _𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 be the power of the 

radiation that hits only one single waveguide in the window. Since the incident wave becomes a 

plane wave when it hits the entrance of the waveguide, we are not considering the phase of the 

wave but only its amplitude. Since the plane wave has uniform power density over the entire 
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window, this means each 𝑃𝑜𝑛𝑒_𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒  has the same magnitude, and 

𝑃𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 _𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒  can be obtained by multiplying 𝑃𝑜𝑛𝑒_𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒  by the number of 

waveguides 𝑁𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒𝑠  in the capillary-array window as shown in equation (3.43).   

𝑃𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 =  𝑁𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒𝑠  𝑃𝑜𝑛𝑒_𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒                 (3.43) 

          𝑁𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒𝑠  is obtained for each capillary-array window, while 𝑃𝑜𝑛𝑒_𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒  can 

be calculated using the same method we do for calculating 𝑃𝑤𝑖𝑛𝑑𝑜𝑤 . Since the waveguides are 

cylindrical waveguides with circular cross-section, here we use a cylindrical-coordinate system 

shown in Figure 3.6 to calculate 𝑃𝑜𝑛𝑒_𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 _𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒. 

 

 

Figure 3.6. Cylindrical coordinate system for one waveguide  

 

          In the cylindrical coordinate system shown in Figure 3.6, we can see the following 

     (1) O is the origin of the cylindrical coordinate that corresponds to the location of the radiat ion. 
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     (2) 𝜌 is the radial coordinate. When calculating the power entering the waveguide which is at 

the center of the window, 𝜌 varies from 0 to 𝑟0 , where 𝑟0  is the inside radius of the circular 

waveguide.  

     (3) 𝜑 is the azimuthal coordinate. 𝜑 varies from 0 to 2𝜋. 

     (4) z is the axial coordinate along the longitudinal Z axis. We use 𝑧0 to represent the distance 

from the light source to the entrance to the capillary-array waveguide, which is 50 cm.  

     (5) The shaded area A is the cross-sectional area of the entrance of a waveguide. The surface of 

the entrance of the waveguide is placed paralleled to the plane Z = 0.  

     (6) 𝑛̂ represents the unit surface normal to the entrance of the waveguide, which is the same as 

the unit surface normal to the plane Z = 0.  

     (7) 𝑆  is the Poynting vector from the source, which has an angle of 𝛼  with respect to the 

direction of the surface normal of the capillary-array window.  

          Therefore, 𝑃𝑜𝑛𝑒_𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 , the power of the radiation that hits only one single 

waveguide in the window, can be expressed as 

𝑃𝑜𝑛𝑒_𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 = ∫ 𝑆 ∙ 𝑑𝐴⃗                                                                                          

= ∫ ∫ (𝑆 ∙ 𝑛̂) 𝜌𝑑𝜌𝑑𝜑
2𝜋

0

𝑟0

0

                                                                 

= ∫ ∫ |𝑆|(𝑠̂ ∙ 𝑛̂)𝜌𝑑𝜌𝑑𝜑
2𝜋

0

𝑟0

0

                                                              

= |𝑆| ∫ ∫ (𝑠̂ ∙ 𝑛̂)𝜌𝑑𝜌𝑑𝜑
2𝜋

0

𝑟0

0

                                                             

= 𝜋𝑟0
2|𝑆| cos 𝛼                                                                     (3.44) 
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          Therefore, from equations (3.42) and (3.43), we can get 𝑃𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 _𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 , the power of 

the radiation that hits all the exposable waveguides all over the capillary-array window.  

𝑃𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 _𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 =  𝑁𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒  𝜋𝑟0
2|𝑆| cos 𝛼                                   (3.45) 

where we again note that 𝑁𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒  is the number of waveguides over the entire capillary-array 

window.  

 

      3.2.2.2 Impedance mismatch at the entrance of the waveguide 

          When the incident radiation hits the entrance of the waveguide, due to the impedance 

mismatch, only part of the 𝑃𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒  can actually enter the waveguide, and the rest of 

will be reflected from the solid part of the window. Here, we use 𝑃𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 _𝑖𝑛 to represent the 

power that enters the waveguides, and 𝑃𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒_𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑  to represent the power being reflected 

at the entrance of the waveguides. Thus, 𝑃𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒  can be expressed as  

𝑃𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 _𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 = 𝑃𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒_𝑖𝑛 − 𝑃𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑 𝑒𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑
                   (3.46) 

          To calculate how much radiation actually enters the waveguide, we need to know the 

impedance of free space 𝑍𝑓𝑟𝑒𝑒 and the impedance of the waveguide 𝑍𝑤. Then, the power that 

enters the waveguides 𝑃𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 _𝑖𝑛 can be obtained by 

𝑃𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 _𝑖𝑛 = (1 −  
𝑍𝑤 − 𝑍𝑓𝑟𝑒𝑒

𝑍𝑤 + 𝑍𝑓𝑟𝑒𝑒

) 𝑃𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 _𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒                    (3.47) 

Where 𝑍𝑓𝑟𝑒𝑒 is 376.73Ω, and 𝑍𝑤  can be determined by the following equation [8] 

𝑍𝑤 =
√

𝜇
𝜀

√1 − (
𝑓𝑐
𝑓

)
2

                                                           (3.48) 
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where 𝜇 is the permeability of the waveguide, and 𝜀 is the permittivity of the waveguide, 𝑓𝑐 is the 

cut-off frequency of the waveguide, and 𝑓 is the frequency of the radiation. Here, 𝑓𝑐 has different 

values when different modes are exited in the waveguide. Starting with TE modes, the cut -off 

frequency can be expressed as [8] 

𝑓𝑐 =  
𝜒𝑚𝑛

′

2𝜋𝑎√𝜇𝜀
                                                              (3.49) 

where 𝜒𝑚𝑛
′  is the nth zero (n = 1,2,3……) of the derivative of the Bessel function 𝐽𝑚  of the first 

kind of order m (m = 0,1,2,3……), a is the radius of the cross-section of the cylindrical waveguide, 

𝜇 is the permeability of the waveguide, and 𝜀 is the permittivity of the waveguide. In our case, we 

assume air is in the waveguide, so 𝜇0 = 4𝜋 × 10−7 𝐻 𝑚⁄ , 𝜀0 = 8.85 × 10−12  F/m. Then, the cut-

off wavelength can be expressed as 

𝜆𝑐 =
𝑐

𝑓𝑐

                                                                   (3.50) 

where c is the speed of light, which is 3× 108 𝑚/𝑠. 

          For TE modes, 𝜒01
′ = 3.8318, 𝜒11

′ = 1.8412, 𝜒21
′ = 3.0542,𝜒02

′ = 7.0156 [8] Using the 

radius 𝑎 = 50 𝑛𝑚 from one of our nanoporous capillary-array window as an example, the cut-off 

frequencies and the cut-off wavelengths of these TE modes can be determined using equations 

(3.48) and (3.49) 

𝑓𝑐01 = 3.6574 ∗ 1015 𝐻𝑧,        𝜆𝑐01 = 82.03 𝑛𝑚                                     (3.51) 

𝑓𝑐11 = 1.7574 ∗ 1015 𝐻𝑧,        𝜆𝑐11 = 170.71 𝑛𝑚                                   (3.52) 

𝑓𝑐21 = 2.9152 ∗ 1015 𝐻𝑧,        𝜆𝑐21 = 102.91 𝑛𝑚                                   (3.53) 

𝑓𝑐02 = 1.7582 ∗ 1015 𝐻𝑧,        𝜆𝑐02 = 44.80 𝑛𝑚                                     (3.54) 
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          In our case, the wavelengths of the radiation we are interested in are 104.8 nm and 106.6 

nm. Therefore, from examining the cutoff wavelengths obtained in equations (3.52) and (3.53), 

only the 𝑇𝐸11 mode can be excited in the waveguide with the pore radius 50 nm.  

          We can do the same calculations to get the excited TM modes of the waveguide. The cut-off 

frequency of the TM modes can be expressed as [8] 

𝑓𝑐 =  
𝜒𝑚𝑛

2𝜋𝑎√𝜇𝜀
                                                              (3.55) 

where 𝜒𝑚𝑛  is the nth zero (n = 1,2,3……) of the derivative of the Bessel function 𝐽𝑚  of the first 

kind of order m (m = 0,1,2,3……) of the TM modes, a is the radius of the cross-section of the 

cylindrical waveguide, 𝜇 is the permeability of the waveguide, and 𝜀 is the permittivity of the 

waveguide. For TM modes, 𝜒01 = 2.4049, 𝜒11 = 3.8318,𝜒21 = 5.1357, 𝜒02 = 5.5201.[8] Using 

equations (3.55) and (3.50), with 𝜇0 = 4𝜋 × 10−7 𝐻 𝑚⁄ , 𝜀0 = 8.85 × 10−12  F/m, and the radius 

𝑎 = 50 𝑛𝑚 of a waveguide, the cut-off frequencies and the cut-off wavelengths of these TM 

modes can be determined by 

𝑓𝑐01 = 2.2955 ∗ 1015 𝐻𝑧,        𝜆𝑐01 = 130.69 𝑛𝑚                                   (3.56) 

𝑓𝑐11 = 3.6574 ∗ 1015 𝐻𝑧,        𝜆𝑐11 = 82.03 𝑛𝑚                                     (3.57) 

𝑓𝑐21 = 4.9020 ∗ 1015 𝐻𝑧,        𝜆𝑐01 = 61.20 𝑛𝑚                                     (3.58) 

𝑓𝑐02 = 5.2689 ∗ 1015 𝐻𝑧,        𝜆𝑐02 = 56.94 𝑛𝑚                                     (3.59) 

          In our case, the wavelengths of the radiation we are interested in are 104.8 nm and 106.6 

nm. Thus, from the cutoff wavelengths obtained from equations (3.56) and (3.57), only the 𝑇𝑀01 

mode can be excited in the waveguide with the pore radius 50 nm.  

          Therefore, from what has been calculated above, we can determine how much radiation 

enters all the waveguides over the entire capillary-array window. Using the wavelength of the 
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radiation at 104.8 nm and the cut-off wavelengths of both TE and TM modes of a waveguide with 

a 50 nm pore radius as an example, the coefficient in the brackets in equation (3.47) is calculated 

to be 0.8822 for the 𝑇𝐸11 mode and 0.7479 for the 𝑇𝑀01 mode. This means 88% of the 𝑇𝐸11 mode 

and 75% of the 𝑇𝑀01 mode will start propagating inside the waveguide, and the rest (12% and 

25%) of these two excited modes is reflected back to the free space due to the impedance mismatch.  

 

      3.2.2.3 Excited modes of the waveguide 

          In a waveguide system, we are looking for solutions of Maxwell’s equations that are 

propagating along the guide direction and are confined to the waveguide structure. The electric 

and magnetic fields can be written as [9] 

𝐸⃗⃗(𝑥,𝑦, 𝑧) = 𝐸⃗⃗(𝑥, 𝑦)𝑒−𝑗𝛽𝑧                                                 (3.60) 

𝐻⃗⃗⃗(𝑥,𝑦, 𝑧) = 𝐻⃗⃗⃗(𝑥, 𝑦)𝑒−𝑗𝛽𝑧                                                 (3.61) 

where 𝛽 is the propagation constant along the guide direction, and 𝐸⃗⃗(𝑥,𝑦) and 𝐻⃗⃗⃗(𝑥, 𝑦) are the 

vector amplitudes. Here, we can decompose Maxwell’s equations into components that are 

longitudinal, that is, along the z-direction, and components that are transverse, along the x, y 

directions. Thus, the phasor amplitude 𝐸⃗⃗(𝑥,𝑦) can be written as:   

𝐸⃗⃗(𝑥, 𝑦) =  𝑥̂𝐸𝑥 (𝑥,𝑦) + 𝑦̂𝐸𝑦 (𝑥,𝑦) + 𝑧̂𝐸𝑧(𝑥, 𝑦)                                        

= 𝐸⃗⃗𝑇(𝑥, 𝑦) + 𝑧̂𝐸𝑧(𝑥,𝑦)                                                     (3.62) 

where 𝐸⃗⃗𝑇(𝑥,𝑦) represents for the transverse component of the phasor amplitude of the electric 

field, and  𝐸⃗⃗𝑍(𝑥, 𝑦)  represents for the longitudinal component of the phasor amplitude of the 

electric field. 

          The Laplace gradient operator can be also decomposed as: 
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∇ = 𝑥̂𝜕𝑥 + 𝑦̂𝜕𝑦 + 𝑧̂𝜕𝑧                                                                     

= ∇𝑇 + 𝑧̂𝜕𝑧                                                                                   

= ∇𝑇 − 𝑗𝛽𝑧̂                                                                    (3.63) 

where ∇𝑇 is the Laplace gradient operator on the transverse plane, and the reason why we have 

𝜕𝑧 = −𝑗𝛽 is because we assume z-dependence as shown in equations (3.63).  

          Therefore, we can introduce these decompositions into the Maxwell’s equations, and thus 

we have: [9] 

∇ × 𝐸⃗⃗ = −𝑗𝜔𝜇𝐻⃗⃗⃗     →   (∇ 𝑇 − 𝑗𝛽𝑧̂) × (𝐸⃗⃗𝑇 + 𝑧̂𝐸𝑧) = −𝑗𝜔𝜇(𝐻⃗⃗⃗𝑇 + 𝑧̂𝐻𝑧)                        

∇ × 𝐻⃗⃗⃗ = 𝑗𝜔𝜀𝐸⃗⃗       →   (∇ 𝑇 − 𝑗𝛽𝑧̂) × (𝐻⃗⃗⃗𝑇 + 𝑧̂𝐻𝑧) = 𝑗𝜔𝜀(𝐸⃗⃗𝑇 + 𝑧̂𝐸𝑧)                             

∇ ∙ 𝐸⃗⃗ = 0                →    (∇ 𝑇 − 𝑗𝛽𝑧̂) ∙ (𝐸⃗⃗𝑇 + 𝑧̂𝐸𝑧) = 0                                                          

∇ ∙ 𝐻⃗⃗⃗ = 0                →    (∇ 𝑇 − 𝑗𝛽𝑧̂) ∙ (𝐻⃗⃗⃗𝑇 + 𝑧̂𝐻𝑧) = 0                                            (3.64) 

where 𝜇 is the permeability of the waveguide, and 𝜀 is the permittivity of the waveguide. In the set 

of equations (3.64), ∇ 𝑇 is the Laplace gradient operator on the transverse plane, 𝐸⃗⃗𝑇  and 𝐻⃗⃗⃗𝑇 are the 

transverse field components, and 𝐸𝑧 and 𝐻𝑧 are the longitudinal field components. We can obtain 

the equivalent set of Maxwell’s equations from (3.65) as follows: [9] 

∇ 𝑇𝐸𝑧 × 𝑧̂ − 𝑗𝛽𝑧̂ × 𝐸⃗⃗𝑇 = −𝑗𝜔𝜇𝐻⃗⃗⃗𝑇                                                         

∇ 𝑇𝐻𝑧 × 𝑧̂ − 𝑗𝛽𝑧̂ × 𝐻⃗⃗⃗𝑇 = 𝑗𝜔𝜀𝐸⃗⃗𝑇                                                             

∇ 𝑇 × 𝐸⃗⃗𝑇 + 𝑗𝜔𝜇𝑧̂𝐻𝑧 = 0                                                                          

∇ 𝑇 × 𝐻⃗⃗⃗𝑇 − 𝑗𝜔𝜀𝑧̂𝐸𝑧 = 0                                                                          

∇ 𝑇 ∙ 𝐸⃗⃗𝑇 − 𝑗𝛽𝐸𝑧 = 0                                                                                  

∇ 𝑇 ∙ 𝐻⃗⃗⃗𝑇 − 𝑗𝛽𝐻𝑧 = 0                                                                   (3.65) 
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          From the equation set (3.65) above, the transverse field components 𝐸⃗⃗𝑇  and 𝐻⃗⃗⃗𝑇  can be 

expressed in terms of the longitudinal field components 𝐸𝑧 and 𝐻𝑧  as follows: [9] 

𝐸⃗⃗𝑇 = −
𝑗𝛽

𝑘𝑐
2

(∇𝑇𝐸𝑧 − 𝜂𝑇𝐸𝑧̂ × ∇𝑇𝐻𝑧)                                                         

𝐻⃗⃗⃗𝑇 = −
𝑗𝛽

𝑘𝑐
2

(∇𝑇𝐻𝑧 −
1

𝜂𝑇𝑀

𝑧̂ × ∇ 𝑇𝐸𝑧)                                       (3.66) 

where 𝑘𝑐  is the cutoff wavenumber defined as: [9] 

𝑘𝑐
2 = 𝜔2 𝜀𝜇 − 𝛽2                                                           (3.67) 

where 𝜇  is the permeability of the waveguide, and 𝜀  is the permittivity of the waveguide. In 

addition, in the equation set (3.66), 𝜂𝑇𝐸 and 𝜂𝑇𝑀  are the transverse impedances for the TE modes 

and TM modes carried by the waveguide, which can be determined by: [9] 

𝜂𝑇𝐸 =
𝜔𝜇

𝛽
,     𝜂𝑇𝑀 =

𝛽

𝜔𝜀
                                                    (3.68) 

          Since we are using a cylindrical coordinate system for the waveguide as mentioned in Figure 

3.6, the transverse gradient and Laplace operator in cylindrical coordinates become:  

∇ 𝑇  = 𝜌
𝜕

𝜕𝜌
+ 𝜑̂

1

𝜌

𝜕

𝜕𝜑
    so that    ∇𝑇

2  = 
1

𝜌

𝜕

𝜕𝜌
(𝜌

𝜕

𝜕𝜌
) +

1

𝜌2

𝜕2

𝜕𝜑2
        (3.69) 

          Now, the transverse field components 𝐸⃗⃗𝑇  and 𝐻⃗⃗⃗𝑇 expressed in the set of equations (3.66) 

can be also written as follows in a cylindrical coordinate system with the decomposition of  

transverse vectors 𝐸⃗⃗𝑇 =  𝜌𝐸𝜌 + 𝜑̂𝐸𝜑  and 𝐻⃗⃗⃗𝑇 =  𝜌𝐻𝜌 + 𝜑̂𝐻𝜑: 

𝐸𝜌 = −
𝑗𝛽

𝑘𝑐
2

(𝜕𝜌𝐸𝑧 − 𝜂𝑇𝐸

1

𝜌
𝜕𝜑𝐻𝑧)                                                   

𝐸𝜑 = −
𝑗𝛽

𝑘𝑐
2

(
1

𝜌
𝜕𝜑𝐸𝑧 + 𝜂𝑇𝐸𝜕𝜌𝐻𝑧)                                                   
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𝐻𝜌 = −
𝑗𝛽

𝑘𝑐
2

(𝜕𝜌𝐻𝑧 +
1

𝜂𝑇𝑀

𝜕𝜑 𝐸𝑧)                                                     

𝐻𝜑 = −
𝑗𝛽

𝑘𝑐
2

(
1

𝜌
𝜕𝜑 𝐻𝑧 +

1

𝜂𝑇𝑀

𝜕𝜌𝐸𝑧)                                     (3.70) 

          In addition, to satisfy all the last four equations in the set of equations (3.65), the longitudinal 

fields 𝐸𝑧(𝑥,𝑦)  and 𝐻𝑧(𝑥,𝑦) must satisfy the two-dimensional Helmholtz equations: [9] 

∇𝑇
2 𝐸𝑧 + 𝑘𝑐

2𝐸𝑧 = 0                                                                          

∇𝑇
2 𝐻𝑧 + 𝑘𝑐

2𝐻𝑧 = 0                                                            (3.71) 

and they can be written as follows in a cylindrical coordinate system:  

1

𝜌

𝜕

𝜕𝜌
(𝜌

𝜕𝐸𝑧

𝜕𝜌
) +

1

𝜌2

𝜕2 𝐸𝑧

𝜕𝜑2
+ 𝑘𝑐

2𝐸𝑧 = 0                                                   

1

𝜌

𝜕

𝜕𝜌
(𝜌

𝜕𝐻𝑧

𝜕𝜌
) +

1

𝜌2

𝜕2 𝐻𝑧

𝜕𝜑2
+ 𝑘𝑐

2𝐻𝑧 = 0                                     (3.72) 

          From the calculations above, we can obtain the electric and magnetic field of each mode that 

is excited in the waveguide.  

 

      3.2.2.4 Coupling to the waveguide 

          For the incident wave at the entrance of the waveguide after the impedance mismatch occurs, 

the transverse electric field components 𝐸⃗⃗𝑇_𝑖𝑛𝑐  and 𝐻⃗⃗⃗𝑇_𝑖𝑛𝑐  can be expressed as follows in a 

cylindrical coordinate system: [10] 

𝐸⃗⃗𝑇_𝑖𝑛𝑐(𝜌, 𝜑) = ∑ 𝑎𝑗𝐸⃗⃗𝑇𝑗(𝜌,𝜑)

𝑗

+ 𝐸⃗⃗𝑇𝑟(𝜌, 𝜑)                                            

𝐻⃗⃗⃗𝑇_𝑖𝑛𝑐(𝜌, 𝜑) = ∑ 𝑎𝑗𝐻⃗⃗⃗𝑇𝑗(𝜌,𝜑)

𝑗

+ 𝐻⃗⃗⃗𝑇𝑟(𝜌,𝜑)                              (3.73) 
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          In the equation set (3.73), for all values of 𝜌  and 𝜑 , the constants 𝑎𝑗  are the modal 

amplitudes, and 𝑗 = 1,2,3 … . 𝑀, where M is the maximum number of modes that are excited in the 

waveguide. Here,  𝐸⃗⃗𝑇𝑗 and 𝐻⃗⃗⃗𝑇𝑗 are the transverse electric and magnetic field components of each 

excited mode, which can be obtained from the equation sets (3.70) and (3.72) of the section 3.2.2.3. 

Since the radiation only couples to the excited modes, which become the summation terms of the 

equation set (3.73), these modes will propagate inside the waveguide, while the transverse portions 

of the radiation fields at 𝑧 = 0 are denoted by the terms 𝐸⃗⃗𝑇𝑟  and 𝐻⃗⃗⃗𝑇𝑟.  

          The modal amplitudes 𝑎𝑗 can be expressed as: [10] 

𝑎𝑗 =
1

2𝑁𝑗

∫ 𝐸⃗⃗𝑇_𝑖𝑛𝑐 × 𝐻⃗⃗⃗𝑇𝑗
∗ ∙ 𝑧̂𝑑𝐴 =

1

2𝑁𝑗

∫ 𝐸⃗⃗𝑇𝑗
∗ × 𝐻⃗⃗⃗𝑇_𝑖𝑛𝑐 ∙ 𝑧̂𝑑𝐴              (3.74) 

where 𝑧̂ is the unit vector that is parallel to the waveguide axis, which is also along the guiding 

direction, and ∗ denotes the complex conjugate. The 𝑁𝑗 is the normalized power of each mode that 

can be carried by the waveguide, which can be determined by [10] 

𝑁𝑗 = ∫ 𝐸⃗⃗𝑇𝑗 × 𝐻⃗⃗⃗𝑇𝑗
∗ ∙ 𝑧̂𝑑𝐴                                                      (3.75) 

          Here in the calculations, we use 𝑁𝑗 = 1 = 100% to represent the normalized power of each 

mode that is excited in the waveguide. Then, when we determine the summation of the power of 

every excited mode in the waveguide with respect to the normalization 𝑁𝑗, we will get how much 

percent of the power of the incident radiation can be coupled into the waveguide.  

          The transverse electric field component 𝐸⃗⃗𝑇_𝑖𝑛𝑐  can be written as follows in a cylindrical 

coordinate system:  

𝐸⃗⃗𝑇_𝑖𝑛𝑐 = 𝐸0𝑒−𝑗(𝑘𝜌𝜌̂+𝑘𝜑𝜑̂)                                                        (3.76) 
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where 𝐸0 is the amplitude factor, 𝑘𝜌 and 𝑘𝜑 are the wavenumbers on the transverse plane, which 

have the values of  

𝑘𝜌 = 𝑘0 sin 𝛼,   𝑘𝜑 =
𝜋

2
𝑘0                                                   (3.77) 

where 𝑘0 =  2𝜋 𝜆0⁄ , and 𝜆0 is the wavelength of the incident radiation. In equation (3.77), 𝛼 is the 

incident angle of the radiation, which was defined in Figure 3.5 of Section 3.2.2.1.  

          The transverse electric-field component defined in equation (3.76) can be also written as 

follows in a cylindrical coordinate system with the decomposition of transverse vectors:   

𝐸⃗⃗𝑇_𝑖𝑛𝑐 =  𝜌𝐸𝜌_𝑖𝑛𝑐 + 𝜑̂𝐸𝜑_𝑖𝑛𝑐                                               (3.78) 

where  

𝐸𝜌_𝑖𝑛𝑐 =  
cos𝛼

2
|𝐸⃗⃗𝑇_𝑖𝑛𝑐|         𝐸𝜑_𝑖𝑛𝑐 =

4 cos 𝛼

𝜋
|𝐸⃗⃗𝑇_𝑖𝑛𝑐|                         (3.79) 

          Substituting equation (3.78) into equation (3.74), the mode amplitudes 𝑎𝑗 can be determined 

by the following:  

𝑎𝑗 =
1

2𝑁𝑗

∫(𝜌𝐸𝜌_𝑖𝑛𝑐 + 𝜑̂𝐸𝜑_𝑖𝑛𝑐) × 𝐻⃗⃗⃗𝑇𝑗
∗ ∙ 𝑧̂𝑑𝐴                                                

≅
1

2𝑁𝑗

∬ |

𝜌 𝜑̂ 𝑧̂
𝐸𝜌_𝑖𝑛𝑐 𝐸𝜑_𝑖𝑛𝑐 0

𝐻𝜌𝑗 𝐻𝜑𝑗 0
| 𝑧̂𝑑𝜌𝑑𝜑                                                       

=
1

2𝑁𝑗

 ∬(𝐸𝜌_𝑖𝑛𝑐 ∙ 𝐻𝜑𝑗
∗ − 𝐸𝜑_𝑖𝑛𝑐 ∙ 𝐻𝜌𝑗

∗ ) (𝑧̂ ∙ 𝑧̂)𝑑𝜌𝑑𝜑                               

=
1

2𝑁𝑗

 ∬(𝐸𝜌_𝑖𝑛𝑐 ∙ 𝐻𝜑𝑗
∗ − 𝐸𝜑_𝑖𝑛𝑐 ∙ 𝐻𝜌𝑗

∗ ) 𝑑𝜌𝑑𝜑                             (3.80) 

where 𝐸𝜌_𝑖𝑛𝑐  and 𝐸𝜑_𝑖𝑛𝑐 can be found from equation set (3.79), and 𝐻𝜑𝑗
∗  and 𝐻𝜌𝑗

∗  can be obtained 

by each excited mode from equation (3.70).  
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          Since we are only considering the excited modes propagating through the waveguide, the 

electric and magnetic field that cannot be coupled into the waveguide, which are denoted by the 

terms 𝐸⃗⃗𝑇𝑟(𝜌,𝜑) and 𝐻⃗⃗⃗𝑇𝑟(𝜌,𝜑) in equation (3.73) can be ignored. Now, equation (3.73) becomes 

the following for calculating the transverse electric field components 𝐸⃗⃗𝑇_𝑐𝑜𝑢𝑝𝑙𝑒𝑑  and 𝐻⃗⃗⃗𝑇_𝑐𝑜𝑢𝑝𝑙𝑒𝑑  of 

all excited modes:  

𝐸⃗⃗𝑇_𝑐𝑜𝑢𝑝𝑙𝑒𝑑 (𝜌, 𝜑) = ∑ 𝑎𝑗𝐸⃗⃗𝑇𝑗(𝜌, 𝜑)

𝑗

                                                           

𝐻⃗⃗⃗𝑇_𝑐𝑜𝑢𝑝𝑙𝑒𝑑 (𝜌,𝜑) = ∑ 𝑎𝑗 𝐻⃗⃗⃗𝑇𝑗(𝜌,𝜑)

𝑗

                                            (3.81) 

          The normalized amplitude of the total power that is coupled into the waveguide 𝑃𝑐𝑜𝑢𝑝𝑙𝑒𝑑  in 

the guided portion of the fields can be determined by: [10] 

𝑃𝑐𝑜𝑢𝑝𝑙𝑒𝑑 = ∑ 𝑃𝑗

𝑗

= ∑|𝑎𝑗|
2

𝑗

𝑁𝑗                                           (3.82) 

where 𝑃𝑗 is the power of each excited mode in the waveguide. 

 

      3.2.2.5 Scattering inside the waveguide 

          From the last section, we have calculated how much of the external electric and magnetic 

fields can be coupled into the waveguide at the waveguide entrance, as well as the power of the 

electric field from equation (3.80). Now, we need to know how much radiation is lost during the 

propagation inside the waveguide and how much radiation is left when it reaches the exit of the 

waveguide.  

          Let 𝐸𝑧 be the longitudinal electric field component at a point inside the waveguide, it must 

satisfy the two-dimensional Helmholtz equation 
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∇𝑇
2 𝐸𝑧 +  𝜀𝑘0

2𝐸𝑧 = 0                                                           (3.83) 

where ∇ 𝑇  is the Laplace gradient operator on the transverse plane, 𝜀 is the permittivity of the 

material of the waveguide, and 𝑘0 = 2𝜋 𝜆0⁄ ,  which is the wave number. 𝜆0 is the wavelength of 

the incident radiation. Here, 𝐸𝑧 can be written as 

𝐸𝑧 = 𝐸𝑧(𝑍 = 0)𝑒𝑗𝛽𝑧𝑧                                                        (3.84) 

where 𝐸𝑧(𝑍 = 0) represents the longitudinal electric-field component on the surface 𝑍 = 0, which 

is the transverse plane at the entrance of the waveguide. Here, 𝛽𝑧  is the propagation constant along 

the Z direction, which is the guide direction.  

          In a cylindrical coordinate system mentioned in Figure 3.6 of this section, substituting 

equation (3.84) into equation (3.83), we have the following 

[(
𝜕2

𝜕𝜌2
+

𝜕2

𝜕𝜑2
− 𝛽𝑧

2) + 𝜀𝑘0
2] 𝐸𝑧(𝑍 = 0) = 0                               (3.85) 

          Therefore, we can find that  

(
𝜕2

𝜕𝜌2
+

𝜕2

𝜕𝜑2
+ 𝜀𝑘0

2) 𝐸𝑧(𝑍 = 0) =  𝛽𝑧
2 𝐸𝑧(𝑍 = 0)                         (3.86) 

          From equation (3.86), the propagation constant 𝛽𝑧 along the Z direction can be determined 

by solving this partial-differential-equation problem. This equation can be converted to a problem 

of finding its eigenvalue. Therefore, the propagation constant corresponding to each mode that is 

excited in the waveguide can be found.  

          Using one of the nanoporous capillary-array window samples with a pore radius of 50 nm 

and the wavelength 104.8 nm of the incident VUV radiation as an example, the modes and their 

corresponding propagation constant can be determined by solving the differential equation (3.86). 
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          Referring to the calculations in Section 3.2.2.2, the electric and magnetic field components 

of the 𝑇𝐸11 of this waveguide with a 50 nm pore radius are shown below in Figure 3.7 as an 

example. In each subplot of the Figure 3.7, the green or blue squares around the circular hole in 

the middle represents for the solid window part, and the circular hole represents for the entrance 

of a single waveguide. From Figure 3.7, we can see the pattern of the excited 𝑇𝐸11 mode, including 

the electric and magnetic field of the mode inside the waveguide, which is shown in the circular 

hole. There is no plot showing for 𝐸𝑧 because 𝐸𝑧 = 0 for the TE mode. The propagation constant 

𝛽𝑧  of this 𝑇𝐸11 mode is calculated to be:  

𝛽𝑧 = (0.69466 + 0.08834𝑗)𝑘0                                         (3.87) 

 

Figure 3.7 Electric and magnetic field components of 𝑇𝐸11 mode 

of a waveguide with a 50 nm pore radius  
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          By calculating the propagation constant 𝛽𝑧 each excited mode in a waveguide, we will be 

able to determine how much radiation will be left after propagating a certain distance inside the 

waveguide or how long the waveguide can be if we would like to have a certain amount of radiation 

left at the exit.  

          Similar to equation (3.84), the longitudinal electric field component 𝐸𝑧 at the exit of the 

waveguide can be written as:  

𝐸𝑧(𝑍 = 𝐿) = 𝐸𝑧(𝑍 = 0)𝑒𝑗𝛽𝑧𝐿                                        (3.88) 

where L represents the total length of the waveguide. We can also write a similar formula for the 

modal amplitudes 𝑎𝑗_𝑒𝑥𝑖𝑡  at the exit of the waveguide:  

𝑎𝑗_𝑒𝑥𝑖𝑡 = 𝑎𝑗𝑒𝑗𝛽𝑧𝐿                                                         (3.89) 

where 𝑎𝑗 is the mode amplitude of each excited mode at the entrance of the waveguide, and the 

calculation of 𝑎𝑗 is mentioned in the last section 3.2.2.4 from equation (3.74) to (3.80).  

          Mentioned in equation (3.82) of the last section 3.2.2.4, 𝑃𝑐𝑜𝑢𝑝𝑙𝑒𝑑  is known as the magnitude 

of power of the radiation that can be coupled into the waveguide. Now with known mode 

amplitudes 𝑎𝑗_𝑒𝑥𝑖𝑡  at the exit of the waveguide, we can calculate the power of the radiation, which 

has been coupled into the waveguide, at the exit of the waveguide after propagating inside it:  

𝑃𝑐𝑜𝑢𝑝𝑙𝑒𝑑_𝑒𝑥𝑖𝑡 = ∑|𝑎𝑗_𝑒𝑥𝑖𝑡 |
2

𝑗

𝑁𝑗                                         (3.90) 

 

      3.2.2.6 Reflection at the exit of the waveguide 

          As mentioned in section 3.2.2.2, due to the impedance mismatch, reflection also occurs at 

the exit of the waveguides. When the radiation gets to the exit of the waveguides, some of it will 

be reflected back into the waveguide, and some of it will be transmitted out into free space. Let 
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𝑃𝑒𝑥𝑖𝑡_𝑜𝑢𝑡𝑠𝑖𝑑𝑒  be the power that exits the waveguide after the impedance mismatch, so it can be 

calculated by  

𝑃𝑒𝑥𝑖𝑡_𝑜𝑢𝑡𝑠𝑖𝑑𝑒 = |1 −  
𝑍𝑓𝑟𝑒𝑒 − 𝑍𝑤

𝑍𝑓𝑟𝑒𝑒 + 𝑍𝑤

|  𝑃𝑒𝑥𝑖𝑡_𝑖𝑛𝑠𝑖𝑑𝑒                                  (3.91) 

where 𝑍𝑓𝑟𝑒𝑒 is the impedance of free space, which is 376.73Ω, and 𝑍𝑤 is the impedance inside the 

waveguide, which can be calculated from equation (3.48) for a given mode. 𝑃𝑒𝑥𝑖𝑡_𝑖𝑛𝑠𝑖𝑑𝑒  is the 

power that hits the exit of the waveguide from inside of the waveguide, which is actually the 

coupled power of the radiation, 𝑃𝑐𝑜𝑢𝑝𝑙𝑒𝑑_𝑒𝑥𝑖𝑡 , at the exit of the waveguide after propagating inside 

it. Thus, equation (3.91) can be written as:  

𝑃𝑒𝑥𝑖𝑡_𝑜𝑢𝑡𝑠𝑖𝑑𝑒 = |1 −  
𝑍𝑓𝑟𝑒𝑒 − 𝑍𝑤

𝑍𝑓𝑟𝑒𝑒 + 𝑍𝑤

|  𝑃𝑐𝑜𝑢𝑝𝑙𝑒𝑑_𝑒𝑥𝑖𝑡                            (3.92) 

          The same process will occur again when the reflected radiation gets back to the entrance of 

the waveguides, and some will again travel forward to the exit of the waveguides, which we call 

secondary-reflected radiation in our case. This secondary-reflected radiation will be neglected 

because we assume its intensity is very small, and this is because (1) at the exit of the waveguide, 

as shown in equation (3.92) and the results obtained from the calculations mentioned in the 

previous sections, after the loss during a long travel inside the waveguide, for the radiation that is 

left and hits the exit of the waveguide from inside the waveguide, approximately 12% of the 𝑇𝐸11 

mode and 25% of the 𝑇𝑀01 mode can be reflected back toward the entrance of the waveguide 

(negative Z direction); (2) For this reflected radiation which travels backward, after the 

propagation loss, when they get back to the entrance, less can get reflected to the positive Z 

direction. (3) When the secondary reflected radiation from the entrance gets to the exit of the 
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waveguide again, there will be nothing left. Therefore, we will neglect the secondary-reflected 

radiation.  

          Once we get the power that exits the waveguide after the impedance mismatch 𝑃𝑒𝑥𝑖𝑡_𝑜𝑢𝑡𝑠𝑖𝑑𝑒  

from equation (3.92), we can get the optical transmission (T) through the entire nanoporous 

capillary-array window by 

𝑇 = 𝑃𝑒𝑥𝑖𝑡_𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑃𝑤𝑖𝑛𝑑𝑜𝑤   ⁄                                              (3.93) 

where 𝑃𝑤𝑖𝑛𝑑𝑜𝑤 is the power of the radiation that hits the entire surface of the capillary-array 

window, which can be obtained from equation (3.42) in section 3.2.2.1. For example, a 𝑇 value of 

0.1 means that 10% of the power injected into the waveguide by the source passed through the 

capillary-array window. 

 

      3.2.2.7 Diffraction at the exit of the waveguide 

          When the radiation gets to the exit of the waveguides, diffraction also occurs. In this case, 

at the exit of the waveguide, the mode structure will be the form of the radiation leaving the 

waveguide.  

          Here we introduce a constant called the Fraunhofer distance [36], which is defined as 𝑑𝐹 =

 2𝐷2 𝜆0⁄ . This provides the limit between the near and far field of the diffraction, where D is the 

diameter of the tube, and 𝜆0 is the wavelength of the radiation. Using a nanoporous capillary-array 

window with a pore diameter of 100 nm and a radiation with a wavelength of 105 nm as an example, 

the Fraunhofer distance 𝑑𝐹 is calculated to be 190 nm. In our experiment, the photon detector is 

20 cm away from the exit of the capillary-array window, which is much greater than the Fraunhofer 

distance, thus, only the far field of the radiation is considered for calculating the diffraction at the 

exit of the nanoporous capillary-array windows. 
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          In the far field, the radiation has a relatively uniform-wave pattern. [12] The amplitude of the 

both the electric and magnetic fields falls off as 1 𝑙⁄ , where 𝑙 is the distance between the detector 

surface and the radiation source. In our case, 𝑙 is the distance between the photon detector surface 

and the exit of the waveguide. This means that the total power per unit area at a distance r is 

proportional to 1 𝑙2⁄ , and the far-field radiation from a waveguide becomes a spherical wave and 

then a plane wave. 

          Therefore, when calculating how much radiation can be detected by the photon detector, 

once we obtain the power that exits the waveguide after the impedance mismatch 𝑃𝑒𝑥𝑖𝑡_𝑜𝑢𝑡𝑠𝑖𝑑𝑒  

from equation (3.92) and the distance between the exit of the waveguide and the photon detector, 

we can calculate the how much the power of the radiation is when it hits the photon detector. The 

power of the radiation that collected by the photon detector, 𝑃𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 , can be calculated by 

𝑃𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 =
𝐴𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟

4𝜋𝑙2
𝑃𝑒𝑥𝑖𝑡_𝑜𝑢𝑡𝑠𝑖𝑑𝑒                                          (3.94) 

where 𝐴𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟  is the area of the photon detector that collects the radiation, and 𝑙 is the distance 

between the exit of the waveguide and the photon detector. In our case, the photon detector is about 

20 cm away from the exit of the waveguide. 𝑃𝑒𝑥𝑖𝑡_𝑜𝑢𝑡𝑠𝑖𝑑𝑒  is the power that exits the waveguide 

after the impedance mismatch, which can be found from equation (3.92).  
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3.2.3 Calculation of optical transmission through microporous and 

milliporous capillary-array windows 
 

          When we calculate the optical transmission through microporous and milliporous capillary -

array windows, because the size of the pores on the capillary-array window is in micrometers and 

even millimeters, which is much greater than the wavelength of the radiation, which is about 100 

to 250 nm, we will use ray optics to calculate the transmission instead of treating the problem using 

wave optics (waveguides).  

          Due to the fact that the size of the pores is much greater than the wavelength of the incident 

radiation, we make the following assumptions and approximations for calculating the optical 

transmission through microporous and milliporous capillary-array windows: 

     (1) As mentioned in the very beginning of section 3.2, we assume that before the radiation 

enters the capillary-array window, it becomes a plane wave. 

     (2) When the plane wave hits the surface of the entrance of the pores, the radiation which hits 

the solid material of the window will be reflected, while the radiation which doesn’t hit the solid 

material will go inside the pores.  

     (3) The scattering occurring at the inside wall of the pores can be neglected based on the 

calculations shown in section 3.2.1 for the optical transmission through solid windows, which 

means that the radiation impinging on the pore walls is assumed all lost. 

     (4) Only the radiation that doesn’t hit the inside wall of the pore during the propagation can be 

transmitted through the pore.  

          Therefore, when calculating the optical transmission through microporous and milliporous 

capillary-array windows, only the following needs to be considered: (1) The reflection by the solid 

material at the entrance of the window surface (2) The loss during the propagation inside the pore.  
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      3.2.3.1 Reflection at the entrance of the window surface 

          We proceed in the same way as calculating the optical transmission through nanoporous 

capillary-array windows mentioned in the last section 3.2.2. First, we need to calculate the 

reflection at the entrance of the window surface.  

          As mentioned in equation (3.42) of section 3.2.2, the total power of the incident radiation 

hitting on the entire capillary-array window including both the solid window and the pores, 

𝑃𝑤𝑖𝑛𝑑𝑜𝑤 , can be expressed as 

𝑃𝑤𝑖𝑛𝑑𝑜𝑤 = 4𝑥0𝑦0|𝑆| cos 𝛼                                               (3.95) 

          Here, 𝑆 is the Poynting vector to the capillary-array window surface and |𝑆| is the power 

density in the units of watts m2⁄ . The power density |𝑆| is a constant because the plane wave has 

a uniform power density over the entire capillary-array window surface. As shown in Figure 3.2, 

we assume the width of the window to be 2𝑥0 and the height of the window to be 2𝑦0 , therefore 

the area of the cross-section of the window is 4𝑥0𝑦0. We also consider that there is an incident 

angle 𝛼 on the X-Z plane between the direction of the propagation of the radiation and the surface 

of the microporous and milliporous capillary-array window. When the incident angle 𝛼 is zero, the 

incident radiation propagates along the Z axis, which means that the incident radiation is 

perpendicular to the capillary-array window.  

          Similarly, from equation (3.45) in section 3.2.2, we can get 𝑃𝑝𝑜𝑟𝑒_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 , the power of the 

radiation that hits all the pores all over the capillary-array window as the following 

𝑃𝑝𝑜𝑟𝑒_𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 =  𝑁𝑝𝑜𝑟𝑒  𝜋𝑟0
2 |𝑆| cos 𝛼                                     (3.96) 
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where we again note that 𝑁𝑝𝑜𝑟𝑒 is the number of pores over the entire capillary-array window, and 

𝜋𝑟0
2 is the area of cross-section of each individual pore. |𝑆| is the power density in the unit of 

𝑤𝑎𝑡𝑡𝑠 𝑚2⁄ , and 𝛼 is the incident angle of the radiation.  

          From these two equations above, we will be able to calculate a). how much radiation hits 

the entire capillary-array window b). how much radiation hits the entrance of the pores. Here again, 

the pores are not treated as waveguides. In addition, the reflection due to the impedance mismatch 

between the free space and inside the waveguide is also unnecessary to consider for this case, 

because the size of the pores in these microporous and milliporous capillary-array windows is 

much larger than the wavelength of the radiation.  

 

      3.2.3.2 Loss during the propagation inside the pore 

          After we know how much radiation enters the pores, we need to calculate how much of it 

gets lost based on the assumptions that (1) The radiation which hits the inside wall of the pores is 

considered all lost. (2) Only the radiation that doesn’t hit the inside wall of the pores is transmitted. 

          Starting from a single pore from all pores over the window, we can place the pore in a 

rectangular coordinate system as shown in Figure 3.8.  
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Figure 3.8 Single pore in a rectangular coordinate system 

 

          In Figure 3.8, the pore entrance is placed at the 𝑍 = 0 plane and centered at the original 

point of the coordinate system. The pore is along the Z axis, and the exit of the pore is parallel to 

the entrance. The propagation of the radiation is also along the Z axis, and the incident radiation, 

which is denoted as an array of red arrows, has an angle 𝛼 on the X-Z plane. Here, we use 𝑂𝐸𝑛𝑡  to 

denote the entrance of the pore and 𝑂𝐸𝑥𝑖𝑡  to denote the exit of the pore. 

          Because there is an incident angle 𝛼, the surface that the incident radiation normal to is no 

longer the 𝑍 = 0 plane. Therefore, in Figure 3.9, we introduce a new surface S1, where the incident 

radiation is normal to this surface S1. Then, the entrance of the pore 𝑂𝐸𝑛𝑡  has its projection on 

surface S1, which is denoted as 𝑂𝐸𝑛𝑡 1 . Same for the exit of the pore 𝑂𝐸𝑥𝑖𝑡 , surface S2 is parallel 

to surface S1, and 𝑂𝐸𝑥𝑖𝑡  2 is the projection of 𝑂𝐸𝑥𝑖𝑡  on surface S2. In addition, the projection of the 

entrance of the pore 𝑂𝐸𝑛𝑡  also has its projection on surface S2, which is denoted as 𝑂𝐸𝑛𝑡 2.  
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Figure 3.9 Projections on the normal surfaces 

 

          Recall that the assumptions for calculating the optical transmission through the pore are that: 

(1) The radiation which hits the inside wall of the pores is considered all lost. (2) Only the radiation 

that doesn’t hit the inside wall of the pores is transmitted. Thus, from Figure 3.6, we can see that 

only the photon flux through the overlap area of 𝑂𝐸𝑛𝑡 2 and 𝑂𝐸𝑥𝑖𝑡  2 can be transmitted through the 

pore. Therefore, similarly to equation (3.83), the power of the radiation that gets to the exit of the 

pore can be written as 

𝑃𝑝𝑜𝑟𝑒_𝑒𝑥𝑖𝑡 = 𝑁𝑝𝑜𝑟𝑒  𝐴𝑜𝑣𝑒𝑟𝑙𝑎𝑝 |𝑆|                                       (3.97) 

where 𝐴𝑜𝑣𝑒𝑟𝑙𝑎𝑝  denotes the overlap area.  
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          Therefore, calculating the overlap area 𝐴𝑜𝑣𝑒𝑟𝑙𝑎𝑝 of 𝑂𝐸𝑛𝑡 2 and 𝑂𝐸𝑥𝑖𝑡  2 is vital to determine 

the power of the radiation that gets to the exit of the pores. Figure 3.10 shows the projections 

𝑂𝐸𝑛𝑡 2 and 𝑂𝐸𝑥𝑖𝑡  2 on surface S2 looking from the direction of the incident radiation.  

 

Figure 3.10 Projections on the surface S2 

 

          In Figure 3.10, there are actually ellipses. The upper ellipse is the 𝑂𝐸𝑥𝑖𝑡  2 , and the lower one 

is 𝑂𝐸𝑛𝑡 2 . Since there is an incident angle 𝛼 on the X-Z plane, both the entrance and the exit circle 

𝑂𝐸𝑛𝑡  and 𝑂𝐸𝑥𝑖𝑡  become ellipses, where the longest radius 𝑎 and the shortest radius 𝑏 of the ellipse 

are:  

𝑎 =  𝑟0  

𝑏 =  𝑟0 cos 𝛼                                                            (3.98) 

          These two ellipses are exactly at the same size because they are the projections of the 

entrance and the exit of the pore, which are supposed to be the same size. This means these two 

ellipses 𝑂𝐸𝑛𝑡 2 and 𝑂𝐸𝑥𝑖𝑡  2 have the same the longest radius 𝑎 and the shortest radius 𝑏. 
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          In Figure 3.10, 𝑂1 and 𝑂2  denote the center of each ellipse. 𝑁1 is the top of the ellipse 𝑂𝐸𝑛𝑡 2, 

and 𝑁2 is the bottom of the ellipse 𝑂𝐸𝑥𝑖𝑡  2. M is in the middle of  𝑁1 and 𝑁2, and P is one of the 

intersections of these two ellipses. Here we use 𝑋0 to denote the distance between the points M 

and P. 𝑌1 and 𝑌2 are the upper and lower boundary of the dashed overlap area. The offset projection 

is defined as the projection on the surface S2 of the offset of the top point of each circle 𝑂𝐸𝑛𝑡  and 

𝑂𝐸𝑥𝑖𝑡 . The offset projection depends on the incident angle of the radiation as well as the length L 

of the pore, which can be determined by 

𝑂𝑓𝑓𝑠𝑒𝑡 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑜𝑛 = 𝐿 tan 𝛼 cos 𝛼                                         (3.99) 

          In Figure 3.10, we use H to denote the distance between the points M and 𝑁1, then the 

distance between the points M and 𝑂2 becomes 𝑏 − 𝐻. Due to the fact that the ellipse 𝑂2 has the 

same size as the ellipse 𝑂1, and there are offset by the distance offset projection, we have the 

following relationship:  

𝑂1𝑁2 + 𝑂2𝑁1 = 𝑂1𝑂2 + 𝑁1𝑁2                                             (3.100) 

where 𝑂1𝑁2 and 𝑂2𝑁1 are the shortest radius of the ellipse, which is b, and 𝑂1𝑂2 is equal to the 

offset projection, and 𝑁1𝑁2 can be denoted as 2H, thus, substituting equation (3.99), equation 

(3.100) can be written as 

𝑏 + 𝑏 =  𝐿 tan 𝛼 cos 𝛼 + 2𝐻 

𝑏 − 𝐻 =  
1

2
𝐿 tan 𝛼 cos 𝛼                                                      (3.101) 

          In addition, because point 𝑃 of these two ellipses is the intersection of these two ellipses, its 

coordinates should satisfy the ellipse function, which is  

𝑥 2

𝑎2
+

𝑦2

𝑏2
= 1                                                            (3.102) 
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where 𝑎 is the longest radius and 𝑏 is the shortest radius of the ellipse, which can be found in 

equation (3.98).  

          The coordinates of the point 𝑃 can be written as (𝑋0,𝑏 − 𝐻) , therefore, substituting its 

coordinates into equation (3.102), we have 

𝑋0
2

𝑎2
+

(𝑏 − 𝐻)2

𝑏2
= 1                                                     (3.103) 

          From equation (3.103), the value of 𝑋0 can be solved. Therefore, the dashed overlap area 

𝐴𝑜𝑣𝑒𝑟𝑙𝑎𝑝  can be determined by 

𝐴𝑜𝑣𝑒𝑟𝑙𝑎𝑝 = ∫ (𝑌1 − 𝑌2)𝑑𝑥
𝑋0

−𝑋0

                                             (3.104) 

where 𝑌1 and 𝑌2 can be found from the ellipse equation.  

          Now we can substitute equation (3.104) into the equation (3.97), the power of the radiation 

that gets to the exit of the pores can be written as 

𝑃𝑝𝑜𝑟𝑒_𝑒𝑥𝑖𝑡 = 𝑁𝑝𝑜𝑟𝑒  |𝑆| ∫ (𝑌1 − 𝑌2 )𝑑𝑥
𝑋0

−𝑋0

                                  (3.105) 

Therefore, the optical transmission through the microporous and the milliporous capillary-array 

windows can be determined by the power of the radiation hitting the entire capillary-array window 

and the power of the radiation that gets to the exit of the pores 

𝑇 = 𝑃𝑝𝑜𝑟𝑒_𝑒𝑥𝑖𝑡 𝑃𝑤𝑖𝑛𝑑𝑜𝑤    ⁄                                              (3.106) 

where 𝑃𝑤𝑖𝑛𝑑𝑜𝑤 is the power of the radiation that hits the entrance of the entire capillary-array 

window surface, which can be obtained from equation (3.95) in section 3.2.3, and 𝑃𝑝𝑜𝑟𝑒_𝑒𝑥𝑖𝑡  is the 

power of the radiation that gets to the exit of the pores of the capillary-array window, which can 

be found from equation (3.105). 
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Chapter 4 – Experimental Setups and Methods 

 

4.1 Experimental setups for optical transmission measurements 
 

4.1.1 Window holder 

 
          A fixture to position the capillary-array windows has been constructed using three pieces of 

polymethylmethacrylate (PMMA) plastic, which is shown in Figure 4.1. Figure 4.1 (A) is the front 

view of the window holder, and Figure 4.1 (B) is the side view. PMMA was chosen as the material 

of the window holder. Previous work showed that PMMA blocks light at wavelengths below about 

300 nm, which is in the range of wavelengths of UV and VUV that are examined in this work. [1] 

The PMMA piece in the middle is a u-shaped window sample holder (b), which is held together 

between the front (a) and the back (c) PMMA plates, all being arranged to allow the window to be 

slid into the u-shaped holder.  

          The front and back PMMA plates have a single circular hole in the center to let the VUV 

pass through. There are two sets of the front and back PMMA plates, and each of them has a 

circular hole with radius either 4 or 5 mm in diameter so that we can have different exposed areas 

for experimental-design uses.  

          The top of the window holder is attached to an angular translator. With the help of the 

angular translator, we will be able to rotate the capillary-array window holder when it is placed 

inside the vacuum chamber to give multiple incident angles of the radiation. Once the window 

sample is installed in the holder, the system is ready for measurements to be made.  



 

 

80 

 

(A) Front view                                                                  (B) Side view                               

Figure 4.1. Window sample holder for VUV-transmission measurements 
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4.1.2 UV-light source 

 
          The UV lamp used as a UV source here is a low-pressure, cold-cathode mercury UV Pen-

Ray lamp, 11SC-1 from Laser Components S.A.S France, made of double-bore quartz tubing. [2] 

The power supply for this lamp provides an 800V starting voltage varying at 60Hz and a 270 V 

operating voltage. The graph below, Figure 4.2 (A), illustrates the relative emission intensities of 

the UV spectrum.[2] Note that the vertical scale is not linear. Figure 4.2 (B) on the right side is a 

picture of a UV lamp. [2]  

 

Figure 4.2 (A). Mercury UV Lamp spectrum [2]              Figure 4.2 (B). Mercury UV lamp [2] 

 

From the spectrum shown in Figure 4.2 (A), we can see that the UV peak at 253.6 nm is 

approximately thirty times larger than the other peaks. Therefore, we use the peak at 253.6 nm to 

measure the UV transmission through capillary-array windows and solid windows. 
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4.1.3 VUV source: Electron Cyclotron Resonance (ECR) plasma 

 
          Figure 4.3 shows the ECR reactor setup used to generate an argon plasma to be used as a 

VUV source. 

 

Figure 4.3. Electron-cyclotron-resonance and monochromator 

 

          When the plasma is turned on in the ECR chamber, the VUV generated in the plasma passes 

through the capillary-array window and travels to the monochromator, where it is spread into its 

spectrum by the grating in the VUV monochromator (McPherson 234/302). The VUV radiation 

coming from the plasma varies at the line frequency, which is 60 Hz. This variation is one of the 

reasons why signal processing methods need to be used to suppress the 60 Hz variation, which 

will be discussed in detail in Section 4.1.4. The radiation, as described earlier, then travels to a 

quartz window, whose inside is coated with sodium salicylate that fluoresces in the visible such 

that it can be detected by the photomultiplier tube (PMT) (Hamamatsu R3896). [3] 
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          The ECR and the monochromator chamber are pumped down to 10-6 Torr and then argon 

gas is fed into the ECR chamber using a mass-flow controller (Unit Instruments UFC-1400) to a 

chamber pressure of 20±1 mtorr.  This condition was found to give us the highest magnitude of 

the argon peaks. The argon plasma is generated in the ECR chamber using a 2.45 GHz, 2 kW 

microwave-magnetron source. The current through the magnet coils is 1000A. The VUV vacuum 

monochromator is connected to the ECR chamber. The cyclotron-resonance location inside the 

ECR chamber is shown in Figure 4.4. [4] Please note that the direction of Figure 4.4 is rotated 90 

degrees from Figure 4.3.  

 

Figure 4.4. Resonance location in the ECR chamber [4] 

 

          Additionally, the capillary-array window with its holder is attached to the angular translator, 

discussed previously, which is placed between the ECR chamber and the VUV vacuum 

monochromator, which is shown in the middle of Figure 4.3. Using the angular translator, the 

window then can be rotated to align the VUV beam with the holes on the window. At the output 

of the VUV monochromator, the PMT detects the visible photons from the fluorescence of the 
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sodium-salicylate-coated glass window placed between the PMT and the monochromator as shown 

in Figure 4.3. Sodium salycilate is a wavelength converter in the VUV-spectral region, which can 

fluoresce in a band between 350-550 nm when it is excited by radiant energy of wavelengths 

shorter than 350 nm. [5] The PMT used has a wide spectral response between 185 and 900 nm. [6] 

The reason for using the combination of sodium salycilate plus the PMT is that for initial 

experiments, the argon peaks at 104.8 nm and 106.6 nm were used as examples for measuring the 

VUV transmission, which can’t be detected directly by the PMT because the glass window does 

not allow the transmission of VUV radiation. However, it does allow visible light from the sodium 

salycilate.  The PMT was cooled with dry ice to reduce thermal noise, and a 1000V DC bias was 

applied to the PMT. The photon current coming from the PMT is measured with a Keithley 6487 

picoammeter.  
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4.1.4 Signal collection and data processing 

 
          For all of the optical measurements, a set of 1000 data points for each wavelength was 

collected at a sampling rate of 60 Hz and then stored in the buffer of the picoammeter. Then, a 

Fast-Fourier Transform (FFT) algorithm was used to convert each data set to the frequency domain 

from the time domain. An extreme low-pass filter (LPF), with a cut-off frequency of zero Hz, was 

applied to remove noise and other stray signals. Finally, the data was converted back to the time 

domain, which resulted in the determinization of the mean value over all data points in the set for 

each wavelength.  

A scan with respect to wavelength was made by setting a wavelength-step to be 0.02 nm, 

which was determined to give sufficient resolution. Otherwise, for example, when we measured 

the VUV peaks from argon plasma at 104.8 and 106.6 nm, the peaks could not be detected if we 

set the wavelength step to be 1 nm or wider. 

Using this method of signal collection and data processing, for the UV measurements, the 

scans were done from 251 nm to 256 nm to cover the UV peak at 253.6 nm with 0.02 nm as the 

wavelength step. For the VUV measurements, the scans were done from 103.5 nm to 108 nm to 

cover the VUV peaks at 104.8 and 106.6 nm with the same wavelength step. 
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4.2 Experimental setups for pressure tests 

 
          Pressure tests of the capillary-array windows were performed to get a general estimation on 

how much pressure differential these capillary-array and/or solid windows can hold before 

breaking.  

         Experimentally, a pressure-test system was developed to perform these tests as shown in 

Figure 4.5.  

 

Figure 4.5 Pressure test system 

 

          We used the pressure-test system shown in Figure 4.5 to test if the capillary-array window 

samples can hold the pressure differential between the atmospheric pressure and vacuum pressure 

in the range of millitorr. In Figure 4.5, a mechanical pump was used to provide vacuum inside the 
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system, which can pump the system down to around 50 mtorr while the outside of the system is at 

atmospheric pressure at 760 torr. The mechanical pump used in pressure tests is a Leybold oil 

sealed vacuum pump TRIVAC D 90 L, which can provide a pumping rate at 110 𝑚3 ℎ⁄ . [14] There 

is a manual valve placed at the inlet of the mechanical pump to control the pumping rate of the 

mechanical pump. With utilizing the pressure tests using the pressure-test system shown in Figure 

4.5, the absolute pressure differential that applied to the capillary-array windows would be no more 

than 760 torr, which is one atmosphere. Therefore, in order to estimate the maximum pressure 

differential that a capillary-array window can hold if it survives from the first round of test over a 

pressure differential of 760 torr, the further pressure tests will be performed by switching the 

mechanical pump with a gas-feed-in system and fill the system with nitrogen gas. When feeding 

in the nitrogen gas into the system while still keeping the outside at the atmospheric pressure, in 

this way we will be able to control the absolute pressure differential across the capillary-array 

window and set it to be greater than one atmosphere.  

          The filter in front of manual valve 1, shown in Figure 4.5, is a Coaxial Trap, 4" Body, NW40, 

made by MDC precision as shown in Figure 4.6. [7] The filter can remove any possible debris down 

to 5 𝜇𝑚 in diameter from either the breaking capillary-array windows or solid windows during the 

process of the pressure test.  



 

 

88 

 

Figure 4.6 Coaxial Trap, 4" Body, NW40, Filter [7] 

 

          In Figure 4.5, on the top of the filter, there is a cross structure with: (1) A manual valve on 

the left side, which is used to vent the entire pressure test system back to atmospheric pressure 

after finishing the test. (2) A thermocouple gauge connecting to a pressure reader, which allows 

us to monitor the real-time pressure inside the pressure test system. (3) A quick-connect coupling, 

where either the capillary-array windows or solid windows were placed for the pressure test. The 

quick-connect coupling is shown in Figure 4.7.  
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Figure 4.7. Quick-Connect Couplings [8]   

 

  

Figure 4.8. Side view of the quick-connect coupling 

 

          Figure 4.8 shows a side view of the quick-connect coupling device on the right side of the 

Figure and an enlarged region of the inside arrangement of the quick-connect coupling on the left 

side. There are two rubber O rings oriented horizontally between the cap and the vacuum hose. A 

piece of capillary-array window sandwiched between two polymethylmethacrylate (PMMA) 
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plastic films with a hole of 10 mm in diameter in the center of each of the films was then placed 

between the O rings.  The area of this hole will be used as the exposed area for the pressure test.  
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4.3 Statistical Experimental design 
 

          To study the UV and VUV transmission efficiency with respect to the pore diameter, 

thickness, percentage of the open area, the total exposed area of the capillary-array window, and 

the angle and the wavelength of the incident radiation, multiple measurements need to be made. 

Thus, statistical experimental design has been applied to our experiments to (1) minimize the 

number of trials of the experiments. The reason why fewer runs of experiments are preferred in 

this project is because of the consumption of time and cost of the experiments. If fewer trials of 

the experiments can lead to the similar results, it will save much time and cost. (2) obtain the 

maximum optical transmission through capillary-array windows with the optimized choice of 

factors that we are considering.  

          A full-factorial design [11] is firstly discussed in this section, followed by a fractional-

factorial design.[11] Applying the fractional-factorial design methods to implement the experiments 

allows us to get the similar results to what we can get from a full set of experiments, but with a 

smaller number of experimental trials. Next, an advanced factorial-design method is introduced to 

show us how to implement the experiments with minimized number of trials. This advanced 

factorial-design method is also compared with a regular fractional-factorial design to show that the 

advanced method has a much better efficiency on minimizing the experimental trials than a regular 

fractional-factorial design. Then, the optimization method is discussed to show how we analyze 

the experimental results obtained with the factorial designs and how it can lead us to the maximum 

experimental response. Last, we are discussing how we are applying the factorial design method 

to our experiment of measuring the optical transmission through all the capillary-array windows. 

The variable factors for the experiments are chosen based on the theoretical factorial design models 

that were discussed above. 
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4.3.1 Full-factorial design 
 

          A full-factorial experiment is an experiment whose design consists of two or more factors, 

each with discrete possible values or “levels”, and whose experimental units take on all 

combinations of these levels across all such factors. [9] When we design factorial experiments, it 

allows us to study the effect of each factor on the response variable, which in this case is the 

efficiency of transmission of the radiation through the capillary array window, and the effects of 

interactions between factors on the response variable. In this project, we consider six different 

factors, which are pore diameter, thickness, open-area ratio (OAR) of the capillary-array window, 

the total exposed area, as well as the angle and the wavelength of the incident radiation including 

both UV and VUV. Again, the response variable is the transmission efficiency. 

          The notation used to denote factorial experiments conveys the number of factors and the 

number of levels of each factor. For example, a 26 factorial design has six factors, and each of the 

factors has two levels. Therefore, we have 26 = 64 experimental conditions. Another example is 

that a 253 factorial design, where 253 indicates that this factorial design has six factors, but five 

have two levels and one has three levels. Thus, there are 25 × 3 = 96 experimental conditions.  

          A full-factorial design can be analyzed by the mean and variance of the factors to predict 

the optimized response variable. [10] A factorial experimental analysis studies the main effect (ME) 

of each factor, which indicates the major effect on the response variable resulting from an 

individual factor, and the interactions (INT) between factors, which imply the effect on the 

response variable resulting from the combination of the factors. [11]  

          Starting from the main effect (ME) of each factor, the ME of a factor A with two levels, low 

(−) and high (+) can be expressed as [11]  

𝑀𝐸(𝐴) =  𝑧̅(𝐴 +) − 𝑧̅(𝐴 −)                                                       (4.1)  
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 where  𝑧̅(𝐴 +) represents the average response for all possible combinations of the other factors’ 

conditions when A is a high level, while 𝑧̅(𝐴 −) represents for the average response when A is at 

a low level.   

          After knowing the main effect from one single factor while holding the other factors constant, 

the interaction (INT) between the factors also needs to be considered, which means the response 

collected from changing multiple factors at a time. To start with, we look at the interaction between 

two factors, which is called the two-factor interaction. To determine the two-factor interaction 

effect, the calculation of the conditional main effect is needed. It is defined as follows: when there 

is another factor B with two levels, low (−) and high (+), the conditional main effect of B at the 

high (+) level of A can be determined as [11] 

𝑀𝐸(𝐵|𝐴 +) =  𝑧̅(𝐵 + |𝐴 +) − 𝑧̅(𝐵 − |𝐴 +)                                        (4.2)    

where the vertical line inside the parenthesis represents for the conditions. For example, 

𝑧̅(𝐵 + |𝐴 +) represents for the average of all the response values observed at B+ under the 

condition of + level of A. Then the conditional main effect of B at low (−) level of A can be 

determined as [11] 

𝑀𝐸(𝐵|𝐴 −) =  𝑧̅(𝐵 + |𝐴 −) − 𝑧̅(𝐵 − |𝐴 −)                                         (4.3)    

          The interaction (INT) effect between A and B is defined as [11] 

𝐼𝑁𝑇(𝐴, 𝐵) =
1

2
× {𝑀𝐸(𝐵|𝐴 +) − 𝑀𝐸(𝐵|𝐴 −)}                                                                                   

=
1

2
× {𝑀𝐸(𝐵|𝐴 +) − 𝑀𝐸(𝐵|𝐴 −)}

=
1

2
× {𝑧̅(𝐴 + |𝐵 +) + 𝑧̅(𝐴 − |𝐵 −)} −

1

2
× {𝑧̅(𝐴 + |𝐵 −) + 𝑧̅(𝐴 − |𝐵 +)}   (4.4) 
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          From what has been calculated, we can obtain the effect on the response variable resulting 

from each single factor, as well as from the interactions between two factors. However, when there 

are more than two factors in a factorial design, for example, three factors, the effect coming from 

the interactions between all these three factors will be needed to know how the response variable 

is going to change when these three factors vary simultaneously. Therefore, when there is a third 

factor C with two levels, low (−) and high (+), the three-factor interaction effect of A, B and C 

can be expressed as [11] 

𝐼𝑁𝑇(𝐴, 𝐵, 𝐶) =
1

2
𝐼𝑁𝑇(𝐴, 𝐵|𝐶 +) −

1

2
𝐼𝑁𝑇(𝐴, 𝐵|𝐶 −)                                                    

                         =
1

2
𝐼𝑁𝑇(𝐴, 𝐶|𝐵 +) −

1

2
𝐼𝑁𝑇(𝐴, 𝐶|𝐵 −)                                                     

                         = 
1

2
𝐼𝑁𝑇(𝐵, 𝐶|𝐴 +) −

1

2
𝐼𝑁𝑇(𝐵,𝐶|𝐴 −)                                           (4.5) 

         A more general multiple-factor interaction effect can be expressed as equation (4.6), [11] and 

it gives us the idea of how the response will be changed when we vary all of these factors 

simultaneously.  

𝐼𝑁𝑇(𝐴1, 𝐴2, … 𝐴𝑘) =
1

2
𝐼𝑁𝑇(𝐴1, 𝐴2, … 𝐴𝑘−1 |𝐴𝑘 +) −

1

2
𝐼𝑁𝑇(𝐴1, 𝐴2, … 𝐴𝑘−1|𝐴𝑘 −)      (4.6) 

where k indicates how many factors that we are considering when we calculate the interaction 

effect.  

          The magnitude of the main effects and the interactions indicates how the factors affect the 

response variable. The higher the magnitude of the effect or the interaction effect is, the greater 

the effect on the response variable will be obtained while changing the factor or changing the 

combination of the factors. When the main effects or the interaction effects are positive, it indicates 

that increasing the factor or the interaction, the latter of which means increasing several factors 
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simultaneously, will result in an increase of the response variable. When the effects are negative, 

the response variable will decrease when increasing the levels of a single factor or an interaction. 

          From the experimental results of the factorial design for this project and the analysis of a 

factorial design, we will get general ideas of: (a) Whether we can get a higher or lower response 

when we change each of the factors or a combination of factors. (b) How much the amplitude of 

the response will be affected when we change each of the factor or the combination of factors.  
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4.3.2 Fractional-factorial design 
 

          Because 2k full-factorial designs require that 2k runs be performed, full-factorial designs are 

seldom used in practice, while fractional-factorial designs, which consist of a subset or fraction of 

factorial designs are commonly used. [11]  

          Using a six-factor experiment as an example, a full-factorial-design requires 26 trials of the 

experiments, while a half-fractional-design only needs half that number of trials. This half-

fractional-factorial design is referred as a 26−1 design, where 6 denotes the number of factors, and 

2−1 =  1 2⁄  denotes the fraction. Therefore, there will be 32 runs totally. The key is how the 

fraction should be chosen.  

          To start with, an example of a half-fractional-factorial design with six factors is given as 

follows. The factor F is assigned to the column that equals the product of the columns for factors 

A, B, C, D and E, which is shown in Table 4.1. That is, each entry in the column for F is the product 

of the corresponding entries in the columns for A, B, C, D and E. In Table 4.1, + and – represent 

for the high level (+) and low level (–) of each factor, respectively.  
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Table 4.1. Design matrix for six factors of a half-factorial design  
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          Based on this design assumption, the main effect of factor F is said to be aliased with the 

interaction 𝐴𝐵𝐶𝐷𝐸, which following the sign multiplying rules as listed in Table 4.1. This aliasing 

relation is denoted by equation (4.7),  

𝐹 = 𝐴𝐵𝐶𝐷𝐸        𝑜𝑟      𝐼 = 𝐴𝐵𝐶𝐷𝐸𝐹                                      (4.7) 

The value of I is the product of the terms on the right-hand side of the equation (4.7), and the 

equation 𝐼 = 𝐴𝐵𝐶𝐷𝐸𝐹 is called the defining relation of the 26−1  design. This design is called a 

resolution VI design because the defining relation consists of all six factors, which are A, B, C, D, 

E, and F. By multiplying both sides of the equation 𝐼 = 𝐴𝐵𝐶𝐷𝐸𝐹 by column A, we get 

𝐴 = 𝐴𝐼 = 𝐴𝐴𝐵𝐶𝐷𝐸𝐹 = 𝐵𝐶𝐷𝐸𝐹                                         (4.8)         

The relation 𝐴 = 𝐵𝐶𝐷𝐸𝐹 is obtained, which means the column A is identical to the product of 

column B, C, D, E and F, so that the main effect A is aliased with the interaction 𝐵𝐶𝐷𝐸𝐹. By 

following the same method, all aliasing relations can be inferred.  

𝐴 = 𝐵𝐶𝐷𝐸𝐹, 𝐵 = 𝐴𝐶𝐷𝐸𝐹, 𝐶 = 𝐴𝐵𝐷𝐸𝐹, 𝐸 = 𝐴𝐵𝐶𝐷𝐹, 𝐹 = 𝐴𝐵𝐶𝐷𝐸                      

𝐴𝐵 = 𝐶𝐷𝐸𝐹, 𝐴𝐶 = 𝐵𝐷𝐸𝐹, 𝐴𝐷 = 𝐵𝐶𝐸𝐹, 𝐴𝐸 = 𝐵𝐶𝐷𝐹, 𝐴𝐹 = 𝐵𝐶𝐷𝐸                      

𝐵𝐶 = 𝐴𝐷𝐸𝐹, 𝐵𝐷 = 𝐴𝐶𝐸𝐹, 𝐵𝐸 = 𝐴𝐶𝐷𝐹, 𝐵𝐹 = 𝐴𝐶𝐷𝐸, 𝐶𝐷 = 𝐴𝐵𝐸𝐹                      

𝐶𝐸 = 𝐴𝐵𝐷𝐹, 𝐶𝐹 = 𝐴𝐵𝐷𝐸, 𝐷𝐸 = 𝐴𝐵𝐶𝐹, 𝐷𝐹 = 𝐴𝐵𝐶𝐸, 𝐸𝐹 = 𝐴𝐵𝐶𝐷                      

𝐴𝐵𝐶 = 𝐷𝐸𝐹, 𝐴𝐵𝐷 = 𝐶𝐸𝐹, 𝐴𝐵𝐸 = 𝐶𝐷𝐹, 𝐴𝐵𝐹 = 𝐶𝐷𝐸, 𝐴𝐶𝐷 = 𝐵𝐸𝐹                      

𝐴𝐶𝐸 = 𝐵𝐷𝐹, 𝐴𝐶𝐹 = 𝐵𝐷𝐸, 𝐴𝐷𝐸 = 𝐵𝐶𝐹, 𝐴𝐷𝐹 = 𝐵𝐶𝐸, 𝐴𝐸𝐹 = 𝐵𝐶𝐷           (4.9) 

          As in Wu and Chen (1992), we call a main effect or a two-factor interaction clear if none of 

its aliases are main effects or two-factor interactions, and strongly clear if none of its aliases are 

main effects, two-factor, or three-factor interactions. [12] Therefore, in this resolution VI fractional-

factorial design, all the main effects and two-factor interactions are strongly clear, and all the three-

factor interactions are clear. 
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          Equation (4.9) is an example of a resolution VI fractional-factorial design. From Table 4.1, 

we can see this resolution VI fractional-factorial design only requires 32 trials of experiments, 

which is half the number of trials of the full-factorial design with six factors.  

          As for a factorial design with six factors, there are two more alternative fractional-factorial 

design methods with requiring even fewer trials of the experiments, which are resolution IV and 

resolution III fractional-factorial designs.   

          For a resolution IV fractional-factorial design, we define column E as the product of column 

A, B, and C, and column F as the product of columns B, C and D. In this resolution IV fractional-

factorial design, we have the defining relation to be 𝐼 = 𝐴𝐵𝐶𝐸 = 𝐵𝐶𝐷𝐹. That means, we have 

four factors in the defining relation, and that is why it’s called a resolution IV fractional-factorial 

design. We can denote the resolution IV fractional-factorial design with six factors as a 26−2 

design, which means it only requires 16 trials of experiments. Table 4.2 shows all the 16 trials that 

are required to take for a resolution IV fractional-factorial design, and the equation (4.10) shows 

all the aliasing relations of a resolution IV fractional-factorial design.  
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Table 4.2 Design matrix for a six-factor resolution IV fractional-factorial design 

 

𝐴 = 𝐵𝐶𝐸 = 𝐷𝐸𝐹 = 𝐴𝐵𝐶𝐷𝐹,𝐵 = 𝐴𝐶𝐸 = 𝐶𝐷𝐹 = 𝐴𝐵𝐷𝐸𝐹                                 

𝐶 = 𝐴𝐵𝐸 = 𝐵𝐷𝐹 = 𝐴𝐶𝐷𝐸𝐹, 𝐷 = 𝐴𝐸𝐹 = 𝐵𝐶𝐹 = 𝐴𝐵𝐶𝐷𝐸                                 

𝐸 = 𝐴𝐵𝐶 = 𝐴𝐷𝐹 = 𝐵𝐶𝐷𝐸𝐹,𝐹 = 𝐴𝐷𝐸 = 𝐵𝐶𝐷 = 𝐴𝐵𝐶𝐸𝐹                                 

𝐴𝐵 = 𝐶𝐸 = 𝐴𝐶𝐷𝐹 = 𝐵𝐷𝐸𝐹, 𝐴𝐶 = 𝐵𝐸 = 𝐴𝐵𝐷𝐹 = 𝐶𝐷𝐸𝐹                                 

𝐴𝐷 = 𝐸𝐹 = 𝐴𝐵𝐶𝐹 = 𝐵𝐶𝐷𝐸, 𝐴𝐸 = 𝐵𝐶 = 𝐷𝐹 = 𝐴𝐵𝐶𝐷𝐸𝐹                                 

𝐴𝐹 = 𝐷𝐸 = 𝐴𝐵𝐶𝐷 = 𝐵𝐶𝐸𝐹, 𝐵𝐷 = 𝐶𝐹 = 𝐴𝐵𝐸𝐹 = 𝐴𝐶𝐷𝐸                                  

𝐵𝐹 = 𝐶𝐷 = 𝐴𝐵𝐷𝐸 = 𝐴𝐶𝐸𝐹, 𝐴𝐵𝐷 = 𝐵𝐸𝐹  

𝐴𝐵𝐹 = 𝐶𝐸𝐹 = 𝐵𝐷𝐸,𝐴𝐶𝐷 = 𝐶𝐸𝐹,𝐴𝐶𝐹 = 𝐵𝐸𝐹 = 𝐶𝐷𝐸                        (4.10) 

          Although the resolution IV fractional-factorial design only requires 16 trials of experiments, 

from equation (4.10), we can see all the main effects are clear, but all other multi-factor 
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interactions are all not clear, which means all these multi-factor interactions can be easily 

confounded with other interactions.  

          For a resolution III fractional-factorial design, we define column D as the product of 

columns A and B, column E as the product of columns B and C, and column F as the product of 

columns A and C. In this resolution III fractional-factorial design, we have the defining relation to 

be 𝐼 = 𝐴𝐵𝐷 = 𝐵𝐶𝐸 = 𝐴𝐶𝐹. That means, we have three factors in the defining relation, and that 

is why it’s called a resolution III fractional-factorial design. We can denote the resolution III 

fractional-factorial design with six factors as a 26−3  design, which means it only requires 8 trials 

of experiments. Table 4.3 shows all the 16 trials that are required to take for a resolution III 

fractional-factorial design. 

 

Table 4.3 Design matrix for a six-factor resolution III fractional-factorial design 

 

          In this six-factor resolution III fractional-factorial design, all the main effects and multi-

factor interactions are not clear. This means if we analyze the results of a six-factor resolution III 

fractional-factorial design, the effects from all these single factor and interactions can be 

confounded. That way we cannot distinguish these effects from each of the factors. 
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4.3.3 Advanced design method 
 

          From what has been discussed above, we find that (1) Fractional-factorial design can reduce 

the number of trials of the experiments. (2) Specifically for this project, which we are considering 

six factors and each with two levels, we have three fractional-factorial design methods, which are 

resolution VI, IV, and III. (3) Resolution VI requires the greatest number of trials of the experiment  

among the three fractional-factorial designs, which will give most clear and accurate analysis on 

the experimental results. (4) Resolution III requires the least number of trials of the experiment  

among the three fractional-factorial designs, but the analysis of a resolution III can be vague and 

the analysis on the effects of each factor along with their aliases will be confounded.  

          Therefore, we develop a fractional-factorial design method to apply to this project, which 

allows us to implement minimum number of trials as possible and still leads to an accurate analysis 

of the experimental results.  

 

      4.3.3.1 Screening test 

          To start with, a screening test was performed to give us an approximate analysis on the 

effects of each factor along with their aliases. In this project, considering six factors, we 

implemented the resolution III fractional-factorial design as the screen test, which requires eight 

trials of experiments. As mentioned in equations (4.1) and (4.6), we will analyze the main effects 

and their interactions of the factors. From the results of the effect analysis, we can eliminate one 

or two factors which have very limited contribution to the response variable. The elimination of 

factors depends on a reference line which we need to calculate, and the reference line shows the 

confidence level of the experiments. We usually pick 95% as the confidence level, which means 

95% of the duplicated experiments will show the same results at this level. Therefore, the reference 
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line we applied here indicates the 95% of confidence level. For any effects or interactions of factors 

which exceed the reference line, we state that these factors or interactions are statistically 

significant, and for those effects or interactions of factors that are below the reference line level, 

those factors can be eliminated for the future experiments.  

 

      4.3.3.2 Half-fractional-factorial design after screening tests 

          After eliminating a few statistically non-significant factors from the screen test, we can 

implement a further half-fractional-factorial design to show a more accurate analysis on each of 

the factors and their interactions.  

          Depending on how many factors we eliminated from the screen test, we can decide how 

many further experiments we need to run for a further half-fractional-factorial design. For example, 

if we can take out one factor out of six, which means we are now only considering five significant 

factors for the experiments, the further half-fractional-factorial design requires 25−1 = 16 trials of 

experiments. If we can take out two factors, which means we are now only considering four 

significant factors for the experiments, the further half-fractional-factorial design only requires 

24−1 = 8 trials of experiments. 

          After implementing the further half-fractional-factorial design of experiments, we will be 

able to get more accurate effects for each of the factors and their interactions.  

 

          Comparing method A: a screening test plus further fractional-factorial design and method 

B: the full resolution VI design, we can see the following: (1) Both methods show clear analysis 

results on the factors that we are considering for the experiments. (2) Applying the method A, 

which is the screen test plus further fractional-factorial design, we only need to run either 8 +
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16 = 24 or 8 + 8 = 16 trials of experiment against the 26−1 = 32 trials of experiments which 

requires from the full resolution VI design. The way we are applying these methods to our actual 

experiments will be discussed in section 4.3.5 and the experimental results along with the analysis 

we got from applying these methods will be discussed in chapter 7.  

          Due to the fact that each trial of the experiments in our project costs hundreds of dollars, the 

method of a screening test plus further fractional-factorial design is considered a financially 

efficient and time saving method.  
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4.3.4 Factorial design for optimization 
 

          Besides reducing the number of trials of experiments, we used the factorial design method 

to implement our experiments to find an optimized response as well. In our project, we want to 

find the maximum optical transmission through the capillary-array windows. Therefore, once we 

get the experimental results from the experiments designed by the fractional-factorial design 

methods mentioned in section 4.3.3, we will do the analysis of variance (ANOVA) and regression 

analysis to help us find the maximum response variable.  

          ANOVA is a collection of statistical models and their associated estimation procedures that 

used to describe the complex relations among variables. [13] To start with, we calculate the variance 

of the factorial effects. Similar to equation (4.1), a more general expression of calculating the 

factorial effect 𝜃 is developed as follows:  

𝜃 = 𝑧̅+ − 𝑧̅−                                                              (4.11) 

where 𝑧̅+ and 𝑧̅− are the averages of one half of the observations. If N is the total number of the 

observations, the variance of the factorial effects can be determined by 

Var(𝜃) =
𝜎 2

𝑁 2⁄
+

𝜎 2

𝑁 2⁄
=

4

𝑁
𝜎 2                                           (4.12) 

where 𝜎 2 represents for the variance, which can be calculated by 

𝜎 2 =
1

𝑁 − 1
∑(𝑧𝑖 − 𝑧̅)2

𝑖

                                              (4.13) 

where 𝑖 =  𝑖 𝑡ℎ observation, 𝑧𝑖 is the response of each of the observation, and 𝑧̅ is the average of 

the response of all observations.  

          Next, we need to take the natural log of the variance, which is shown in equation (4.14) 

before we do regression analysis and ANOVA. The reasons why we take the natural log of the 
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variance are the following: (1) It maps the variance 𝜎 2 over the range of (0, +∞) to natural log of 

the variance ln 𝜎 2 over the range of (−∞,+∞), and both regression analysis and ANOVA assume 

the responses are over the range of (−∞,+∞). (2) The natural log of the variance ln 𝜎 2 is better 

for the variance prediction. The reason is that supposing the predicted response 𝑧̂ = ln 𝜎 2, and 

then the predicted variance 𝜎 2 = 𝑒𝑧̂  is always non-negative. The caret sign above z and 𝜎 

represents for the predicted value of them. (3) Most physical laws have a multiplicative component. 

Log converts multiplicity into additivity, which makes the calculation easier.  

ln 𝜎 2 = ln (
1

𝑁 − 1
∑(𝑧𝑖 − 𝑧̅)2

𝑖

)                                         (4.14) 

          Next, we can do the regression analysis. The regression model of a response variable 𝑧𝑖  is 

given by [11] 

𝑧𝑖 = 𝛽0 + ∑ 𝛽𝑗 𝑥𝑖𝑗

𝑀

𝑗=1

                                                       (4.15) 

where 𝛽0 is the fitted intercept, 𝑗 = 1,2,3 … 𝑀, and M is the total number of variables we have for 

a full-factorial design. For example, for this project, we are considering 6 factors. From these 6 

factors, we have 6 one-factor variables, 15 two-factor variables, 20 three-factor variables, 15 four-

factor variables, 6 five-factor variables, and 1 six-factor variable. Therefore, the total number of 

variables we have for a full-factorial design, 𝑀, is equal to 6 + 15 + 20 + 15 + 6 + 1 = 63. 𝛽𝑗  

is the regression estimate coefficient, which is given by [11] 

𝛽𝑗 =
1

1 − (−1)
(𝑧̅(𝑥𝑖𝑗 = +1) − 𝑧̅(𝑥𝑖𝑗 = +1))                                    

=
1

2
(factorial effect of each variable xj)                           (4.16) 

where 𝑥𝑖𝑗 represents for each variable when 𝑗 = 1,2,3 … 𝑀 for the 𝑖 = 𝑖𝑡ℎ observation.   
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          Now, the optimization of the response variable can be found using the following procedure: 

(1) Select levels of some factors which have significant effects on the variance to minimize the 

value of the natural log of the variance. (2) Based on the selections of (1), select the levels of other 

factors that have significant effects on the response variable, which means passing the referenced 

95% confident level, to obtain the optimized response variable.  

          Here, an example is given to show the procedure of finding the optimized response variable. 

Please note that the numbers showing in this example are arbitrary, and they don’t represent for 

any physical meanings. From the analysis of variance (ANOVA) and the regression analysis on 

the response variable, for example, we found that factor C stands out for the ANOVA, and it is the 

only factor that passes the significant level. We also found factor F stands out for the regression 

analysis on the response variable, and it is also the only factor that passes the significant level. 

From equations (4.14) and (4.15), we give an example showing the analysis results on both 

ANOVA and regression model as below 

ln 𝜎 2 = −3.772 + 1.917𝐶                                              (4.17) 

𝑧 = 45.314 + 0.418𝐹                                               (4.18) 

          Now, following the procedure of finding the optimization of the response variable, first, we 

need to select the level of factor C which gives us the minimum value of the natural log of the 

variance. As listed in equation (4.17), we want to choose the lower level of factor C instead of high 

level because low level gives us the minimum value of the natural log of the variance. With 

applying lower level (−) of C, the natural log of the variance in equation (4.17) becomes 

ln 𝜎 2 = −3.772 + 1.917(−1) = −5.689                                 (4.19) 
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          Next, since factor F is the only factor that has significant effects on the response variable, 

we want to choose the high level (+) of factor F to give us the maximum value of the response 

variable. Therefore, applying high level (+) of factor F to equation (4.18), we have 

𝑧 = 45.314 + 0.418(+1) = 45.732                                     (4.20) 

          With this example, we find that the maximum value of the response variable is calculated to 

be 45.732 with choosing the low level of factor C and the high level of factor F. The predicted 

variance can be determined by 

𝜎 2 = 𝑒𝑥𝑝(−3.772 + 1.917(−1)) = (0.058)2                           (4.21) 

          The variance in equation (4.21) is very small, which means this prediction of the maximum 

the response variable is likely to be very optimistic. There is also another application of ANOVA 

and regression analysis. Using the example mentioned in equations (4.17) and (4.18), we can 

follow the same procedure to calculate the level of each factor to achieve a specific target value 

for the response variable. 

          With applying the analysis method to our actual experimental results designed by the 

advanced factorial design method mentioned in the last section, we will be able to find the 

optimized response variable. The detailed analysis and optimization on our experimental data will 

be discussed in Chapter 7.  
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4.3.5 Factorial design applied to this project  
 

          In this project, we are trying to find the maximum optical transmission through various 

capillary-array windows with a minimum number of experimental trials. Therefore, the optical 

transmission through capillary-array windows will be considered as the response variable of the 

factorial design. The factors that we are considering in the factorial design include (1) Pore 

diameter; (2) Thickness; (3) OAR; (4) Exposed area; (5) Wavelength of the radiation; (6) Incident 

angle of the radiation.  

          The capillary-array window samples are divided into three different groups as mentioned in 

Chapter 2, which are nanoporous, microporous, and milliporous capillary-array windows. 

However, we will not apply the factorial experimental design to measure the optical transmission 

through the nanoporous capillary-array windows due to the following reasons: (1) Referring to the 

theoretical calculations of the optical transmission through the nanoporous capillary-array 

windows, the calculated result shows less than 10−10  % of the radiation can be transmitted. (2) 

The results of preliminary experiments on measuring the optical transmission through the 

nanoporous capillary-array windows also shows nearly no optical signal can be collected. With 

such a limited amount of radiation passing through the nanoporous capillary-array windows, we 

are unable to get reasonable transmission data which allows us to do statistical analysis. Therefore, 

we will only implement the factorial-design methods to the experiments on measuring the optical 

transmission through both microporous and milliporous capillary-array windows.  

          Table 4.4 and Table 4.5 show the factors along with their levels that we are considering in 

the factorial design experiments for microporous and milliporous capillary-array windows 

respectively. 
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Table 4.4 Factorial design for microporous  

 

Table 4.5 Factorial design for microporous  

 

          Due to the limit and the cost of the capillary-array window samples, we will only measure 

the optical transmission through the microporous and milliporous capillary-array window samples 

listed in the tables above using the factorial-design methods. As for the nanoporous capillary-array 

windows, the measurements on the optical transmission will still be performed but not with the 

factorial-design methods due to the fact that the transmission through these nanoporous capillary-

array windows are so small. These measurements on the optical transmission through nanoporous 

capillary-array windows, which will be mentioned in Chapter 5, will give sufficient information 

on the properties of the optical transmission through these nanoporous capillary-array windows 

without applying the factorial-design method.   
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Chapter 5 – Optical Transmission through Capillary-array 

Windows and Solid Windows 
 

          In this Chapter, the experimental results on optical transmission through capillary-array 

windows and solid windows are presented. Regarding the wavelength of the incident radiation, we 

are discussing both the UV and VUV transmission. Previous work [1][2] shows that a microporous 

capillary-array window with approximately 20 𝜇𝑚 in pore diameter, 1 mm in thickness and 53% 

in OAR can transmit roughly 40% of VUV radiation in the range of 104.8 to 106.6 nm in 

wavelength.  

          In this project, we are not only discussing the transmission of VUV radiation in the range of 

104.8 to 106.6 nm in wavelength, but we are also discussing the transmission of UV radiation at 

253.6 nm in wavelength. Moreover, we experimentally measured the transmission through three 

categories of capillary-array windows which have pore diameters in the range of nanometers, 

micrometers and millimeter as well. 

          The UV light source we used comes from a low-pressure, cold-cathode mercury UV Pen-

Ray lamp, [3] which was introduced in section 4.1.2. The UV lamp emits a wide range of UV 

radiation with respect to wavelength. The UV peak at 253.6 nm in wavelength was chosen as the 

reference because it has the highest intensity that the mercury UV lamp generates. 

          The VUV radiation is generated by an argon plasma in the ECR system, which is described 

in section 4.1.3. The VUV peaks we used as the reference are at 104.8 nm and 106.6 nm in 

wavelength.  

          Besides the wavelength of the incident radiation, we also present the optical transmission 

through the capillary-array windows and solid windows with two levels of exposed area. These 

round exposed areas are 4 mm and 5 mm in radius. The optical transmission through these two 
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exposed areas was measured for the capillary-array windows and solid windows, and it will be 

presented in this Chapter. The optical transmission through capillary-array windows and solid 

windows with an oblique incidence has also been measured and will also be discussed in this 

chapter.  
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5.1 UV transmission measurements 
 

          Starting from the UV transmission, we present the transmission results through nanoporous, 

microporous, milliporous capillary-array windows, as well as the solid windows. For each type of 

window, we consider two levels of exposed area on the window and different incident angles of 

the radiation.  

 

5.1.1 Nanoporous capillary-array windows 

          As mentioned in Table 2.1 of chapter 2, we introduced two nanoporous capillary-array 

window samples used in our project. One of the nanoporous capillary-array window samples is 

SmartPor25, which has 40 nm pore diameter, 50 𝜇𝑚 in thickness, and 34.34% in OAR. The other 

one is SmartPor40, which is 90 nm pore diameter, 100 𝜇𝑚 in thickness, and 47.01% in OAR. To 

start with, the transmission of the UV radiation at 253.6 nm with normal incidence through both 

nanoporous capillary-array windows with 4 mm in radius of the round exposed area is shown in 

Figure 5.1.  

          In Figure 5.1, the black curve represents for the referenced UV spectrum, which is the UV 

peak at 253.6 nm measured without a nanoporous capillary-array window. The intensity of the 

reference spectrum is shown as 2.04 × 10−5  amperes in Figure 5.1 as the current intensity 

collected by the PMT. The green curve is the UV transmitted spectrum through SmartPor25 shown 

in Figure 5.1. With a nanoporous capillary-array window, SmartPor25 with a 40 nm pore diameter, 

50 𝜇𝑚  in thickness, and 34.34% in OAR, the transmitted UV intensity is measured as 

2.82 × 10−7  amperes. The red curve is the UV transmitted spectrum through SmartPor40 shown 

in Figure 5.1. With the SmartPor40 in place, with a 90 nm pore diameter, 100 𝜇𝑚 in thickness, 

and 47.01% in OAR, the transmitted UV intensity is measured as 1.24 × 10−7 amperes. 
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Figure 5.1 UV transmission through nanoporous capillary-array windows 

with 4 mm in radius exposed area 

 

          The UV transmission ratio through these nanoporous capillary-array windows is determined 

by  

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 =  
𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑  𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 − 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑛𝑜𝑖𝑠𝑒

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 − 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑛𝑜𝑖𝑠𝑒
× 100%               (5.1) 

where the thermal noise level was measured at 1 × 10−8 amperes. 

          From the intensities shown in Figure 5.1 and equation (5.1), with the incident radiation 

propagating perpendicular to the nanoporous capillary-array window surface, the UV transmission 

through the nanoporous capillary-array windows SmartPor25 and SmartPor40 with 4 mm in radius 

exposed area is calculated to be 1.38% and 0.61%, respectively.  
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          The UV transmission through both nanoporous capillary-array windows with 5 mm in radius 

of the round exposed area is also measured, which is shown in Figure 5.2. The incident radiation 

is perpendicular to the nanoporous capillary-array window surface as well. 

 

 

Figure 5.2 UV transmission through nanoporous capillary-array windows 

with 5 mm in radius exposed area 

 

          In Figure 5.2, the black curve represents for the referenced UV spectrum with no window 

present. The intensity of the reference spectrum is shown as 3.19 × 10−5  amperes in Figure 5.2. 

The green curve is the UV-transmitted spectrum through SmartPor25 shown in Figure 5.2. With a 

SmartPor25 in place with a 40 nm pore diameter, 50 𝜇𝑚 in thickness, and 34.34% in OAR, the 

transmitted UV intensity was measured as 4.57 × 10−7 amperes. The red curve is the UV 

transmitted spectrum through SmartPor40 shown in Figure 5.2. With the SmartPor40 in place, 
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with a 90 nm pore diameter, 100 𝜇𝑚 in thickness, and 47.01% in OAR, the transmitted UV 

intensity was measured as 1.66 × 10−7 amperes. 

          From the intensities shown in Figure 5.2 and equation (5.1), with the incident radiation 

propagating perpendicular to the nanoporous capillary-array window surface, the UV transmission 

through the nanoporous capillary-array windows SmartPor25 and SmartPor40 with 5 mm in radius 

exposed area was calculated to be 1.43% and 0.52%, respectively.  

          Besides the normal incidence, the transmission of the UV radiation at 253.6 nm in 

wavelength through the nanoporous capillary-array windows with a 5-degree incident angle was 

also measured. However, the experimental results show there is nearly no transmitted UV radiation 

that can be detected by the PMT at the exit of the nanoporous capillary-array windows.  

          As mentioned in Chapter 3, the calculations also shows that the transmission of the UV 

radiation at 253.6 nm in wavelength through the nanoporous capillary-array windows is less than 

1% with either normal incidence or a 5-degree incident angle. Therefore, very limited UV radiation 

at 253.6 nm in wavelength can be transmitted through these nanoporous capillary-array window 

samples used in our project.  
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5.1.2 Microporous capillary-array windows 
 

          The transmitted UV spectra through microporous capillary-array windows along with the 

reference UV spectrum without a microporous capillary-array window in place were measured, 

and the experimental results will be presented in this section. 

          Recalling the dimensions of the microporous capillary-array window samples, there are (1) 

two levels for the pore diameter, which are 25 and 50 μm; (2) two levels for the thickness, which 

are 0.5 and 1 mm; (3) two levels for the OAR, which are 50% and 60%. The detailed dimensions 

of each window sample that was used for measuring the UV transmission properties are listed in 

Table 2.2 of Chapter 2.  

          To start with, the UV transmission through microporous capillary-array windows with 4 mm 

in radius exposed area is shown in Figure 5.3. Here, the incident radiation is propagating normal 

to the microporous capillary-array window surface. 
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Figure 5.3 UV transmission through microporous capillary-array windows 

with 4 mm in radius exposed area 

 

          In Figure 5.3, the black curve represents the reference UV spectrum, which is the UV peak 

at 253.6 nm measured without a microporous capillary-array window in place. The intensity of the 

reference spectrum is 2.04 × 10−5 amperes as the current intensity collected by the PMT. The 

other spectra are the transmitted spectra through the microporous capillary-array windows. The 

dimension of each microporous capillary-array window is listed on the legend, with D representing 

for the diameter in 𝜇𝑚, T representing for thickness in mm, and OAR standing for the open area 

ratio in percentage. The UV transmission ratio through these microporous capillary-array windows 

can be determined by equation (5.1) with the same thermal noise level measured at 

1 × 10−8  amperes.  
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          The UV transmission through microporous capillary-array windows with 5 mm in radius 

exposed area was also measured and is shown in Figure 5.4. Again, the incident radiation is 

propagating normal to the microporous capillary-array window surface. 

 

 

Figure 5.4 UV transmission through microporous capillary-array windows 

with 5 mm in radius exposed area 

 

          Besides normal incidence, the UV transmission through these microporous capillary-array 

windows with a 5-degree incident angle was also measured. Table 5.1 summarizes the UV 

transmission ratio through the microporous capillary-array windows with multiple dimensions, 

exposed areas, as well as the wavelengths and the angles of the incident UV radiation.  
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Table 5.1 Summary of UV transmission through microporous capillary-array windows 

 

          From Table 5.1, we can see microporous capillary-array windows have different 

performance transmitting UV radiation due to their different dimensions. While comparing the 

transmission with two exposed areas, it doesn’t show much difference. For example, the first 

measurement shows that for an exposed area with 4 mm in radius, the window with 50 μm pore 

diameter, 0.5 mm in thickness and 60% in OAR shows 58.82% of UV transmission with normal 

incidence. Then, the fifth measurement shows 58.93% of the UV transmission with normal 

incidence through the same capillary-array window for an exposed area with 5 mm in radius, which 

is very close to the transmission under the condition that is exposed with an area with 4 mm in 

radius.  We can also easily tell from Table 5.1 that when there is a 5-degree incident angle of the 

UV radiation, the transmission drops dramatically.  
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          We also compare the results of the experimental measurements to the results of the 

calculations mentioned in Chapter 3. Using one of the microporous capillary-array windows with 

50 μm in pore diameter, 0.5 mm in thickness and 60% in OAR as an example, the calculated 

transmission of UV radiation at 253.6 nm through this window is 60% with normal incidence and 

an exposed area of 4 mm in radius. As shown in Table 5.1, the experimental results show that the 

experimental UV transmission through this window was measured at 58.82% under the same 

condition, which is very close to the results of the theoretical calculations.  

          In addition, with a 5-degree incident angle, the transmission of UV radiation at 253.6 nm 

through this window is calculated to be 3.103% with an exposed area of 4 mm in radius. As shown 

in Table 5.1, the experimental results show that the experimental UV transmission through this 

window was measured at 2.35% under the same condition, which is also in good agreement with 

the calculated results.  
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5.1.3 Milliporous capillary-array windows 
 

          The transmitted UV spectra through milliporous capillary-array windows along with the 

reference UV spectrum without a milliporous capillary-array window in place were measured, and 

the experimental results will be presented in this section. 

          Recalling the dimensions of the milliporous capillary-array window samples, there are (1) 

two levels for the pore diameter, which are 1 and 1.50 mm; (2) two levels for the thickness, which 

are 0.5 and 1 mm ; and (3) two levels for the OAR, which are 20% and 44%. The detailed 

dimension of each milliporous capillary-array window sample that was used for measuring the UV 

transmission properties are listed in Table 2.3 of Chapter 2.  

          To start with, the UV transmission through milliporous capillary-array windows with 4 mm 

in radius exposed area is shown in Figure 5.5. Here, the incident radiation is propagating normal 

to the microporous capillary-array window surface. 
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Figure 5.5 UV transmission through milliporous capillary-array windows 

with 4 mm in radius exposed area 

 

          In Figure 5.5, the black curve represents the reference UV spectrum, which is the UV peak 

at 253.6 nm measured without a milliporous capillary-array window in place. The other spectra 

are the transmitted spectra through the milliporous capillary-array windows. The dimension of 

each milliporous capillary-array window is listed on the legend. The UV transmission ratio through 

these milliporous capillary-array windows can be determined by equation (5.1) with the thermal 

noise level measured at 1 × 10−8 amperes.  

          The UV transmission through milliporous capillary-array windows with 5 mm radius 

exposed area was also measured and is shown in Figure 5.6. Again, the incident radiation is 

propagating normal to the milliporous capillary-array window surface. 
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Figure 5.6 UV transmission through milliporous capillary-array windows 

with 5 mm in radius exposed area 

 

          Besides the normal incidence, the UV transmission through these milliporous capillary -

array windows with 5-degree incident angle were also measured. Table 5.2 summarizes the UV 

transmission ratio through the milliporous capillary-array windows with multiple dimensions, 

exposed areas, as well as the wavelengths and the angles of the incident UV radiation.  
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Table 5.2 Summary of UV transmission through milliporous capillary-array windows 

 

          From Table 5.2, we can see milliporous capillary-array windows have different transmission 

performance for UV radiation due to their different dimensions. When comparing the exposed 

areas, it doesn’t show much difference. In addition, when there is a 5-degree incident angle, the 

UV transmission through milliporous capillary-array windows drops less significantly compared 

to the microporous capillary-array windows. The reason is that milliporous capillary-array 

windows have a much greater pore diameter to thickness ratio than microporous capillary-array 

windows. As mentioned in section 3.2.3, due to a smaller pore diameter to thickness ratio, more 

radiation will hit the inside walls of the pore, and that means this radiation will be fully absorbed 

by the solid part of the window. Therefore, when there is an incident angle, more radiation can be 

transmitted through the milliporous capillary-array windows. 
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          We also compare the results of the experimental measurements to the results of the 

calculations mentioned in Chapter 3. Using one of the milliporous capillary-array windows with 

1.5 mm in pore diameter, 1 mm in thickness and 44% in OAR as an example, the theoretical 

transmission of UV radiation at 253.6 nm through this window is calculated to be 44% with normal 

incidence and an exposed area with 5 mm in radius. As shown in Table 5.2, the experimental 

results show that the experimental UV transmission through this window was measured at 44.07% 

under the same condition, which is very close to the results of the calculations.  

          In addition, with a 5-degree incident angle, the theoretical transmission of UV radiation at 

253.6 nm through this window is calculated to be 40.42% with an exposed area of 5 mm in radius. 

As shown in Table 5.2, the experimental results show that the experimental UV transmission 

through this window was measured at 41.81% under the same condition, which is also in good 

agreement with the experimental results. 
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5.1.4 Thin solid windows 
 

          The UV transmission through solid windows has also been measured to give a comparison 

to the UV transmission through capillary-array windows. The solid-window samples we used to 

measure the UV transmission here have no open area, thus, we only consider the thickness of the 

window as one of the factors that represents the dimension of the window. The thicknesses of the 

solid window samples has been chosen as 0.05, 0.1, 0.5, and 1 mm to give a comparison with the 

capillary-array windows which have the same thickness.  

          We also consider two levels of exposed area for measuring the UV transmission through 

these thin solid windows to match it with the measurements of the capillary-array windows. The 

results of the UV transmission through solid windows with normal incidence is first discussed. 

Figure 5.7 shows the UV transmission through the thin solid windows with an exposed area which 

has a 4-mm radius.  
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Figure 5.7 UV transmission through solid windows 

with 4 mm in radius exposed area 

 

          In Figure 5.7, the black curve represents for the referenced UV spectrum without the 

presence of a solid window. The other spectra are the transmitted spectra through solid windows. 

The thickness of each solid window is listed on the legend. The transmitted spectra through solid 

windows with different thickness are overlapped, which means there is pretty much the same 

amount of UV radiation which can be transmitted through these solid windows even though they 

are different in thickness. The UV transmission ratio through these solid windows was calculated 

to be approximately 0.11% by equation (5.1) with the thermal noise level measured at 1 × 10−8 A.  

          Figure 5.8 shows the UV transmission through these thin solid windows with an exposed 

area which has a 5-mm radius. 
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Figure 5.8 UV transmission through solid windows 

with 5 mm in radius exposed area 

 

          Figure 5.8 shows very similar results to the UV transmission through solid windows with an 

exposed area with a 4-mm radius: (1) The transmitted spectra through solid windows are 

overlapped, which means these solid windows with a range of thickness show a similar UV 

transmission. (2) The UV transmission through these solid windows is calculated to be 0.08% by 

equation (5.1) with the thermal noise level measured at 1 × 10−8 amperes. Comparing to the UV 

transmission results with 4 mm in radius of the round exposed area, which is 0.11%, the difference 

can be neglected.  
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          Besides the normal incidence, the UV transmission through solid windows with oblique 

incidence was also measured. However, with an oblique incidence, the UV transmission through 

solid windows is less than the normal incidence. The transmitted intensity of the UV radiation 

through solid windows with an oblique incidence was measured around 1 × 10−8 amperes, which 

is very close to the thermal noise level. This means the solid windows show very limited UV 

transmission with an oblique incidence.  

          The results of the experimental measurements are also compared to the results of the 

theoretical calculations mentioned in chapter 3. Using one of the solid windows with 0.05 mm in 

thickness as an example, the transmission of UV radiation at 253.6 nm through this solid window 

is calculated to be 1.08 × 10−13  % with normal incidence with an exposed area of 5 mm in radius. 

The experimental results show that the experimental UV transmission through this solid window 

was measured at 0.08% under the same condition. In addition, with a 5-degree incident angle, the 

theoretical transmission of UV radiation at 253.6 nm through this solid window is calculated to be 

1.03 × 10−13  % with an exposed area of 5 mm in radius.  

          Therefore, based on both the experimental and theoretical results, these solid windows can 

transmit very limited UV radiation at 253.6 nm in wavelength. 
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5.2 VUV transmission measurements 
 

          Besides measuring the UV transmission through capillary-array windows and solid windows, 

the VUV transmission measurements for all capillary-array windows and the solid windows has 

also been done with two levels of exposed area of the window and different incident angles of the 

radiation.  

 

5.2.1 Nanoporous capillary-array windows 
 

          To start with, the transmission of the VUV radiation at both 104.8 and 106.6 nm with normal 

incidence through both nanoporous capillary-array window samples with 4 mm in radius exposed 

area is shown in Figure 5.9.  

 

 

Figure 5.9 VUV transmission through nanoporous capillary-array windows 

with 4 mm in radius exposed area 
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          In Figure 5.9, the black curve represents for the reference VUV spectrum, which includes 

the VUV peaks at 104.8 and 106.6 nm measured without a nanoporous capillary-array window. 

The reference spectrum shows that the intensities of the VUV peaks are both 2.11 × 10−8  

amperes. The green curve is the VUV transmitted spectrum through SmartPor25, and the red curve 

is the VUV transmitted spectrum through SmartPor40.  

          From Figure 5.9, it is hardly to tell whether there is any VUV peak at either 104.8 or 106.6 

nm in both transmitted spectra. Moreover, the intensities of both transmitted spectra are shown in 

the range of 1.1 × 10−8 amperes, which is very much the same as the thermal noise level measured 

from all the VUV experiments.  

          The VUV transmission through both nanoporous capillary-array windows with 5 mm in 

radius exposed area was also measured with normal incidence, which is shown in Figure 5.10.  

 

Figure 5.10 VUV transmission through nanoporous capillary-array windows 

with 5 mm in radius exposed area 
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          In Figure 5.10, the black curve represents the reference VUV spectrum measured without a 

nanoporous capillary-array window. The intensities of the reference VUV peaks both measured as 

2.11 × 10−8   amperes. The similar transmitted spectra are shown in Figure 5.10 compared with 

Figure 5.9, where the green curve represents the VUV transmitted spectrum through SmartPor25, 

and the red curve is the VUV transmitted spectrum through SmartPor40.  

          Besides the normal incidence, the transmission of the VUV radiation through the 

nanoporous capillary-array windows with a 5-degree incident angle was also measured. However, 

the experimental results showed there is nearly no transmitted VUV radiation that can be detected 

by the PMT at the exit of the nanoporous capillary-array windows, either.  

          As mentioned in Chapter 3, using 104.8 and 106.6 nm as the wavelengths of the incident 

VUV radiation, the transmission through the nanoporous capillary-array windows was calculated 

to be less than 10−50  in percentage with no matter normal incidence or a 5-degree incident angle. 

          Therefore, based on both the theoretical and experimental results, we concluded that  there 

is no VUV radiation at either 104.8 or 106.6 nm in wavelength that can be transmitted through 

these nanoporous capillary-array window samples used in this project.  
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5.2.2 Microporous capillary-array windows 
 

          The transmitted VUV spectra through microporous capillary-array windows along with the 

reference VUV spectrum without placing a microporous capillary-array window were measured, 

and the experimental results will be presented in this section. 

          Recalling the dimensions of the microporous capillary-array window samples, there are (1) 

two levels for the pore diameter, which are 25 𝜇m and 50 𝜇m; (2) two levels for the thickness, 

which are 0.5 mm and 1 mm; (3) two levels for the OAR, which are 50% and 60%. The detailed 

dimensions of each window sample that was used for measuring the VUV transmission properties 

are listed in Table 2.2 of Chapter 2.  

          To start with, the VUV transmission through microporous capillary-array windows with 4 

mm in radius exposed area is shown in Figure 5.11. Here, the incident radiation is propagating 

normal to the microporous capillary-array window surface. 

 

 



 

 

137 

 

Figure 5.11 VUV transmission through microporous capillary-array windows 

with 4 mm in radius exposed area 

 

          In Figure 5.11, the black curve represents for the reference VUV spectrum, which is the 

VUV peaks at 104.8 and 106.6 nm measured without a microporous capillary-array window. The 

intensities of the reference peaks are 2.11 × 10−8 at 104.8 nm and 2.18 × 10−8 amperes at 106.6 

nm as the current collected by the PMT. The other spectra are those transmitted through the 

microporous capillary-array windows. The dimension of each microporous capillary-array 

window is listed on the legend, with D representing the diameter in 𝜇m, T represents for thickness 

in mm, and OAR stands for the open area ratio in percentage. The VUV transmission ratio through 

these microporous capillary-array windows can be determined by equation (5.1) with the same 

thermal noise level measured at 1.1 × 10−8 amperes.  
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          The VUV transmission through microporous capillary-array windows with 5 mm in radius 

exposed area was also measured and is shown in Figure 5.12. Again, the incident radiation is 

propagating normal to the microporous capillary-array window surface. 

 

 

Figure 5.12 UV transmission through microporous capillary-array windows 

with 5 mm in radius exposed area 

 

          Besides normal incidence, the VUV transmission through these microporous capillary-array 

windows with 5-degree incident angle was also measured. Table 5.3 summarizes the VUV 

transmission ratio through the microporous capillary-array windows with multiple dimensions, 

exposed areas, as well as the wavelengths and the angles of the incident VUV radiation.  
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Table 5.3 Summary of VUV transmission through microporous capillary-array windows 

 

          From Table 5.3, we can see microporous capillary-array windows have perform differently 

transmitting VUV radiation due to their different dimensions. However, while comparing the 

transmission with two different exposed areas, it doesn’t show much difference. We can also easily 

tell from Table 5.3 that when there is a 5-degree incident angle of the UV radiation, the 

transmission drops dramatically.  

          We also compare the results of the experimental measurements to the results of the 

calculations mentioned in Chapter 3. Using one of the microporous capillary-array windows with 

50 𝜇m in pore diameter, 0.5 mm in thickness and 60% in OAR as an example, the transmission of 

VUV radiation at 104.8 nm through this window is calculated to be 60% with normal incidence 

and an exposed area with 4 mm in radius. As shown in Table 5.3, the experimental results show 

that the experimental VUV transmission through this window was measured at 58.41% under the 

same condition, which is very close to the results of the theoretical calculation.  

          In addition, with a 5-degree incident angle, the theoretical transmission of VUV radiation at 

104.8 nm through this window is calculated to be 3.103% with an exposed area of 4 mm in radius. 
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As shown in Table 5.3, the experimental results show that the experimental UV transmission 

through this window was measured at 3.41% under the same condition, which is also in good 

agreement with the experimental results. 
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5.2.3 Milliporous capillary-array windows 
 

          The transmitted VUV spectra through milliporous capillary-array windows along with the 

reference VUV spectrum without a milliporous capillary-array window were measured, and the 

experimental results will be presented in this section. 

          Recalling the dimensions of the milliporous capillary-array window samples, there are (1) 

two levels for the pore diameter, which are 1 and 1.50 mm; (2) two levels for the thickness, which 

are 0.5 and 1 mm; (3) two levels for the OAR, which are 20% and 44%. The detailed dimensions 

of each milliporous capillary-array window sample that was used for measuring the VUV 

transmission properties are listed in Table 2.3 of Chapter 2.  

          To start with, the VUV transmission through milliporous capillary-array windows with 4 

mm in radius exposed area is shown in Figure 5.13. Here, the incident radiation is propagating 

normal to the microporous capillary-array window surface. 
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Figure 5.13 VUV transmission through milliporous capillary-array windows 

with 4 mm in radius exposed area 

 

          In Figure 5.13, the black curve represents the reference VUV spectrum, which are the VUV 

peaks at 104.8 and 106.6 nm measured without a milliporous capillary-array window. The other 

spectra are the transmitted spectra through the milliporous capillary-array windows. The 

dimension of each milliporous capillary-array window is listed on the legend. The VUV 

transmission ratio through these milliporous capillary-array windows can be determined by 

equation (5.1) with the thermal noise level measured at 1.1 × 10−8 amperes. 

          The VUV transmission through milliporous capillary-array windows with 5 mm in radius 

exposed area was also measured and is shown in Figure 5.14. Again, the incident radiation is 

propagating normal to the milliporous capillary-array window surface. 
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Figure 5.14 VUV transmission through milliporous capillary-array windows 

with 5 mm in radius exposed area 

 

          Besides the normal incidence, the VUV transmission through these milliporous capillary -

array windows with 5-degree incident angle was also measured. Table 5.4 is summarizes the VUV 

transmission ratio through the milliporous capillary-array windows with multiple dimensions, 

exposed areas, as well as the wavelengths and the angles of the incident radiation.  
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Table 5.4 Summary of VUV transmission through milliporous capillary-array windows 

 

          From Table 5.4, we can see milliporous capillary-array windows perform differently when 

transmitting VUV radiation due to different dimensions. When comparing the exposed areas, it 

doesn’t show much difference. In addition, when there is a 5-degree incident angle, the UV 

transmission through milliporous capillary-array windows drops less significantly compared to the 

microporous capillary-array windows. The reason is that milliporous capillary-array windows 

have a much greater pore diameter to thickness ratio than microporous capillary-array windows. 

As mentioned in section 3.2.3, due to a smaller pore diameter to thickness ratio, more radiation 

will hit the inside wall of the pore with an incident angle, and that means that radiation will be 

fully absorbed by the solid part of the window. Therefore, when there is an incident angle, more 

radiation can be transmitted through the milliporous capillary-array windows. 

          We also compare the results of the experimental measurements to the results of the 

calculations mentioned in Chapter 3. Using one of the milliporous capillary-array windows with 1 

mm in pore diameter, 0.5 mm in thickness and 44% in OAR as an example, the transmission of 

VUV radiation at 104.8 nm through this window is calculated to be 44% with normal incidence 
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and an exposed area with 4 mm in radius. As shown in Table 5.4, the experimental results show 

that the experimental VUV transmission through this window was measured at 42.57% under the 

same condition, which is very close to the results of the calculation.  

          In addition, with a 5-degree incident angle, the transmission of VUV radiation at 104.8 nm 

through this window was calculated to be 41.23% with an exposed area of 4 mm in radius. As 

shown in Table 5.4, the experimental results show that the experimental UV transmission through 

this window was measured to be 40.12% under the same conditions, which is also in good 

agreement with the experimental results. 
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5.2.4 Thin solid windows 
 

          The VUV transmission through solid windows has also been measured to give a comparison 

to the VUV transmission through capillary-array windows. The solid window samples used to 

measure the VUV transmission here has no open area, thus, we only consider the thickness of the 

window as one of the factors that represents the dimension of the window. The thickness of the 

solid-window samples has been chosen as 0.05, 0.1, 0.5, and 1 mm to compare to the capillary -

array window which has the same thicknesses.  

          We also consider two levels of exposed area for measuring the VUV transmission through 

these thin solid windows to be consistent with the measurements for capillary-array windows. The 

results of the VUV transmission through solid windows with normal incidence is first discussed. 

Figure 5.15 shows the VUV transmission through thin solid windows with an exposed area which 

has a 4-mm radius.  
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Figure 5.15 VUV transmission through solid windows 

with 4 mm in radius exposed area 

 

          In Figure 5.15, the black curve represents for reference VUV spectrum without a solid 

window. The other spectra are the transmitted spectra through solid windows. The thickness of 

each solid window is listed on the legend. The transmitted spectra through solid windows with 

different thicknesses are overlapped, which means there is pretty much the same amount of VUV 

radiation which can be transmitted through these solid windows even though they are different in 

thickness. The VUV transmission ratio through these solid windows is hard to calculate because 

the intensity of the transmitted radiation is in the same range as the level of the thermal noise, 

which is measured at approximately 1.1 × 10−8 amperes. This means very little of the VUV 

radiation can transmit through the solid windows. 
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          Figure 5.16 shows the VUV transmission through these thin solid windows with an exposed 

area which has a 5-mm radius. 

 

Figure 5.16 VUV transmission through solid windows 

with 5 mm in radius exposed area 

 

          In Figure 5.16, it shows very similar results of the VUV transmission through solid windows 

with an exposed area with a 4-mm radius: (1) The transmitted spectra through solid windows are 

overlapped, which means these solid windows with a range of thickness performance a similar UV 

transmission. (2) The VUV transmission through these solid windows is hard to calculate because 

the intensity of the transmitted VUV radiation is in the same range as the thermal noise level. 

Compared to the UV transmission results with 4 mm in radius exposed area, the conclusion is the 

same, which is that very little VUV radiation can be transmitted through these solid windows. 
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          Besides the normal incidence, the VUV transmission through solid windows with oblique 

incidence was also measured. However, with an oblique incidence, the VUV transmission through 

solid windows is also very limited.  

          The results of the experimental measurements are also compared to the results of the 

calculations mentioned in Chapter 3. Using one of the solid windows with 0.1 mm in thickness as 

an example, the transmission of VUV radiation at 104.8 nm through this solid window is calculated 

to be less than 10−300  % with normal incidence and an exposed area with 5 mm in radius. The 

experimental results show that the experimental VUV transmission through this solid window was 

also measured to be very small under the same condition. In addition, with a 5-degree incident 

angle, the theoretical transmission of UV radiation at 253.6 nm through this solid window is also 

calculated to be less than 10−300  % with an exposed area of 5 mm in radius.  

          Therefore, based on both the experimental and calculated results, these solid windows are 

very limited in transmitting VUV radiation at 104.8 nm in wavelength. 
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Chapter 6 – Statistical Analysis 
 

          The transmission measurements of capillary-array windows discussed in Chapter 5 were 

acquired through statistical experimental design. This work implemented two methods for this 

purpose, one being the utilization of resolution VI fractional-factorial design, [1,2] and the other 

being an advanced-design approach as discussed in Section 4.3.3 of Chapter 4, which is involved 

a combination of a resolution III fractional-factorial design, also known as an initial screen test, 

and a half-fractional factorial design. [1,2] 

           In this Chapter, we undertake a comparative analysis of the statistical evaluation of 

experimental data obtained by utilizing these two distinct design methods. Our aim is to identify 

the best approach that offers adequate results of predicting the optimal transmission efficiency 

through capillary-array windows with minimum number of experimental trials. To accomplish this 

objective, we analyze the effects of each factor, as well as the interaction effects of various factor 

combinations, and determine the significance levels to ascertain the influential factors. [3] We 

employ regression analysis to predict the optimized value of the response variable, which is the 

optical transmission through capillary-array windows in this case. [4,5] 

          The statistical analysis has been carried out on the experimental results of optical 

transmission through microporous and milliporous capillary-array windows. However, the 

statistical analysis has not been applied to the results of transmission through nanoporous capillary -

array windows due to their limited transmission capacity for both UV and VUV radiation, which 

can confound and inaccurately affect the statistical-analysis results. 
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6.1 Resolution VI fractional-factorial design 
 

           In this section, the Resolution VI fractional-factorial design method is discussed. This 

method was implemented on the measurements of optical transmission through both microporous 

and milliporous capillary-array windows.  

 

6.1.1 Microporous Capillary-array windows 
 

          The statistical analysis on the experimental results of optical transmission through 

microporous capillary-array windows utilizing the resolution VI fractional-factorial design method 

is presented in this section.  

          As discussed in Chapters 2 and 4, our investigation of the optical transmission through 

microporous capillary-array windows encompasses six factors, which are: (A) pore diameter; (B) 

thickness of the window; (C) Open Area ratio (OAR); (D) exposed area; (E) wavelength of the 

incident radiation; and (F) incident angle of the radiation. For each factor, we consider two levels, 

specifically low and high, with predefined values for each level.  

          Considering the six factors, each with two levels, the implementation of the Resolution VI 

fractional-factorial design method necessitates a total of 32 experimental trials. This represents a 

notable reduction of 50% when compared to the conventional approach, which would typically 

require 64 trials of experiment in the absence of any experimental design methodology. 

          By compiling the experimental results presented in Tables 5.1 and 5.3 in Chapter 5, we 

obtain a comprehensive dataset of the optical transmission through microporous capillary-array 

windows, as shown in Table 6.1. This dataset can be subjected to statistical analysis using the 

resolution VI fractional-factorial design. 
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Table 6.1 Experimental results of optical transmission through microporous capillary-array 

windows utilizing resolution VI fractional-factorial design 

 

          By utilizing the experimental data displayed in Table 6.1 and employing the statistical 

analysis methods described in Section 4.3, we can obtain the impact of each individual factor and 

in addition, the interaction effects resulting from combinations of multiple factors. These outcomes 

are presented in a Pareto chart shown in Figure 6.1. 
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Figure 6.1 Pareto chart of the effects of each factor and their interactions for the microporous 

capillary-array windows utilizing resolution VI fractional-factorial design (32 experiments) 

 

          In Figure 6.1, only 30 effects are displayed due to the fact that the remaining effects were 

found to be negligible in terms of their impact on the transmission efficiency through the 

microporous capillary-array windows. It is important to note that 𝛼 , which represents the 

confidence level, is typically set at 0.05 in statistical analysis. This signifies that there is a 5% 

chance of erroneously rejecting the null hypothesis when it is actually true. Moreover, this level 

of 𝛼 also implies that there is a 95% likelihood of obtaining the same experimental outcomes upon 

duplication of the experiments. The value of the significant level at 95% can be computed using 

the ANOVA calculation approach discussed in Chapter 4, and the red-dashed vertical line depicted 
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in Figure 6.1 corresponds to the reference confidence line of the significant level at 95%. [4] For 

instance, if the effect value of a factor or interaction surpasses the reference line, we can assert 

with 95% confidence that the factor or interaction has a significant influence on the response 

variable, which in this case, refers to the optical transmission efficiency. [4] Furthermore, regardless 

of the number of experiments replicated, there is a 95% chance of obtaining the same effects of 

that factor on the response variable. Conversely, if the effect value of a factor or interaction falls 

well below the reference line, it can be classified as an insignificant factor, indicating that its 

impact on the response variable is extremely limited.  

          The normalized values of the effect of each single factor and the reference line shown in 

Figure 6.1 are calculated using the equation (4.1) in Chapter 4, and the values are listed as follows:  

𝐹(𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡  𝑎𝑛𝑔𝑙𝑒) = 0.4535; 

𝐴(𝑃𝑜𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟) =  0.07002; 

𝐵(𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠) =  0.05487; 

𝐶(𝑂𝐴𝑅) =  0.014206; 

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑙𝑖𝑛𝑒 =  0.0096; 

𝐸(𝑊𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ) =  0.001556; 

𝐷(𝐸𝑥𝑝𝑜𝑠𝑒𝑑 𝑎𝑟𝑒𝑎) =  0.000631; 

          In statistical analysis, the normalized effect value is a measure that indicates the change in 

the response variable when a given factor is modified by one level while holding the other factors 

constant. For instance, we investigate the impact of the factor incident angle on the transmission 

efficiency through the capillary-array windows, considering two levels of 0 and 5 degrees. The 

normalized effect value of the incident angle on the response variable is estimated to be 45.35%, 

indicating that if we changed the level of the incident angle from one to the other, for example, 
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from normal incidence to an incident angle of 5 degree, the transmission efficiency through the 

capillary-array windows is going to be reduced by 45.35%. 

          From what has been shown in Figure 6.1 and the effect value of each factor, we can draw 

the following conclusions:  

(1) The Incident angle factor, which is the incident angle of the radiation, has the most significant 

influence on the optical-transmission efficiency through microporous capillary-array windows.  

(2) The factors Incident angle (F), pore diameter (A), Thickness of the window (B), and OAR (C) 

all have significant influence on the transmission efficiency, while the factors Wavelength (E) 

and Exposed area (D) have very limited effects.  

(3) The order of the importance level of each factor is: 𝐹 > 𝐴 > 𝐵 > 𝐶 > 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑙𝑖𝑛𝑒 >

𝐸 > 𝐷.  

          Regrettably, the Pareto chart of effects presented in Figure 6.1 does not provide any 

indication of whether the factors have a positive or negative impact on the response variable. 

However, regression analysis can provide valuable insights into (1) the direction of the effect 

resulting from the modification of the factors, and (2) the nature of the relationship between the 

response variable and each factor and their corresponding interactions. 

          Using the calculation of regression analysis mentioned in Section 4.3, we obtain the 

regression equation [5] for the transmission efficiency as follows:  

Transmission efficiency =  0.2383 + 0.03501𝐴 − 0.02743𝐵 + 0.007103𝐶 − 0.000316𝐷 

+ 0.000778𝐸 − 0.2268𝐹 − 0.02868𝐴𝐹 + 0.02031𝐵𝐹                       

+ 0.004278𝐴𝐸 −  0.003403𝐸𝐹 + ⋯                                            (6.1) 

          From the regression equation listed above, the following information can be drawn: 
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(1) We can discern the direction of transmission changes resulting from modifications to 

individual factors or their interactions. For instance, factor pore diameter (A) exhibits a positive 

effect on transmission, whereby increasing the pore diameter will lead to increased 

transmission efficiency. 

(2) The magnitude of influence resulting from alterations to each factor or interaction can also be 

determined. For instance, an increase in the level of factor Thickness (B), representing an 

increase in the thickness of the microporous capillary-array window from 0.5 mm to 1 mm, 

will result in a 5.487% decrease in the transmission ratio.  

(3) The signs and coefficients of the interaction terms indicate the direction and extent of 

transmission efficiency changes resulting from the modification of multiple factors 

simultaneously. For instance, if both factors A pore diameter and F incident angle are increased 

by one level, denoting a change in pore diameter from 25 to 50 𝜇m and a change in incident 

angle from 0 to 5 degrees, the transmission efficiency will be reduced by 5.737%. 

(4) The regression equation for estimating transmission efficiency may include many terms. 

However, many of these terms may be disregarded as they represent factors and interactions 

that exert negligible influence on transmission efficiency. 

 

          Furthermore, utilizing the regression equation (6.1), we can determine the maximum optical 

transmission attainable through microporous capillary-array windows by substituting specific 

levels of the factors and interactions. Thus, based on the conditions of a pore diameter of 50 𝜇m, 

a window thickness of 0.5 mm, an OAR of 60%, an exposed area with a radius of 4 mm, an incid ent 

radiation wavelength of 253.6 nm, and a normal radiation with an incidence angle of 0 degrees, 
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the maximum achievable optical transmission through microporous capillary-array windows was 

found to be 59.24%.  
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6.1.2 Milliporous Capillary-array windows 
 

          This section presents the statistical analysis of the experimental results obtained from 

measuring the optical transmission through milliporous capillary-array windows using the 

resolution VI fractional-factorial design method.  

          As previously discussed in Chapters 2 and 4, the optical transmission through a milliporous 

capillary-array window depends on the same factors: (A) Pore Diameter, (B) Thickness of the 

window, (C) Open Area Ratio (OAR), (D) Exposed Area, (E) Wavelength of the incident radiation, 

and (F) Incident angle of the radiation. Each factor is considered at two levels, low and high, with 

specific values provided for each level.  

          Again, considering the same six factors, each with two levels, the implementation of the 

Resolution VI fractional-factorial design method necessitates a total of 32 experimental trials. This 

also represents a notable reduction of 50% when compared to the conventional approach, which 

would typically require 64 trials of experiment in the absence of any experimental design 

methodology. 

          The full data set of the optical transmission through milliporous capillary-array windows, 

obtained by combining the experimental results presented in Tables 5.2 and 5.4 in Chapter 5, which 

is shown in Table 6.2 and will be analyzed using the resolution VI fractional-factorial design. 
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Table 6.2 Experimental results of optical transmission through milliporous capillary-array 

windows utilizing resolution VI fractional-factorial design 

 

          By utilizing the statistical methods discussed in Section 4.3 and the experimental data 

presented in Table 6.2, we have determined the effects of individual factors and the interaction 

effects resulting from multiple factors in combination. The results are depicted in Figure 6.2. 
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Figure 6.2 Pareto chart of the effects of each factor and their interactions for the milliporous 

capillary-array window with utilizing resolution VI fractional-factorial design (32 experiments) 

 

          In Figure 6.2, only 30 effects are displayed due to the insignificance of the remaining effects 

on the transmission efficiency through milliporous capillary-array windows. To determine the 

significance of each factor and interaction effect, again, a confidence level of 𝛼 = 0.05 was chosen, 

and a red dashed vertical line was used to represent the reference confidence line for the 

significance level of 95%. This implies that (1) A 5% chance of rejecting the null hypothesis is 

acceptable when it is true. (2) If the effect of a factor or interaction exceeds the reference line, we 

can assert with 95% confidence that it has a significant influence on the response variable, whereas 
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if the effect is considerably below the reference line, it is deemed  insignificant. (3) If the 

experiments are duplicated, there is a 95% likelihood of obtaining the same results. 

          The normalized values of the effect of each single factor and the reference line shown in 

Figure 6.2 are as follows:  

𝐶(𝑂𝐴𝑅) =  0.2362; 

𝐴(𝑃𝑜𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟) =  0.0256; 

𝐹(𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑎𝑛𝑔𝑙𝑒) = 0.02252; 

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑙𝑖𝑛𝑒 =  0.0067; 

𝐷(𝐸𝑥𝑝𝑜𝑠𝑒𝑑 𝑎𝑟𝑒𝑎) =  0.004488; 

𝐵(𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠) =  0.004462; 

𝐸(𝑊𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ) =  0.000387; 

          The normalized effect value denotes the alteration in the response variable, which in this 

case, is the optical transmission efficiency through milliporous capillary-array windows, that 

ensues when a factor is modified by one level. For instance, consider the factor C Open area ratio 

or OAR, which has two levels, namely 20% and 44%. A modification of the OAR level from one 

to the other leads to a 23.62% change in the transmission efficiency through the milliporous 

capillary-array windows. 

          From what has been shown in Figure 6.2 and the effect of each factor, we can draw the 

following conclusions:  

(1) The factor C (OAR), which is the open-area ratio, has the most significant influence on the 

optical transmission efficiency through microporous capillary-array windows.  
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(2) The factors A (pore diameter) and F (Incident angle) also have significant influence on the 

transmission efficiency through milliporous capillary-array windows, while the factors D 

(Exposed area), B (Thickness), and E (Wavelength) have very limited effects.  

(3) The order of the importance level of each factor is: 𝐶 > 𝐴 > 𝐹 > Reference line > 𝐷 > 𝐵 >

𝐸.  

          Despite providing information on the significance of the factors, as before, the Pareto chart 

of effects displayed in Figure 6.2 does not reveal whether the factors have a positive or negative 

impact on the response variable. However, through regression analysis, we can ascertain crucial 

information such as (1) the direction of change resulting from the modification of the factors, i.e., 

whether there is a positive or negative change, and (2) the nature of the relationship between the 

response variable and the individual factors and their interactions. 

          Using the calculation of regression analysis mentioned in Section 4.3, we can obtain the 

regression equation as follows:  

Transmission =  0.303 + 0.0128𝐴 + 0.002231𝐵 + 0.1181𝐶 − 0.002244𝐷 +  0.000194𝐸 

−0.01126𝐹 + 0.003663𝐴𝐹 − 0.003494𝐸𝐹 − 0.003438𝐶𝐸                               

− 0.002512𝐶𝐸𝐹 −  0.00155𝐴𝐷𝐸 + ⋯                                                          (6.2) 

          From the regression equation listed above, the following information can be drawn: 

(1) The direction of change in transmission efficiency resulting from modifications of individual 

factors or interactions can be determined through regression analysis. For instance, the positive 

effect of factor A pore diameter on transmission efficiency implies that increasing the pore 

diameter will result in a corresponding increase in transmission efficiency.  

(2) The magnitude of the effect resulting from modifications of individual factors or interactions 

can also be estimated through regression analysis. For instance, a one-level increase in factor 
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E wavelength, which corresponds to an increase in the wavelength of the incident radiation 

from 105 to 253 nm, results in a 0.0387% increase in transmission ratio. 

(3) The coefficients and signs of the interaction terms in the regression equation reveal the 

direction and magnitude of changes in transmission efficiency that result from modifications 

of multiple factors simultaneously. For instance, an increase in both factors E wavelength and 

F incident angle by one level, which corresponds to an increase in wavelength from 105 to 253 

nm and an increase in incident angle from 0 to 5 degrees, results in a 0.6988% decrease in 

transmission efficiency. 

(4) Although the regression equation contains numerous other terms, which represent factors or 

interactions that have minimal effect on transmission efficiency, they can be safely 

disregarded. 

 

          Furthermore, by utilizing the regression equation (6.2), the optimal level of each factor and 

interaction can be substituted to determine the maximum optical transmission through milliporous 

capillary-array windows. As a result, a maximum optical transmission of 45.03% can be achieved 

under the following conditions: a pore diameter of 1.5 mm, a window thickness of 1 mm, an OAR 

of 44%, an exposed area with a radius of 4 mm, an incident radiation wavelength of 253.6 nm, and 

a normal incidence with an incident angle of 0 degrees. 
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6.2 Screen test and half-fractional-factorial design 
 

           In this section, the advanced experimental-design method, as mentioned in Chapter 4, is 

discussed. This method starts with a resolution III fractional-factorial design, known as the screen 

test, followed by a subsequent half-fractional-factorial design. This method was implemented on 

the measurements of optical transmission through both microporous and milliporous capillary -

array windows.  

 

6.2.1 Microporous Capillary-array windows 

 

          In this section, we present an analysis of the experimental results on optical transmission 

through microporous capillary-array windows with employing a resolution III fractional-factorial 

design, known as the screen test, supplemented with a half-fractional-factorial design. We conduct 

ANOVA and regression analysis to investigate the effect of various factors, which are the same 

factors that we considered in the last section, including (A) Pore Diameter, (B) Thickness of the 

window, (C) Open area ratio (OAR), (D) Exposed area, (E) Wavelength of the incident radiation, 

and (F) Incident angle of the radiation, on the optical transmission through microporous capillary-

array windows. 

          When considering all six factors at two levels each, the initial resolution III screen test 

requires only 8 experimental measurements to assess the optical transmission, while there were 32 

experimental measurements were done in the previous method mentioned in the last section.  

          Following the methodology discussed in Chapter 4, we perform a specific group of 8 

experiments to measure the optical transmission through microporous capillary-array windows. 

The results of the experimental measurements are presented in Table 6.3. 
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Table 6.3 Screen-test results on the optical transmission through 

microporous capillary-array windows 

          With utilizing the analysis on the effects of each considered factors and their interactions 

plus the ANOVA analysis, the Pareto chart of the effects can be obtained, which is shown in 

Figure 6.3.  

 

 

Figure 6.3 Pareto chart of the effects of each factor and their interactions for the microporous 

capillary-array windows utilizing screen tests (8 experiments) 
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          In Figure 6.3, only seven effects are presented because the remaining effects were found to 

have negligible impact on the transmission efficiency through the microporous capillary-array 

windows and because a screen test with a limited number of experiments was conducted. The 

confidence level 𝛼 was set at 5%, and the red dashed vertical line in Figure 6.3 corresponds to the 

significance threshold at 95%. In contrast to the previous Pareto charts of effects in Figure 6.1 and 

6.2, only one effect, which is the incident angle of the radiation (F), exceeded the reference line in 

the Pareto chart resulting from the application of the screen test. It should be noted that the primary 

motivation for implementing a screen test in our project was to exclude factors with a minimal 

influence on transmission efficiency.  

          The normalized values of the effect of each single factor and the reference line shown in 

Figure 6.3 are as follows:  

𝐹(𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡  𝑎𝑛𝑔𝑙𝑒) = 0.4593; 

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑙𝑖𝑛𝑒 =  0.2254; 

𝐴(𝑃𝑜𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟) =  0.07355; 

𝐶(𝐸𝑥𝑝𝑜𝑠𝑒𝑑 𝑎𝑟𝑒𝑎) =  0.0555; 

𝐵(𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠) =  0.0485; 

𝐷(𝑂𝐴𝑅) =  0.01945; 

𝐸(𝑊𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ) =  0.0038; 

          The factor wavelength (E) has been determined to have an insignificant effect on the optical 

transmission efficiency and, therefore, can be disregarded in further analysis. The primary purpose 

of conducting a screen test is to exclude certain factors that have a negligible impact on the 

response variable. However, due to the limited number of experiments conducted during a screen 
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test, it is not possible to obtain precise estimates of the effects of each factor on the response 

variable. Consequently, the information that can be gleaned from a screen test is restricted in scope. 

Therefore, in order to determine the most significant factors that influence the optical transmission 

efficiency through microporous capillary-array windows and to estimate the optimized 

transmission efficiency, a further experimental design using a half-fractional-factorial design was 

employed.  

          After removing the factor wavelength from further consideration, this design considered 

only five factors: (A) Pore Diameter; (B) Thickness of the window; (C) Open area ratio (OAR); 

(D) Exposed area; (E) Incident angle of the radiation. 16 measurements were taken for the half-

fractional-factorial design regarding to the methodology discussed in Chapter 4 after a screen test, 

which involved 8 measurements. The experimental data from both designs are presented in Table 

6.4. 

 

 

 

Table 6.4 Further half-fractional-factorial design experimental results on the optical transmission 

through microporous capillary-array windows 
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          The same statistical analysis is applied to the experimental results on the optical transmission 

through microporous capillary-array windows with the half-fractional-factorial design, which was 

mentioned in Section 4.3.3 Chapter 4, to generate a Pareto chart of the effects, which is shown in 

Figure 6.4. 

 

 

Figure 6.4 Pareto chart of the effects of each factor and their interactions for the microporous 

capillary-array windows using a half-fractional-factorial design (16 experiments) 

 

          Now, with more measurements were performed, we can see a further statistical analysis on 

the effects of each factor and the interactions shown in Figure 6.4. The normalized values of the 

effect of each single factor and the reference line shown in Figure 6.4 are as follows:  
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𝐸(𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑎𝑛𝑔𝑙𝑒) = 0.4435; 

𝐴(𝑃𝑜𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟) =  0.07366; 

𝐵(𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠) =  0.02381; 

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑙𝑖𝑛𝑒 =  0.0236; 

𝐶(𝑂𝐴𝑅) =  0.012463; 

𝐷(𝐸𝑥𝑝𝑜𝑠𝑒𝑑 𝑎𝑟𝑒𝑎) =  0.000187; 

          Therefore, with the help of the further half-fractional-factorial design, we get the more 

accurate analysis over the effects of each factor and the interactions, which will lead us to the 

following conclusions:  

(1) The accurate reference line is determined to be at a value of 0.0236, based on our analysis. 

(2) Based on the results of the screen test and the subsequent half-fractional-factorial design, we 

have identified that three factors - wavelength of the incident radiation, open area ratio (OAR), 

and exposed area - have minimal impact on the transmission efficiency through microporous 

capillary-array windows and can be eliminated from further consideration. 

(3) Our analysis has revealed that the incident angle of the radiation is the most signif icant factor 

influencing the optical transmission efficiency through microporous capillary-array windows.  

(4) Additionally, we have identified that the pore diameter and thickness of the window are also 

significant factors affecting the transmission efficiency through microporous capillary-array 

windows. 

 

          Using the calculation of regression analysis mentioned in Section 4.3, we can obtain the 

regression equation as follows:  

Transmission =  0.2295 + 0.03863𝐴 − 0.01191𝐵 + 0.006231𝐶 − 0.0000094𝐷 − 0.2217𝐸 



 

 

171 
−0.03156𝐴𝐸 + 0.02144𝐴𝐶 − 0.01657𝐵𝐷 + 0.008406𝐵𝐸 − 0.003106𝐷𝐸 …    (6.3) 

where A represents for the factor pore diameter, B represents for the thickness of the window, C 

represents for the OAR, D represents for the exposed area, and E represents for the incident angle 

of the radiation. Those cross terms, such as AE, AC and BD, listed in equation (6.3), represent for 

interactions between factors. For example, AE represents for the interaction between the factors 

pore diameter (A) and incident angle (E). Please note that the factor wavelength of incident 

radiation is not considered in equation (6.3) because it has been eliminated from the screen test  

results.  

          Based on the regression equation (6.3), we can calculate the maximum optical transmission 

through microporous capillary-array windows by substituting the optimized level of each factor 

and interaction. By employing the screen test and further half-fractional-factorial design, the 

optimal condition for achieving the maximum optical transmission is by setting the pore diameter 

to 50 𝜇m, thickness of the window to 0.5 mm, OAR to 60%, exposed area with a radius of 4 mm, 

and incident angle of the radiation to 0 degree, which corresponds to normal incidence. The 

resulting maximum optical transmission through the microporous capillary-array windows is 

calculated to be 54.97% under this condition. 

          It is noteworthy that by utilizing this advanced experimental-design methodology, we can 

achieve optimized transmission efficiency by conducting only 24 experiments (8 for the screen 

tests and 16 for the further tests), with the best selections of factor levels. In contrast, a complete 

experimental design consisting of six factors, each with two levels, would necessitate 64 

measurements. In addition, even with the implementation of the Resolution VI fractional-factorial 

design discussed in the Section 6.1, it still requires 32 experiments. Compared to this advanced 
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method, the utilization of the aforementioned approach results in a substantial reduction in the 

number of experiments required while still leading to the similar prediction of the optimization. 
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6.2.2 Milliporous Capillary-array windows 

 

          This section is devoted to the analysis of experimental results concerning the optical 

transmission through milliporous capillary-array windows. To achieve this, we again employ a 

resolution III fractional-factorial design as an initial screen test, together with a half-fractional-

factorial design. Additionally, we apply ANOVA and regression analysis techniques to explore 

the impact of diverse factors on the optical transmission. 

          We still employ the design considering six factors to investigate the effect on optical 

transmission through milliporous capillary-array windows. The six factors that we considered are 

the same, including pore diameter, thickness of the window, open area ratio (OAR), exposed area, 

wavelength of the incident radiation, and incident angle of the radiation, each measured at two 

levels. To efficiently perform a preliminary analysis, a resolution III screen test was conducted, 

requiring only 8 experimental measurements. As in the resolution III fractional-factorial design 

methodology described in Chapter 4, a specific set of eight experiments was carried out to measure 

optical transmission. The experimental data is presented in Table 6.5. 

 

 

Table 6.5 Screen test results on the optical transmission through 

milliporous capillary-array windows 
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          With utilizing the analysis on the effects of each considered factors and their interactions 

plus the ANOVA analysis, the Pareto chart of the effects can be achieved, which is shown in 

Figure 6.5.  

 

 

Figure 6.5 Pareto chart of the effects of each factor and their interactions for the milliporous 

capillary-array windows with utilizing screen tests (8 experiments) 

 

          Figure 6.5 displays only seven effects since the remaining effects exhibit negligible impact 

on the transmission efficiency of milliporous capillary-array windows and only eight experiments 

were conducted in the screen test. The confidence level 𝛼  is fixed at 5%, and the red dashed 

vertical line in Figure 6.5 denotes the reference line corresponding to the significant level of 95%. 

Compared to the previous Pareto charts in Figures 6.1 and 6.2, the Pareto chart generated by the 
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screen test reveals three effects exceeding the reference line. The screen test proves helpful in 

identifying factors with limited influence on the transmission efficiency, which can be excluded 

from further consideration. Specifically, factors exhibiting effects well below the reference line 

can be eliminated. 

          The normalized values of the effect of each single factor and the reference line shown in 

Figure 6.5 are as follows:  

𝐷(OAR) =  0.2255; 

𝐹(Incident angle) = 0.0279; 

𝐴(Pore diameter) =  0.0187; 

Reference line =  0.0175; 

𝐵(Thickness) =  0.0073; 

𝐸(Wavelength) =  0.0031; 

𝐶(Exposed area) =  0.0018; 

          The factors of wavelength and exposed area exhibit effects that are significantly below the 

reference line and are thus eliminated from further consideration. Again, it should be noted that 

the primary purpose of conducting a screen test is to exclude certain factors that have a negligible 

impact on the response variable. However, due to the limited number of experiments conducted 

during a screen test, it is not possible to obtain precise estimates of the effects of each factor on 

the response variable. Consequently, the information that can be gleaned from a screen test is 

restricted in scope. Therefore, a half-fractional-factorial design was performed, considering only 

four factors: (A) pore diameter, (B) thickness of the window, (C) open area ratio (OAR), and (D) 

incident angle of the radiation. The first-round screen test comprising eight measurements is 
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followed by an additional eight measurements in accordance with the half -fractional-factorial 

design. The experimental outcomes are presented in Table 6.6. 

 

Table 6.6 Further half-fractional-factorial design experimental results on the optical transmission 

through milliporous capillary-array windows 

 

          The same statistical analysis is applied to the experimental results on the optical transmission 

through milliporous capillary-array windows with the further half-fractional-factorial design to 

generate a pareto chart of the effects, which is shown in Figure 6.6. 
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Figure 6.6 Pareto chart of the effects of each factor and their interactions for the milliporous 

capillary-array windows with further half-fractional-factorial design (8 experiments) 

 

          Now, with more measurements were performed, we can see a further statistical analysis on 

the effects of each factor and the interactions shown in Figure 6.6. The normalized values of the 

effect of each single factor and the reference line shown in Figure 6.6 are as follows:  

𝐶(𝑂𝐴𝑅) =  0.2314; 

𝐴(Pore diameter) =  0.03253; 

𝐷(𝐼ncident angle) =  0.018325; 

𝑅eference line =  0.015; 

𝐵(Thickness) =  0.003125; 
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          Therefore, with the help of the further half-fractional-factorial design, we get a more 

accurate analysis over the effects of each factor and the interactions, which will lead us to the 

following conclusions:  

(1) The reference line for identifying significant effects in the transmission efficiency through 

milliporous capillary-array windows was determined to be 0.015. 

(2) Based on the results of a screen test and a subsequent half-fractional-factorial design, it was 

found that the factors of wavelength of the incident radiation, exposed area, and thickness of 

the window had limited impact on the transmission efficiency and were therefore eliminated 

from further consideration. 

(3) The open area ratio (OAR) was found to have the most significant influence on the optical 

transmission efficiency through milliporous capillary-array windows. Additionally, the factors 

of pore diameter and incident angle of the radiation were found to have significant influence 

on the transmission efficiency through milliporous capillary-array windows. 

(4) Upon comparing the outcomes of the analysis derived from the screen test with those obtained 

via the subsequent half-fractional-factorial design, it is evident that the results are highly 

similar. Consequently, the implementation of the half-fractional-factorial design could be 

deemed superfluous in terms of further reduction of the experimental trials. Detailed 

comparison will be presented in the ensuing section.  

 

          Using the calculation of regression analysis mentioned in Section 4.3, we can obtain the 

regression equation as follows:  

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 =  0.2943 + 0.01626𝐴 − 0.001563𝐵 + 0.1157𝐶 

−0.009162𝐷 − 0.001487𝐴𝐶 − 0.001163𝐴𝐷 + ⋯                                      (6.4) 



 

 

179 

where A represents for the factor pore diameter, B represents for the thickness of the window, C 

represents for the OAR, and D represents for the incident angle of the radiation. Those cross terms, 

such as AC and AD, listed in equation (6.4), represent for interactions between factors. For 

example, AC represents for the interaction between the factors pore diameter (A) and OAR (C).  

Please note that the factors wavelength of incident radiation and exposed area are not considered 

in equation (6.4) because they have been eliminated from the screen test.  

          By using the regression equation (6.4), we can determine the maximum optical transmission 

through milliporous capillary-array windows by substituting the optimized level of each factor and 

their interactions. Hence, by utilizing the screen test and further half-fractional-factorial design to 

implement the experiments and the statistical analysis on the experimental data, the maximum 

optical transmission through milliporous capillary-array windows is revealed to be 43.67% under 

the condition that the pore diameter is 1.5 mm, thickness of the window is 0.5 mm, OAR is 44%, 

and incident angle of the radiation is 0 degrees, i.e., normal incidence. 
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6.3 Comparison between the methods 
 

          In this section, we compare two experimental design methods discussed in sections 6.1 and 

6.2, which are the resolution VI fractional-factorial design and a screen test plus a subsequent half-

fractional factorial design. The comparison is made in terms of the total number of required trials 

to complete the experiments and the results obtained from regression analysis and optimization. 

          Recall that the primary aim of implementing the factorial designs in our project is to 

minimize the number of experimental trials, leading to time and cost savings. Additionally, the 

goal is to achieve optimal optical transmission through capillary-array windows with the least 

number of experimental trials. 

 
 

6.3.1 Microporous Capillary-array windows 
 

          In this section, we present the comparison between the two experimental design methods 

implemented on measuring the optical transmission through microporous capillary-array windows.  

          We commence with the overall number of experimental trials. Given that there are six 

factors, each with two distinct levels, a total of 64 measurements are required to encompass all 

possible combinations of experimental conditions when no experimental-design method is utilized.  

          As discussed in Section 6.1, by implementing the resolution VI fractional-factorial design, 

there are 32 measurements needed to complete the experiment, and we can still obtain the 

prediction of optimal optical transmission efficiency through the statistical analysis.  

          However, as discussed in Section 6.2, with the help of the advanced experimental design, 

which is the combination of a resolution III screen test and a further half-fractional-factorial design, 

only 24 measurements were taken, and the result of the statistical analysis on optimal transmission 

stays very close to the result from the resolution VI fractional-factorial design.  
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          Table 6.7 shows the analysis on the effects and reference line of microporous capillary-array 

windows with implementing two methods.  

 

 

Table 6.7 Comparison between design methods for microporous capillary-array windows 

 

          The first two columns in Table 6.7 show the effects of each factor and the reference line 

with the implementation of method 1, which is the resolution VI fractional-factorial design. A 

positive value denotes a favorable impact on the transmission ratio, whereas a negative value 

indicates an unfavorable effect. In addition, A higher numerical value signifies a greater influence 

on the transmission ratio, whereas a lower numerical value signifies a lower influence on the 

transmission efficiency. To provide further clarity, the text highlighted in green signifies a higher 

impact on transmission efficiency, while the text highlighted in blue signifies a lower effect on 

transmission efficiency. As detailed in Section 6.1, the factors wavelength and exposed area 

exhibit effects that are considerably below the reference line. Consequently, these two factors may 

be regarded as insignificant. 

          In the columns pertaining to method 2, the two middle columns depict the outcomes of the 

initial round of screen testing. It should be noted that the outcomes of the screen test do not enable 

an accurate estimation of the magnitude of the factors' impact on transmission efficiency; rather, 
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the test only identifies and removes the insignificant factor(s). Upon reviewing the outcomes of 

the initial round of screen testing, as illustrated in the two central columns, it is evident that only 

one factor, namely incident angle, exhibits an effect that surpasses the reference line. In contrast, 

the effects of the remaining factors remain consistent with the reference line. It would be erroneous 

to assert that incident angle is the sole factor that exerts a significant influence on the transmission 

efficiency, given this observation. In addition, the primary rationale for performing a screen test is 

to eliminate the least significant factor. Thus, based on the results of the screen test, only one factor, 

i.e., wavelength of the radiation, can be excluded from further consideration, owing to its effect 

lying far below the reference line. In order to obtain accurate and precise statistical analysis 

pertaining to the transmission through microporous capillary-array windows, the subsequent 

implementation of the half-fractional-factorial design is imperative.  

          The rest two columns on the right-hand side pertaining to method 2 depict the outcomes of 

the subsequent half-fractional-factorial design. After eliminating the factor wavelength, the 

analysis focuses on the remaining five factors. A comparison between method 1 resolution VI 

fractional-factorial design and method 2 subsequent half-fractional-factorial design reveals that: 

(1) The rank order of the effects of each factor in the resolution VI fractional-factorial design 

remains the same as in the subsequent half-fractional-factorial design. 

(2) The magnitude of the effect of each factor in the resolution VI fractional-factorial design is 

very similar to that in the corresponding factor in the subsequent half -fractional-factorial 

design. 

(3) The reference line in the resolution VI fractional-factorial design is slightly lower than that in 

the subsequent half-fractional-factorial design. This difference is attributed to the fact that the 

results of the half-fractional-factorial design are based on only 16 experiments, while the 
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resolution VI fractional-factorial design involved 32 experiments, providing more information. 

As such, the results of the resolution VI fractional-factorial design are more accurate, but this 

does not negate the fact that the outcome of the half-fractional-factorial design in method 2 

still offers sufficient information for further analysis aimed at optimizing transmission 

efficiency.  

          Regarding the prediction of achieving optimal transmission efficiency using the two design 

methods, the resolution VI fractional-factorial design in method 1 indicates that the maximum 

optical transmission through microporous capillary-array windows of 59.24% can be achieved 

under the following conditions: pore diameter of 50 𝜇m, window thickness of 0.5 mm, OAR of 

60%, exposed area with a radius of 4 mm, incident radiation wavelength of 253.6 nm, and normal 

incidence with an incident angle of 0 degrees. On the other hand, method 2, which combines an 

initial screen test with a subsequent half-fractional-factorial design, predicts a maximum optical 

transmission of 54.97% through microporous capillary-array windows under the following 

conditions: pore diameter of 50 𝜇m, window thickness of 0.5 mm, OAR of 60%, exposed area 

with a radius of 4 mm, and normal incidence with an incident angle of 0 degrees. Thus, it can be 

concluded that both methods provide similar and consistent results in terms of predicting the 

optimal conditions for achieving the maximum transmission efficiency through the microporous 

capillary-array windows. The small difference in the predicted values of the optimal transmission 

efficiency can be attributed to the reduced number of experiments in Method 2.  

          With regards to the number of experimental trials, conducting the entire experiment whilst 

covering all feasible experimental conditions, given the inclusion of six factors, each with two 

levels, would necessitate a total of 64 measurements in the absence of any statistical design 

methodology. Conversely, the implementation of Method 1, which employs the Resolution VI 
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fractional-factorial design, requires only 32 trials. Regarding Method 2, whilst the screen test with 

8 measurements is capable of providing some preliminary insights into the degree to which each 

factor influences the optical transmission efficiency through microporous capillary-array windows, 

the subsequent implementation of the half-fractional-factorial design, which requires 16 

measurements, is necessary to be performed to obtain a more comprehensive understanding. Thus, 

a total of 24 experimental trials are required for Method 2. 

          In conclusion, it is recommended that for measuring the optical transmission through 

microporous capillary-array windows, the preferred statistical design method is Method 2, which 

consists of an initial screen test and a subsequent half-fractional-factorial design. This method 

requires only 24 experimental trials, yet it provides accurate predictions on the optimal 

transmission efficiency and the most appropriate selection of factor levels to achieve it. Notably, 

when compared to the approach without any statistical designs, which necessitates 64 experimental 

trials, or Method 1, which demands 32 experimental trials, Method 2 is highly eff icient and cost-

effective.  
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6.3.2 Milliporous Capillary-array windows 
 

          In this section, we present a comparison between the two statistical experimental-design 

methods implemented for measuring the optical transmission through milliporous capillary-array 

windows.  

          When considering six factors with two different levels each, a total of 64 experimental 

measurements are needed to cover all potential combinations of experimental conditions without 

using any experimental design method. 

          As discussed in Section 6.1, by implementing Method 1, the resolution VI fractional-

factorial design, there are 32 measurements needed to complete the experiment, and we can obtain 

the prediction of optimal optical transmission efficiency through the statistical analysis.  

          As discussed in Section 6.2, the utilization of advanced experimental design Method 2, 

which combines a resolution III screen test with a subsequent half-fractional-factorial design, 

resulted in the need for only 16 measurements. However, due to the fact that the screen test, 

consisting of only 8 experimental trials, yielded sufficient information on the effects of each factor 

in this case of measuring the optical transmission through milliporous capillary-array windows, 

the Method 2 can be further optimized by solely implementing the initial screen test. As such, the 

total number of experimental trials required would be reduced to 8.  

          Table 6.8 shows the analysis on the effects and reference line of milliporous capillary-array 

windows with implementing two methods.  
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Table 6.8 Comparison between design methods for milliporous capillary-array windows 

 

          The first two columns in Table 6.8 show the effects of each factor and the reference line 

with the implementation of method 1, which is the resolution VI fractional-factorial design. The 

text highlighted in green signifies a higher effect on the transmission efficiency, while the text 

highlighted in blue signifies a lower effect on the transmission efficiency. As detailed in Section 

6.1, the factors of exposed area, thickness of the window, and the wavelength of incident radiation 

exhibit effects that are considerably below the reference line. Consequently, these three factors 

will be regarded as insignificant. 

          In the columns pertaining to method 2, the two middle columns depict the outcomes of the 

initial round of screen testing, and the next two columns on the right-hand side pertaining to 

Method 2 depict the outcomes of the subsequent half-fractional-factorial design, which is the 

analysis focuses on the remaining four factors after eliminating the factors of the wavelength and 

the exposed area. The rationale for performing a screen test is to eliminate the least significant 

factors, and in order to obtain accurate and precise statistical analysis pertaining to the transmission 

through microporous capillary-array windows, the subsequent implementation of the half-

fractional-factorial design is typically imperative. However, upon reviewing the outcomes of the 

initial round of screen testing and the subsequent half-fractional-factorial design, it becomes 
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apparent that the results obtained from both screen testing and the subsequent test exhibit a striking 

similarity in their analysis of the effect of each factor. Moreover, these results are found to be 

consistent with the results obtained from the implementation of Method 1, which utilizes the 

Resolution VI fractional-factorial design. A comprehensive comparison between Method 1 and 

Method 2 is presented as follows: 

(1) The rank order of the effect of each factor in Method 1, resolution VI fractional-factorial 

design, remains highly similar to that observed in both the initial screen test and the subsequent 

half-fractional-factorial design of Method 2. 

(2) The effect magnitude of each factor in Method 1, which is the resolution VI fractional-factorial 

design, are highly similar to those observed in the corresponding factors of both the initial 

screen test and the subsequent half-fractional-factorial design of Method 2. 

(3) Based on the analysis, it was observed that the reference line in Method 1, which is the 

resolution VI fractional-factorial design, maintains the same rank order as in both the initial 

screen test and the subsequent half-fractional-factorial design of Method 2. 

(4) If anyone would start out, it is recommended to initially employ Method 2. This approach 

provides ample information for predicting the maximum transmission efficiency through 

capillary-array windows, while minimizing the number of experiments needed. 

 

          The observed consistency in the rank order and magnitude of the effect of each factor, as 

well as the reference line, between Method 1, which is the resolution VI fractional-factorial design 

and Method 2, which comprises an initial screen test and a subsequent half-fractional-factorial 

design, suggests that the initial screen test alone can provide ample information for statistical 
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analysis on the effect of each factor and the relationship between each factor and  the response 

variable, namely the optical transmission through microporous capillary-array windows. 

          Regarding the prediction of achieving optimal transmission efficiency using the two design 

methods, the resolution VI fractional-factorial design in method 1 indicates that the maximum 

optical transmission through milliporous capillary-array windows of 45.03% can be achieved 

under the following conditions: pore diameter of 1.5 mm, window thickness of 1 mm, OAR of 

44%, exposed area with a radius of 4 mm, incident radiation wavelength of 253.6 nm, and normal 

incidence. On the other hand, Method 2, which combines an initial screen test with a subsequent 

half-fractional-factorial design, predicts a maximum optical transmission of 43.67% through 

milliporous capillary-array windows under the following conditions: pore diameter of 1.5 mm, 

window thickness of 0.5 mm, OAR of 44%, and normal incidence. In addition, specifically in the 

case of measuring the optical transmission efficiency through milliporous capillary-array windows, 

OAR is the most important factor, which is in a good agreement with the calculations discussed in 

Chapter 3.  

          Therefore, it can be concluded that both methods provide similar and consistent results in 

terms of predicting the optimal conditions for achieving the maximum transmission efficiency 

through the milliporous capillary-array windows. Although they give a different prediction on the 

condition of window thickness, with thickness considering as an insignificant factor, it does not 

make a huge difference. In addition, the tiny difference in the predicted values of the optimal 

transmission efficiency can be attributed to the reduced number of experiments in method 2, which 

is a tradeoff for saving time and experimental costs.  

          In summary, the integration of an initial screen test with a subsequent half -fractional-

factorial design provides a practical and effective method for optimizing the transmission 
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efficiency of milliporous capillary-array windows with only 16 experimental trials. Notably, in 

this specific case, the initial screen test alone suffices to provide ample information for the 

optimization of optical transmission through microporous capillary-array windows, requiring only 

8 experimental trials as opposed to the 64 required for conducting experiments without statistical 

design methodology. 
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Chapter 7 – Pressure Differential across the Capillary-array 

Windows 
 

          In this Chapter, we extend our investigation beyond the optical-transmission characteristics 

of capillary-array windows to evaluate their ability to withstand pressure differentials while 

maintaining photon or other particle permeability. Please kindly be aware that the pressure tests 

have not been performed on solid windows due to their minimal transmission of optical radiation 

within the UV and VUV wavelength range. The solid windows used in our project are not intended 

for the purpose of transmitting optical radiation while maintaining a pressure differential, which is 

the main objective of this work. Nonetheless, it is worthwhile to consider conducting such tests in 

future endeavors to facilitate a comparison with capillary-array windows. 

           We present the experimental results of pressure tests on capillary-array windows and 

compare them to the calculations presented in Chapter 3. Based on the combined results of our 

calculations and experimental measurements, we draw conclusions on several key aspects: (1) the 

ability of capillary-array windows to withstand pressure differentials, and (2) the maximum 

pressure differential that can be supported by a capillary-array window before failure occurs. 

          We conducted pressure tests on nanoporous, microporous, and milliporous capillary-array 

windows as well as solid films to assess their ability to withstand pressure differentials. The 

pressure tests were carried out under three distinct conditions: (1) One side of the window was 

exposed to 10−6 torr, while the other side was exposed to 20 mtorr, mimicking the conditions of 

the optical transmission measurements through capillary-array windows in the ECR system 

discussed in Chapter 4. (2) The outside of the capillary-array window was exposed to the 

atmospheric pressure of 760 torr, while the interior was pumped down to 20 mtorr to determine 

whether the windows could withstand the pressure differential between atmospheric pressure and 
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the 20 mtorr vacuum required for the generation of UV and VUV rad iation. (3) The exterior of the 

window was maintained at atmospheric pressure, while nitrogen gas was introduced into the 

pressure-test system and pumped up to a pressure sufficient to cause the window to fail. The third 

test was conducted only after the window had survived the second pressure test, as the pressure 

differential in the third test was set to exceed one atmosphere. The objective of the third pressure 

test is to find the maximum pressure differential that a capillary-array window can hold before 

failure, and it should be noted that VUV radiation at these pressures is not going to show any 

results because the high pressure air absorbs the radiation. Through the second and third 

experiments, we established the maximum pressure differential that a capillary-array window 

could withstand before breaking and evaluated whether the experimental results were consistent 

with the calculations presented in Chapter 3.   

          In the context of testing the pressure differential across capillary-array windows, we 

conducted experiments with round exposure areas of 4-mm and 5-mm radius. These experiments 

aimed to examine the influence of the exposed area on both the gas-flow rate through the samples 

and the maximum pressure differential that a capillary-array window can endure before failure. 

The results of these tests provide valuable insight into the behavior of capillary-array windows 

under varying conditions of pressure differential and exposed area.  
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7.1 Pressure differential across nanoporous capillary-array windows 
 

          This work employs two nanoporous capillary-array window samples as specified in Table 

2.1 of Chapter 2. The first sample features a pore diameter of 40 nm, a thickness of 50 𝜇m, and an 

OAR of 34.34%, while the second sample features a pore diameter of 90 nm, a thickness of 100 

𝜇m, and an OAR of 47.01%. 

          The initial pressure test involved subjecting a nanoporous capillary-array window sample to 

a pressure differential between 10−6 torr and 20 mtorr in the ECR system, as detailed in Chapter 

4. One side of the capillary-array window was regulated using a Leybold oil-sealed vacuum pump 

TRIVAC D 90 L, which provides a pumping rate of 110 m3 h⁄ , [1] and a Leybold turbo pump 

TURBOVAC 600 C, which offers a pumping rate of 2000 m3 h⁄ . [2] The other side of the capillary-

array window with 20 mtorr pressure was managed using the same pumps but with a mass-flow 

controller that introduced argon gas to generate plasma. Experimental outcomes from the pressure 

tests on the nanoporous capillary-array windows indicated that both samples were able to 

withstand a pressure differential between 10−6 torr and 20 mtorr without breaking, regardless of 

whether the exposed area was 4 mm or 5 mm in radius. 

          In the second pressure test, the nanoporous capillary-array window samples were subjected 

to a specific pressure test setup, which was detailed in Chapter 4 Section 4.2. The setup maintained 

one side of the sample at 20 mtorr while exposing the other side to atmospheric pressure of 760 

torr. The side under the pressure of 20 mtorr was controlled using the Leybold oil-sealed vacuum 

pump TRIVAC D 90 L, which had a pumping rate of 110 m3 ℎ⁄ , [1] while the other side at 

atmospheric pressure was entirely exposed to the air. Experimental results indicated that both 

nanoporous capillary-array window samples could withstand the pressure differential between 760 

torr and 20 mtorr without failure, irrespective of the exposed area with 4 mm or 5 mm in radius.  
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Table 7.1 Calculation of gas-flow rate through 

nanoporous capillary-array windows 

 

          Referring back to the calculations performed in Chapter 3, Section 3.1, whereby the 

pumping rate through capillary-array windows was determined, it was observed that the 

dimensions of the two nanoporous capillary-array window samples utilized in the pressure test fall 

well below the threshold for maintaining a pressure differential between (1) 10−6  torr and 20 

mtorr and (2) 20 mtorr and 760 torr for either of the exposed areas. The pumping rates required 

for maintaining these pressure differentials are displayed in Table 7.1, and all values are below 

0.001 m3 h⁄ . Moreover, it is noted that the pumping rate available in the pressure-test system 

greatly exceeds 110 m3 h⁄ , thus indicating that the pumping rate is more than sufficient to uphold 

these two pressure differentials.  

          Subsequently, the third pressure test was conducted under the following conditions: one side 

of the nanoporous capillary-array window sample was exposed to atmospheric pressure, which is 

760 torr, while the other side was pressurized with nitrogen gas until the nanoporous capillary-

array window sample failed. As previously calculated in Chapter 3, the maximum pressure 

differential estimations that a nanoporous capillary-array window can withstand before failure are 

presented in Table 7.2.  
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Table 7.2. Estimation of the maximum pressure differential for 

nanoporous capillary-array windows can hold before failure 

 

          Regrettably, the current pressure test system setup imposed limitations on the maximum 

pressure differential that it could provide, which was approximately 87 psi (~4500 torr). 

Consequently, the nanoporous capillary-array windows were tested but not broken during this 

round of pressure testing. This observation partly confirms the capacity of the nanoporous 

capillary-array windows to resist a pressure differential beyond 87 psi (~4500 torr). [7] 
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7.2 Pressure differential across microporous capillary-array 

windows 

 
          The microporous capillary-array window samples that were used in the tests are listed in 

Table 2.2 in Chapter 2. There are two values for pore diameter, which are 25 and 50 𝜇m, two 

values for thickness, which are 500 and 1000 𝜇m, and two values for OAR, which are 50 and 60%.  

          The initial pressure test was conducted in the ECR system, wherein the microporous 

capillary-array window sample was subjected to a pressure differential ranging from 10−6 torr to 

20 mtorr. The experimental results of the pressure tests on the microporous capillary-array 

windows indicate that all the window samples were capable of withstanding the pressure 

differential without fracturing, irrespective of the exposed area with 4 or 5 mm in radius.  

          The second pressure test was conducted under the experimental condition whereby one side 

of the microporous capillary-array window sample was subjected to a pressure of 20 mtorr, while 

the other side was exposed to atmospheric pressure of 760 torr. The results of the pressure tests on 

the microporous capillary-array windows demonstrated that all window samples were capable of 

withstanding the pressure differential between 20 mtorr and 760 torr without experiencing failure, 

regardless of the exposed area size of either 4 or 5 mm in radius. 

          The results of the calculations on the required pumping rate for these microporous capillary -

array windows to maintain a pressure differential between (1) 10−6 torr and 20 mtorr and (2) 20 

mtorr and 760 torr for two different exposed areas are listed in Table 7.3.  
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Table 7.3 Calculation of gas-flow rates through microporous capillary-array windows 

 

          As shown in Table 7.3, the maximum calculated gas-flow rate through the microporous 

capillary-array window is 0.64 m3 h⁄ . This implies that the minimum pumping rate of the pressure 

test system must exceed 0.64 m3 h⁄  to maintain a pressure differential between 20 mtorr and 760 

torr for a microporous capillary-array window with a 50 𝜇m pore diameter, 500 𝜇m thickness, 60% 

OAR, and a round exposed area of 5 mm in radius. As discussed in Section 7.1, the Leybold 

mechanical pump used in the pressure test has a pumping rate of 110 m3 h⁄ , which greatly exceeds 

the required gas-flow rate to sustain the pressure differential. As expected, all microporous 

capillary-array windows successfully withstood the pressure differentials applied during the 

second round pressure test. 

          The third pressure experiment aimed to investigate the maximum pressure differential that 

the microporous capillary-array windows can sustain before failure. To achieve this, nitrogen gas 

was introduced into the inside of the system while maintaining atmospheric pressure (760 torr) on 

the outside of the capillary-array window. This setup allowed for a pressure differential greater 

than 760 torr to be applied to the capillary-array window.  
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          The results for the calculation of pressure differential at failure of all the microporous 

capillary-array windows used in this project are listed in Table 7.4. 

 

 

Table 7.4 Calculation of pressure differential at failure  

of microporous capillary-array windows 

 

          Considering the constraints of the pressure test system, it was observed that the maximum 

pressure differential it could generate was restricted to approximately 87 psi (~4500 torr). The 

experimental results of the pressure tests on microporous capillary-array windows show that: 

(1) For the microporous capillary-array window with 50 𝜇m in pore diameter, 500 𝜇m in 

thickness, and 60% OAR, when subjected to an exposed area of either 4 or 5 mm in radius, 

the microporous capillary-array window fractured at an internal pressure of approximately 

91 psi (~4690 torr). Hence, the maximum pressure differential it can tolerate is 76 psi 

(~3930 torr). It matches the calculation shown in Table 7.4. 

(2) Considering the current restrictions of the pressure test system, the maximum achievable 

pressure differential was limited to around 87 psi (~4500 torr). In light of this constraint, it 

was observed that none of the remaining microporous capillary-array window samples 

suffered any fractures or breakage under this test condition. This also matches the results 

of the calculation listed in Table 7.4.  
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           Therefore, from (a). the calculations of gas-flow rate; (b). the calculation of pressure 

differential at break; and (c). the results of the experimental measurements, we can draw the 

conclusions as follows:  

(1) All microporous capillary-array window samples can hold the pressure differential 

between 10−6  torr and 20 mtorr as long as sufficient pumping rate is provided. The 

pumping rate to maintain such pressure differential through these microporous capillary -

array windows can be found in Table 7.3.  

(2) The results of the pressure tests on the microporous capillary-array window samples 

revealed that they can withstand the pressure differential between 20 mtorr and 760 torr 

with the provision of a higher pumping rate. Table 7.3 provides the gas flow rate required 

to maintain this pressure differential across these microporous capillary-array windows. 

(3) Regarding the experimental results of the pressure test on the microporous capillary-array 

windows under a pressure differential greater than an atmospheric pressure (~760 torr), 

one window sample with a pore diameter of 50 𝜇m, thickness of 500 𝜇m, and 60% open 

area ratio (OAR) was found to have fractured under a pressure differential of 76 psi 

(~3930 torr), whereas the other window samples tested successfully withstanding a 

pressure differential of at least 87 psi (~4500 torr). These experimental results are 

consistent with the calculations listed in Table 7.4. However, due to the limitations of the 

pressure system, the exact maximum pressure differential that these microporous 

capillary-array windows can withstand could not be determined. 
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7.3 Pressure differential across milliporous capillary-array windows 

 
          The milliporous capillary-array window samples utilized in the pressure tests are 

documented in Table 2.3, as presented in Chapter 2. The window samples vary in terms of pore 

diameter, with two distinct sizes of 1 and 1.5 mm, thickness, with two levels of 0.5 and 1 mm, and 

OAR, with two values of 20% and 44%.  

          The initial pressure test was conducted in the ECR system with the milliporous capillary -

array window subjected to a pressure differential in the range of 10−6 torr on one side to 20 mtorr 

on the other side. The experimental results of the pressure tests on the milliporous capillary-array 

windows indicate that all the milliporous capillary-array window samples were capable of 

withstanding the pressure differential between 10−6  torr and 20 mtorr without fracturing, 

regardless of the exposed area size of either 4 or 5 mm in radius. 

          The second pressure test aimed to investigate whether the milliporous capillary-array 

windows could withstand a pressure differential between 20 mtorr and 760 torr, with the inside of 

the window sample at 20 mtorr and the outside at atmospheric pressure of 760 torr. To maintain 

this pressure differential, a pumping rate of 110 m3 h⁄  was applied to the system. The experimental 

results indicate that none of the milliporous capillary-array windows broke under these conditions. 

While some of the window samples successfully withstood the pressure differential within the 

specified range with this pumping rate, others failed to reach the desired pressure inside the 

window due to the limited pumping rate of the mechanical pump. The detailed experimental results 

are presented below. 
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(1) For the milliporous capillary-array window with a pore diameter of 1.5 mm, thickness of 

1 mm, and an OAR of 44%, subjecting it to a pumping rate of 110 m3 h⁄  resulted in the 

system being pumped down to approximately 46 torr when exposed to the atmosphere at 

760 torr with a round area of 4 mm in radius. Similarly, when exposed with a round area 

of 5 mm in radius, the system can be pumped down to approximately 303 torr, with the 

window sample not exhibiting any breakage under both conditions. According to Table 

7.5, to maintain a pressure differential between 20 mtorr and 760 torr, the pumping rate 

needs to be at least 115 m3 h⁄  with an exposed round area of 4 mm in radius and 180 m3 h⁄  

with an exposed round area of 5 mm in radius. 

(2) For the milliporous capillary-array window sample with 1.5 mm pore diameter, 0.5 mm 

thickness, and 20% OAR, the pressure test was conducted with a round area of 4 mm radius 

and a pumping rate of 110 m3 h⁄ . The results showed that the sample was able to withstand 

a pressure differential between 20 mtorr and 760 torr without any damage. This outcome 

aligns with the calculation presented in Table 7.5, as the required gas-flow rate to maintain 

this pressure differential is 105 m3 h⁄ , which is lower than the applied pumping rate. 

However, when tested with a round area of 5 mm radius, the sample survived without 

breaking, but the inside pressure could only be reduced to around 258 torr. According to 

the data in Table 7.5, a pumping rate of at least 163 m3 h⁄  is necessary to sustain the 

pressure differential between 20 mtorr and 760 torr. 
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(3) For the milliporous capillary-array window sample with 1 mm pore diameter, 1 mm 

thickness, and 20% OAR, and a pumping rate of 110 m3 h⁄ , the pressure test was 

conducted with two round areas of 4 and 5 mm in radius, respectively. The results showed 

that the window could hold the pressure differential without any damage in both conditions. 

The experimental findings align with the calculation outlined in Table 7.5. Specifically, the 

gas-flow rate required to maintain the pressure differential was 23 m3 h⁄  and 36 m3 h⁄  for 

the round-exposed areas with 4 and 5 mm radius, respectively. These values are lower than 

the pumping rate provided by the mechanical pump, thus validating the suitability of the 

milliporous capillary-array window for this pressure range.  

(4) For the milliporous capillary-array window with 1 mm pore diameter, 0.5 mm thickness, 

and 44% OAR, when it was exposed to air with a circular area of 4 mm radius and subjected 

to a pumping rate of 110 m3 h⁄  provided by the mechanical pump, the window successfully 

held a pressure differential between 20 mtorr and 760 torr without any damage. This 

experimental result matches well with the calculated values in Table 7.5, as the required 

gas-flow rate to maintain the pressure differential is found to be 102 m3 h⁄ , which was less 

than the actual applied pumping rate. However, when the exposed area was increased to 5 

mm radius, although no breakage was observed in the milliporous capillary-array window, 

the pressure inside the window could only be pumped down to approximately 246 torr. 

According to Table 7.5, a higher pumping rate of at least 159 m3 h⁄  is required to maintain 

the pressure differential between 20 mtorr and 760 torr for this particular window under 

the same experimental condition. 
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          Table 7.5 provides the results of calculations conducted to determine the necessary pumping 

rates for various milliporous capillary-array windows to maintain pressure differentials ranging 

from 10−6 torr to 20 mtorr and from 20 mtorr to 760 torr. The calculations were performed for 

two different exposed areas. 

 

 

Table 7.5 Calculation of gas-flow rate through milliporous capillary-array windows 

 

          As is shown in Table 7.5, the required gas-flow rate for maintaining a pressure differential 

between 10−6 torr and 20 mtorr for all the milliporous capillary-array windows that were used in 

this project was calculated to be within the normal operating range of the Leybold mechanical 

pump that used for the pressure test, which provides a pumping rate at 110 m3 h⁄ . However, some 

of the milliporous capillary-array windows require a higher pumping rate than what the Leybold 

mechanical pump can provide to maintain the pressure differential between 20 mtorr and 760 torr. 

The calculated gas-flow rates for maintaining the pressure differential between 20 mtorr and 760 

torr, listed in red in Table 7.5, align well with the experimental measurements, particularly for 

those milliporous capillary-array windows that cannot sustain the pressure differential between 20 

mtorr and 760 torr. 
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          Subsequently, a third pressure test was conducted on the milliporous capillary-array 

windows with the external surface exposed to ambient air while the internal surface was supplied 

with nitrogen gas at a higher pressure. The primary objective of this pressure test was to determine 

the maximum pressure differential that the milliporous capillary-array window could sustain 

without undergoing any damage. The experimental results of the pressure tests on milliporous 

capillary-array windows show the following:  

(1) The milliporous capillary-array window with 1 mm pore diameter, 0.5 mm thickness and 

44% OAR was fractured when the inside of the window was feed in with nitrogen to 

approximately 83 psi (~4310 torr) and the maximum pressure differential this it can hold 

is then 68 psi (~3550 torr) regardless of whether it was exposed to a round area with a 

radius of 4 mm or 5 mm.  

(2) The milliporous capillary-array window with 1 mm pore diameter, 1 mm thickness and 

20% OAR was observed fractured when the inside of the window was pumped up to 

approximately 87 psi (~4500 torr) and the maximum pressure differential this it can hold 

is then 72 psi (~3740 torr), regardless of whether it was exposed to a round area with a 

radius of 4 mm or 5 mm. 

(3) The milliporous capillary-array window with 1.5 mm pore diameter, 0.5 mm thickness and 

20% OAR failed when the inside of the window was fed in with nitrogen gas to 

approximately 80 psi (~4130 torr) and the maximum pressure differential this it can hold 

is then 65 psi (~3370 torr), regardless of whether it was exposed to a round area with a 

radius of 4 or 5 mm.  
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(4) The milliporous capillary-array window with 1.5 mm pore diameter, 1 mm thickness and 

44% OAR fractured when the inside of the window was pumped up to approximately 83 

psi (~4310 torr) and the maximum pressure differential this it can hold is then 68 psi (~3550 

torr) regardless of whether it was exposed to a round area with a radius of 4 or 5 mm.  

 

          The experimental results pertaining to the maximum pressure differential that a milliporous 

capillary-array window can withstand before breaking are consistent with the calculations 

presented in Table 7.6.  

 

 

Table 7.6 Calculation of pressure differential at break  

of milliporous capillary-array windows 

 

          Therefore, from (a). the calculations of gas-flow rate; (b). the calculation of pressure 

differential at break; and (c). the results of the experimental measurements, we can draw the 

conclusions as follows:  

(1) The results of the pressure tests demonstrate that all of the milliporous capillary-array 

windows can sustain a pressure differential between 10−6 torr and 20 mtorr, provided 

that an adequate pumping rate is supplied. The requisite pumping rate for maintaining  

this pressure differential through the milliporous capillary-array windows is summarized  

in Table 7.5. 
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(2) In accordance with the experimental results, all the samples of milliporous capillary-array 

windows can sustain the pressure differential ranging from 20 mtorr to 760 torr, provided 

an adequate pumping rate is supplied. The requisite gas-flow rates for preserving this 

pressure differential across the milliporous capillary-array windows are also listed in 

Table 7.5. 

(3) In summary, the milliporous capillary-array windows exhibit a limit to the pressure 

differential they can withstand before breaking. The calculations of the pressure 

differential at failure, presented in Table 7.6, are in good agreement with the experimental 

results. Hence, these calculations can serve as a reliable reference for predicting the 

pressure differential at break for milliporous capillary-array windows with different 

parameters. Additionally, the experimental findings indicate that the impact of  varying 

the exposed area can be disregarded.  
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Chapter 8 – Conclusions and Future Directions 
 
          The primary objectives of this research project are to investigate the transmission efficiency 

of porous capillary-array windows compared to thin solid films, and to evaluate the ability of 

porous capillary-array windows to withstand a significant pressure differential between 

atmosphere and vacuum. 

          Our hypothesis suggests that both porous capillary-array windows and thin solid films have 

the capability to transmit ultraviolet (UV) and vacuum ultraviolet (VUV) radiation. In addition, 

we hypothesize that porous capillary-array windows will exhibit significantly higher transmission 

efficiency than thin solid films while maintaining a significant pressure differential between the 

atmosphere and vacuum.  

          To prove the above hypothesis, following tasks have been undertaken:  

1. Calculated the gas-flow rates through capillary-array windows and solid windows, the 

pressure at break of the capillary-array windows, and optical transmission through them as 

a function of wavelength. 

2. Designed fractional-factorial experiments to reduce the number of trials for the UV and 

VUV transmission measurements while still letting us find the best choices of factors, 

which are: pore diameter, thickness, the percentage of opening area, the total exposed area, 

as well as the angle and the wavelength of incident radiation, to obtain the maximum 

transmission efficiency. 

3. Experimentally measured the UV and VUV transmission efficiency through both capillary-

array windows and solid windows.  

4. Evaluate the weight of each factor and each of their interactions and to estimate the effects 

of the factors. Used statistical models to analyze the results of the fractional-factorial 
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design to estimate the combination of factors that output the optimized optical transmission 

through the capillary-array windows.  

5. Experimentally measured the pressure differential across both capillary-array windows, 

and tested out the maximum pressure differential that one window can hold before break.  

 

          The following sections will outline the key findings from this project regarding each tasks 

required to undertake to prove the hypothesis, and the opportunities for the further research as well.  

 

8.1 Optical transmission 
 

          Initially, we conducted an experiment to measure the transmission of UV and VUV radiation 

through thin solid windows. The experiment considered multiple dimensions of thin solid windows. 

The results indicated that the thin solid windows were capable of transmitting a maximum of 0.11% 

of UV radiation at a wavelength of 253.6 nm, and less than 10−300 % of VUV radiation at both 

104.8 and 106.6 nm in wavelength. The experimental outcomes are highly consistent with the 

calculations discussed in Chapter 3, Section 3.2.1, which indicate that negligible radiation in the 

range of UV and VUV can be transmitted through the solid thin film samples, irrespective of the 

wavelength of the incident radiation in the range we used.   

          Subsequently, we conducted experiments to measure the transmission of UV and VUV 

radiation through nanoporous, microporous, and milliporous capillary-array windows. In the case 

of nanoporous capillary-array windows, the experimental findings revealed a maximum UV 

transmission ratio of around 1.43% and a maximum VUV transmission ratio of less than 10−50 %, 

which concurred with the calculated transmission ratios of roughly 1% and less than 10−30 %, 

respectively. For microporous capillary-array windows, the experimental results demonstrated a 
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maximum UV transmission ratio of approximately 58.93% and a maximum VUV transmission 

ratio of roughly 58.41%, which agreed with the calculated transmission ratio of 60% for both 

wavelengths. Similarly, the experimental results for milliporous capillary-array windows indicate 

a maximum UV transmission ratio of around 44.62% and a maximum VUV transmission ratio of 

44.87%. These values are in accordance with the calculated transmission ratio of 44% for both 

wavelengths as well. 

          Finally, the application of experimental design methods effectively reduced the total number 

of experimental trials, and by using statistical analysis techniques such as effect analysis, ANOVA, 

and regression analysis, we were able to predict the maximum optical transmission through both 

microporous and milliporous capillary-array windows under optimized conditions. Without the 

implementation of experimental-design methods, it would have been necessary to conduct 64 

experiments to cover all possible experimental conditions, considering the six factors with two 

levels each. However, by utilizing our advanced experimental-design method that combines an 

initial screen test and a subsequent half-fractional-factorial design, we only needed to perform 24 

experiments to obtain sufficient information to correctly predict the maximum optical transmission 

efficiency through the microporous capillary-array windows, and only 8 experiments to obtain the 

maximum optical transmission efficiency through the milliporous capillary-array windows. It is 

noteworthy to mention that in the case of measuring optical transmission efficiency through the 

milliporous capillary-array windows, the total number of experimental trials was reduced by 

87.5%, while still achieving accurate prediction of the maximum experimental outcomes. If this 

method were to be applied to industrial projects, it is believed that significant cost and time savings 

could be achieved.  
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          Under the optimized conditions of pore diameter of 50 𝜇m, window thickness of 0.5 mm, 

OAR of 60%, exposed area with a radius of 4 mm, incident radiation wavelength of 253.6 nm, and 

normal incidence with an incident angle of 0 degrees, the predicted maximum optical transmission 

through the microporous capillary-array windows was approximately 59.24%. This value is highly 

consistent with the experimental results, which showed a maximum transmission of 58.93%, and 

is in good agreement with the theoretical maximum value of 60%. Similarly, the maximum optical 

transmission through milliporous capillary-array windows was predicted to be approximately 

45.03% under the optimal conditions of pore diameter of 1.5 mm, window thickness of 1 mm, 

OAR of 44%, exposed area with a radius of 4 mm, incident radiation wavelength of 253.6 nm, and 

normal incidence with an incident angle of 0 degrees. Notably, this prediction is highly correlated 

with the experimental results, which demonstrated a maximum transmission of 44.62%. 

Furthermore, this predicted value is in close agreement with the theoretical maximum value of 

44%. 

          Therefore, with the application of experimental designs and the use of statistical analysis, 

the maximum optical transmission through capillary-array windows can be successfully and 

correctly predicted with implementing the minimum number of experimental trials. In addition to 

predicting optimal experimental outcomes, we have also established the relationships between the 

experimental response variable, namely the optical transmission ratio, and each of the factors. For 

instance, an increased pore diameter was found to be positively correlated with the transmission 

ratio, while an increased incident angle was negatively correlated. The detailed relationships were 

discussed in Chapter 6. 
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8.2 Pressure differential  
 

          The experiments on measuring the pressure differential across nanoporous, microporous, 

and milliporous capillary-array windows were conducted under three distinct conditions: (1) One 

side of the window was exposed to 10−6  torr, while the other side was exposed to 20 mtorr, 

mimicking the conditions of the optical transmission measurements through capillary-array 

windows in the ECR system discussed in Chapter 4. (2) The outside of the capillary-array window 

was exposed to atmospheric pressure of 760 torr, while the inside of the window was pumped 

down to 20 mtorr to determine whether the windows could withstand the pressure differential 

between atmospheric pressure and the 20 mtorr vacuum required for the generation of UV and 

VUV radiation. (3) The exterior of the window was maintained at atmospheric pressure of 760 

torr, while nitrogen gas was introduced into the pressure test system and the inside of the window 

was pumped up to a pressure sufficient to cause the window to fail. The third test was conducted 

only after the window had survived the second pressure test, because the pressure differential in 

the third test was set to exceed 760 torr, while the maximum absolute pressure differential that 

could be tested in the second experiment was 760 torr. Through the second and third experiments, 

we established the maximum pressure differential that a capillary-array window could withstand 

before breaking and evaluated whether the experimental results were consistent with the 

calculations presented in Chapter 3. 

          Two nanoporous capillary-array window samples were initially tested for pressure 

resistance. In the first round of pressure testing, the samples were subjected to a pressure 

differential between 10−6 torr and 20 mtorr, and both samples were found to have survived. The 

theoretical calculation suggests that the minimum gas-flow rate required to maintain this pressure 

differential through the nanoporous capillary-array is less than 0.001 m3 h⁄ . Given that the 
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pressure test system provides a gas-flow rate of more than 110 m3 h⁄ , the survival of the 

nanoporous capillary-array windows during the first-round of pressure testing is a good validation 

of the theory. Similarly, the nanoporous capillary-array windows also survived the second pressure 

test, which was conducted for pressure differential between 20 mtorr and 760 torr. The calculated 

minimum gas-flow rate necessary to uphold a pressure differential between 20 millitorr to 760 torr 

is less than 0.01 m3 h⁄ , which is also considerably lower than the gas-flow rate capacity of the 

pressure test system. The nanoporous capillary-array windows also demonstrated their ability to 

withstand pressure during the third pressure test, as they remained intact. However, the pressure 

differential that the test system can provide is limited to a maximum of 87 psi (~4500 torr), which 

is Insufficient to test the maximum pressure differential that the nanoporous capillary-array 

windows can withstand without breaking. The theoretical maximum pressure differential that the 

nanoporous capillary-array windows can withstand without breaking is approximately 360 psi 

(~18750 torr) for one of the samples and about 490 psi (~25500 torr) for the other. Although the 

experimental results are limited by the test system's capabilities, they do demonstrate the 

nanoporous capillary-array windows' ability to withstand a pressure differential of 87 psi (~4500 

torr) without failure. Further pressure tests can be performed to determine the maximum pressure 

differential that the nanoporous capillary-array windows can withstand. 

          The microporous capillary-array windows were subjected to the same pressure tests. The 

microporous capillary-array windows demonstrated excellent durability, remaining intact after 

both the first and second pressure experiments, which tested their ability to withstand pressure 

differentials of (1) 10−6 torr to 20 mtorr and (2) 20 mtorr to 760 torr, respectively. The minimum 

gas-flow rate necessary to maintain a pressure differential between 10−6 torr and 20 mtorr was 

calculated to be at least 0.0009 m3 h⁄ , and 0.64 m3 h⁄  for maintaining a pressure differential 
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between 20 mtorr and 760 torr. The pressure test system's capacity of 110 m3 h⁄  is more than 

adequate for either of these pressure differentials. The third pressure test sought to determine the 

maximum pressure differential that the microporous capillary-array windows could withstand 

before failing. One of the microporous capillary-array windows, with a pore diameter of 50 𝜇𝑚, a 

window thickness of 500 𝜇m, and an OAR of 60%, fractured at a pressure differential of 76 psi 

(~3930 torr), which is corresponding to the calculated pressure at break of 80 psi (~4140 torr). The 

remaining microporous capillary-array window samples survived the third pressure test, where the 

pressure test system can only provide with testing a pressure differential for up to 87 psi (~4500 

torr). According to the calculation results of the pressure at break for these microporous capillary-

array windows, the minimum pressure differential required to break them is at least 100 psi (~5170 

torr), which is consistent with the experimental results. 

          All of the milliporous capillary-array windows survived the initial pressure test designed to 

assess their ability to withstand a pressure differential between 10−6 torr and 20 mtorr, similar to 

the nanoporous and microporous capillary-array windows. The minimum gas-flow rate necessary 

to maintain this pressure differential was calculated to be 0.033 𝑚3 ℎ⁄ , which was well below the 

maximum gas-flow rate of 110 m3 h⁄  provided by the pressure system. During the second pressure 

test, which involved testing the ability of the milliporous capillary-array windows to hold a 

pressure differential between 20 mtorr and 760 torr, it was observed that some of the capillary-

array windows required a gas-flow rate exceeding the maximum rate of 110 m3 h⁄  provided by 

the pressure system. This result was consistent with theoretical calculations mentioned in Chapter 

3. For these windows, the experimental results demonstrated that the inside of the pressure test 

system could not be pumped down to 20 mtorr when the outside of the system was exposed to an 

atmospheric pressure of 760 torr. Regrettably, the third pressure test of the milliporous capillary-
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array windows yielded unfavorable results, as all the samples either fractured or broke. The 

calculations indicate that the maximum pressure differential that the milliporous capillary-array 

windows could withstand before breaking lies within the range of 68 to 72 psi (~ 3520 to 3720 

torr). The experimental results validated the theoretical prediction, as one of the windows intended 

to withstand a pressure differential of 72 psi (~3720 torr) was observed to have fractured at a 

pressure differential of 70 psi (~3620 torr).  

          Therefore, the pressure tests conducted to the nanoporous, microporous, and milliporous 

capillary-array window approved their abilities of withstanding pressure differentials of (1) 10−6 

torr to 20 mtorr and (2) 20 mtorr to 760 torr. Regrettably, the current pressure test system setup 

imposed limitations on the maximum pressure differential that it could provide, which was 

approximately 87 psi (~4500 torr). Consequently, the maximum pressure differential that certain 

capillary-array windows could endure prior to fracture could not be determined.  
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8.3 Future Work 
 

          Based on the results found in this work, there are a variety of research paths that could help 

with advancing the application of capillary-array windows in transmitting optical radiation while 

holding a pressure differential.  

          Firstly, it should be noted that the capillary-array windows examined in this study feature 

round pores, though it is possible to explore other pore shapes such as rectangular or hexagonal. 

Specifically regarding nanoporous capillary-array windows, the propagation of incident radiation 

in the waveguide may be impacted by changes to the waveguide shape. Therefore, investigating 

how alterations to pore shape affect transmission efficiency of capillary-array windows could be a 

valuable avenue for future research. In addition to pore shape, the material used to fabricate the 

capillary-array windows could influence transmission efficiency through factors such as refractive 

index, permeability, and permittivity. Hence, exploring the impact of different materials on optical 

transmission through capillary-array windows could also be an important area of investigation.  

          Secondly, an alternative approach for future work could be the utilization of response-

surface design instead of factorial-design methods to design the experiments and statistically 

analyze the experimental data. Surface-response design offers a distinct perspective to experiments. 

By applying a different statistical analysis method alongside surface-response design, it may yield 

a more accurate prediction of the optimal optical transmission efficiency.  

          Thirdly, it is important to conduct further research to determine the maximum pressure 

differential that the capillary-array windows can withstand before experiencing failure. Because 

the current pressure system only supports tests up to approximately 87 psi, it is necessary to explore 

alternative pressure testing systems or techniques, including compressive testing, Brazilian disc 
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testing, and 3-point bending tests, to accurately assess the maximum pressure differential that these 

capillary-array windows can endure without breaking. 

 

8.4 Closing Statement 
 

          In summary, the capillary-array windows have demonstrated promising optical transmission 

properties for ultraviolet (UV) and vacuum-ultraviolet (VUV) radiation. Not only by effectively 

transmitting the optical radiation, but they also serve as a barrier against the passage of high-energy 

electrons, ions, and neutral particles. Therefore, capillary-array windows provide protection to 

substrates exposed to optical treatments, safeguarding them against damage caused by the impact 

of such high-energy particles.  
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Appendix A - Monochromator Scanning System 
 

A.1 Front panel  
 

          This LabView program was developed to control the McPherson 234/302 VUV 

monochromator, whereby a motor within the monochromator was calibrated by the program, and 

this program enables the grating to rotate to a precise position corresponding to the desired 

wavelength as set up in the program. Initially, the COM port and GPIB port settings must be 

correctly selected in the first equipment setup section to establish a connection between the 

monochromator and the computer, and between the picoammeter and the computer. The 

monochromator position needs to be set up the same as the start wavelength. In the second section, 

start wavelength, end wavelength, step size, scan speed and grating model can be setup regarding 

the specific requirement of the experiment. The real-time spectrum will be displayed in the XY 

graph as a function of wavelength.  
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A.2 Block Diagram  
 

          The block diagram presents the order of the operations for the monochromator scanning 

system. 
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Appendix B - Picoammeter Signal Processing System 

 

B.1 Front panel  
 

          This LabView program was developed to facilitate the acquisition and processing of the 

current signal generated by the Keithley 6487 picoammeter during optical measurements. 

Specifically in our experiments, 1000 data points were collected for each wavelength at a sampling 

rate of 60 Hz and stored in the buffer of the picoammeter. A Fast-Fourier Transform (FFT) 

algorithm was subsequently applied to convert the data from the time domain to the frequency 

domain, thereby enabling the application of an extreme low-pass filter (LPF) with a zero Hz cut-

off frequency to remove noise and extraneous signals. The processed data was then converted back 

to the time domain, resulting in the determination of the mean value across all data points for each 

wavelength. It is necessary to correctly select the address of the picoammeter in the upper left-

hand corner of the interface. Additionally, the number of data points in each set can be adjusted, 

as can the sampling rate of the picoammeter by setting the value of NPLC, which represents the 

number of power line cycles per second. 1 PLC is equivalent to 16.67 milliseconds at a frequency 

of 60Hz. The output of the program is displayed in the "FFT first point" cell, while the current 

signal is plotted as a function of time in the XY graph.  
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B.2 Block Diagram  
 

          The block diagram presents the order of the operations for the monochromator scanning 

system. 
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