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ABSTRACT 

Spacecraft optical components must be tested in vacuum chambers in order to 

achieve “space-like” conditions on earth. To simulate the low temperatures experienced 

in space, optical components are often cryogenically cooled in the vacuum chamber. 

Outgassing of contaminants, such as water molecules, from the metal walls of the 

vacuum chamber occur under high vacuum conditions. These free water molecules 

accumulate and freeze on the cryogenic optical surfaces, which affects performance and 

reflectivity.  

  A multiple beam interference set-up was used to measure the accumulation of a 

water ice film on a first surface gold mirror under cryogenic, high vacuum-conditions. 

Zeolite molecular sieves were used to introduce water vapor into the vacuum chamber. 

Once inside the chamber, the water molecules were allowed to accumulate and freeze 

on a cryogenically cooled first surface gold mirror. The external interferometer set-up was 

used to measure the ice film thickness over time. Simultaneously, a quartz crystal 

microbalance was used to measure the ice film accumulation. Comparing the thickness 

results showed that the laser interferometer set-up is an accurate and reliable technique 

for measuring the water ice film accumulation on the first surface gold mirror.  

To advance the current multiple beam interference technique, a new expanded 

beam interferometer was developed for measuring ice accumulation at multiple locations 

on the gold mirror. A beam expander was placed on the laser which increased the beam 

diameter by four times the original size. This expanded beam measured the ice film 

thickness on a larger portion of the mirror using a custom designed photodiode array. 

These results were again compared with those obtained from the widely used QCM 

technique. The comparison showed that the expanded beam interferometer set-up is an 

accurate and reliable technique for measuring the water ice film accumulation at multiple 

locations on a first surface gold mirror by agreeing with QCM results to within 2.8%.  
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1. INTRODUCTION 

1.1 Overview 

As humans venture deeper into space, our understanding of the effects on 

spacecraft components must continue to grow. Modern spacecraft utilize many 

optical components such as lenses, mirrors, sensors, and solar arrays during 

missions. These components need to absorb, reflect, or transmit light radiation in 

order to operate properly. Many times, because the optical components are at 

cryogenic temperatures, contaminants surrounding the spacecraft will deposit on 

the optical surfaces and interfere with performance. The main sources of these 

contaminants are formed by spacecraft combustion products, outgassing of 

spacecraft materials, and waste removal [1].  It is also known that contaminants, 

such as water particles in the rings of Saturn, exist naturally in space [2]. Eventually 

a thin film of cryo-deposit develops on the surface of the optical components. This 

thin layer becomes detrimental to performance and can result in poor 

measurements or even cause the instruments to fail.  

Similarly, earth-based testing of optical components experiences the same 

cryo-deposition problem in vacuum chambers. For space simulation on earth, 

vacuum chambers typically achieve pressures ranging from 10-4 – 10-11 torr [3]. 

Most vacuum chambers used for testing are made of metal, such as stainless 

steel. Metal surfaces are very rough and have microscopic crevices. Figure 1.1 

shows a scanning electron microscope image of a 304SS surface [4]. Each time 

the chamber is exposed to atmosphere, water molecules from the air absorb on 

the surface which is significantly larger on the microscopic scale due to the small 

cracks and channels of the metal. As the chamber pumps down, the walls become 

exposed to high vacuum conditions, and the water molecules are released into the 

chamber in a process known as outgassing. 

Due to this phenomena, a need has become apparent for the detection, 

monitoring, and mitigation of ice layer accumulation on optical components. The 

University of Tennessee Space Institute (UTSI) has been working to meet this 
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need. UTSI was charged with the task of incorporating a multiple beam 

interference setup for ice film detection and developing a new expanded beam 

interferometer for monitoring ice accumulation thickness in multiple locations. The 

vacuum chamber facility at UTSI was used to perform these tests. The small 

chamber at UTSI was pumped down to high-vacuum conditions, and a cryo-pump 

was used to bring the interior components down to cryogenic temperatures. Using 

an effusion cell and zeolite molecular sieves, water molecules were introduced into 

the vacuum chamber with the intention of accumulating an ice layer on a first 

surface gold mirror. 

 

 

Figure 1.1: SEM image of 304 stainless steel [4]. 

 

An unexpanded beam interferometer set-up was used to detect and monitor 

the ice layer thickness at one location on the mirror. This technique, which has 

been used in the past for making thin film measurements [8], uses the multiple-

beam interference that results from light reflected off a mirror with a thin film on the 

surface. The thickness results from the optical interferometer data were compared 

with thickness measurements from a quartz crystal microbalance (QCM) in the 
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chamber, which is commonly used for validation in thin film measurements. The 

comparisons proved that the interferometer monitoring device is an accurate and 

reliable technique for making ice film measurements in a single location. Next, an 

expanded beam interferometer set-up was developed and used for making ice 

thickness measurements at multiple locations on the mirror surface. The expanded 

beam covered a larger surface area of the mirror and utilized an array of 

photodiodes for measuring data. This new technique provided an understanding 

of how the ice layer was accumulating on different locations of the mirror. 

Thickness results from the expanded beam interferometer data were again 

compared to the QCM results.  

 

1.2 Background 

Before describing the experimental set-up, it is important to discuss the 

background of measuring water ice films. First, the behavior of water ice under low 

pressure and temperature conditions must be understood. Next, in order to grow 

a relatively thick ice film, an effective way of introducing additional water molecules 

into the vacuum chamber must be developed. Finally, frost formation on cold 

surfaces and techniques for measuring thin film thickness are discussed.   

1.2.1 Previous Work 

 Three forms of ice are prevalent in cryogenic vacuum environments. These 

are cubic ice, Ic, low density amorphous, LDA, and high density amorphous, HDA, 

ice. It is still unknown as to how exactly the ice transitions between these phases, 

but typically it follows according to Table 1.1 [3]. For this experiment, the 

temperature of the optical components was approximately 50-60 K. Therefore, the 

LDA density was used for these calculations and is given by the CRC Handbook 

of Chemistry and Physics as 0.934 g/cm3 [5].  
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Table 1.1: Ice formations in cryo-vacuum [3]. 

Form Density (g/cm3) Temperature Range (K) 

Ih (hexagonal) 0.92 > 160 

Ic 0.93 136 – 160 

LDA 0.94 15 – 136 

HDA 1.17 < 15 

  

 Several experiments were conducted in order to determine the most 

efficient way of introducing water molecules into the vacuum chamber. After testing 

calcium sulfate dehydrate, cobalt (II) chloride hexahydrate, and zeolite molecular 

sieves, it was determined that the zeolite sieves introduced an appropriate amount 

of water while leaving very little leftover residue in the chamber. The type of zeolite 

used for this experiment was the Linde A-type zeolite with the 3Å pore opening. 

This type was used because it only absorbs NH3, H2O, and some H2. Other zeolite 

sizes such as the 4Å type absorb H2O, CO2, SO2, H2S, C2H6, C3H6, and ethanol 

[6]. 

1.2.2 Frost Formation on Cold Surfaces 

Frost formation on a cold surface with a large temperature gradient between 

the cold surface and the gas is a very complex process. In this experiment, the 

water vapor was at room temperature, and the cold optical surface reached a 

temperature of approximately 45 K. When the room-temperature gas reaches the 

cold surface, some particles deposit on the surface while others flow past and 

sublime. Initially the deposit forms a few micro-sized “patches” of frost which act 

as traps for additional water particles. It can be assumed that the temperature of 

the frost “patches” are approximately equal to the temperature of the cold surface. 

However as the clumps of frost accumulate and grow, a thin layer of frost forms 

and covers the cold surface. This layer has an insulating effect and results in an 

increase in the frost surface temperature [7]. As the frost continues to accumulate, 

stresses form within the ice layer. This stress can ultimately lead to fracturing of 
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the ice film. The little known information about fracturing of LDA water films is that 

there is a critical thickness for fracture that depends significantly on the film 

temperature [3]. 

1.2.3 QCM Thickness Monitoring 

A quartz crystal microbalance (or QCM) measures the mass deposition rate 

per unit area (g cm-2 s-1). A voltage is applied to the quartz crystal which causes it 

to oscillate at its resonant frequency, and the resulting voltage is input to a 

frequency counter. The QCM used for this experiment was the Inficon QPod with 

a 6 MHz resonant frequency.  As the thin film mass builds on the quartz crystal 

surface, the resonant frequency of the crystal decreases. With this knowledge, a 

film thickness can be determined [8]. The fundamental mode of vibration in a 

quartz crystal is given as: 

 

𝑓𝑜 =
√𝜇𝑞/𝜌𝑞

2𝑡
,          (1)  

  

where μq, ρq, and t are the shear modulus of quartz, the density of quartz, and the 

crystal thickness. The frequency shift resulting from film deposition is given by 

Sauerbrey [9] as  

 

∆𝑓 = −(
2𝑓𝑜
2

√𝜇𝑞𝜌𝑞
) (

∆𝑚

𝐴
),        (2) 

 

where Δm is the change in the total (crystal and film) mass and A is the crystal 

active collection area. A film thickness can be determined from the change in 

crystal mass using equation (3) [10]. 

 

𝑥 =
𝑚

𝐴𝜌
,          (3) 
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 In equation (3), x is the film thickness, m is the total mass deposited from equation 

(2), A is the crystal area, and ρ is the film density. Equation (2) is only valid if the 

film thickness is small compared to the crystal thickness. Therefore, an improved 

method for determining the deposited film mass, known as the Z-match technique, 

is given in equation (4) and is valid for a frequency decrease of up to 40% of the 

unloaded frequency [8]. The mass per unit area (g/cm2) on the crystal is given as 

 

(
𝑚

𝐴
)
𝑓
=
𝑁𝑞𝜌𝑞

𝜋𝑓𝑐𝑍
 tan−1 [𝑍 tan (

(𝑓𝑞−𝑓𝑐)

𝑓𝑞
)] (1𝑥10−8),     (4) 

 

where Nq is a frequency constant of the cut quartz, ρq is the density of the quartz, 

and fq and fc are the frequencies of the clean gold coated quartz crystal and the 

measured frequency, respectively, when the crystal is covered with a layer of ice 

[8]. The Z term given in equation (4) can be calculated by 

 

𝑍 =  (
𝜌𝑞𝐺𝑞

𝜌𝑓𝐺𝑓
)
1/2

,         (5) 

 

where ρf is the density of the ice and Gq and Gf are the shear moduli of quartz and 

ice, respectively [11]. The ice film thickness measured by the QCM from the above 

equations can be used as a comparison for other techniques measuring film 

thickness such as multiple beam interference. 

1.2.4 Theory of Light Interactions with Cryodeposits 

 In order to develop a film thickness monitor, it is important to discuss the 

underlying subject of light interactions with cryodeposits. When emitted light is  

incident on a thin film, there are components of the light that are absorbed, 

reflected, or transmitted by the film. In this experiment, only the case of reflection 

and transmission was considered. Figure 1.2 shows a schematic of the light 

scattering model [12]. This model considers all possible constructive interference 
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between reflecting rays and is the most general. The following assumptions were 

made for the derivations: 

 

 - The incident light is perfectly collimated and monochromatic. 

 - The substrate (gold) is a perfect specular reflector. 

 - Cryodeposits reflect and refract light according to Snell’s Law. 

- A 180° phase shift occurs when light traveling through one medium is 

reflected by another which has a higher refractive index. 

- There is no gap, cavity, or contamination between the cryodeposit and 

substrate surface. 

 

 

 

 

Figure 1.2: Schematic of light scattering model [12]. 

 

x 
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Using the optical path difference between adjacent rays and the assumptions 

listed, the following equations were derived for the model [12]. 

 

𝑥 =  
𝑚𝜆

2𝜇√1−
sin2(𝛽𝑛)

𝜇2

,        (6) 

 

𝑥 =  
𝑛𝜆

2𝜇

(

 
 1

√1−
sin2(𝛽𝑖)

𝜇2
 

− 
sin(𝛽𝑖)sin(𝛽𝑛)

𝜇2√1−
sin2(𝛽𝑖)

𝜇2

− √1−
sin2(𝛽𝑛)

𝜇2

)

 
 

,    (7) 

 

In equations (6) and (7), x is the cryodeposit thickness, m and n are integer 

differences in the optical path lengths, λ is the wavelength of incoming light, μ is 

the refractive index of the cryodeposit, βn is the angle to the normal of an arbitrary 

ray CL (see Figure 1.2), and βi is the incident angle of incoming light. The two 

different equations are for two different cases of constructive interference. 

Equation (6) is derived for constructive interference between the specularly 

reflected, retransmitted, and refracted component of an arbitrary scattered 

transmitted ray in the t-family and a reflected and scattered ray in the r-family which 

has the same angle to the normal, βn. Equation (7) is derived for constructive 

interference between the refracted component of the S1-family caused by an 

arbitrary t-family ray and a scattered ray in the Ss-family caused by ts, which has 

the same angle to the normal. The two equations are given because of the 

uncertainty as to which type of constructive interference dominates [12].   

1.2.5 Multiple Beam Interference for Experiment 

For the thin film calculations in this experiment, the assumption was made 

that only the refracted and specularly reflected components of the rays within the 

thin film compared to the specularly reflected incident ray made the greatest 

contribution to the interference. Figure 1.3 describes this simplified model [13]. 
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Figure 1.3: Reflection from a thin film on a gold substrate [13].   

 
The difference in optical path lengths of the reflected and transmitted fronts is given 

by Hecht and Zajac [14] as 

 

∆𝑂𝑃𝐿 = 2𝑛2𝑥𝑐𝑜𝑠𝜃2,        (8) 

 

where n2 (n1 in Figure 1.3), x, and θ2 (θ1 in Figure 1.3), are the refractive index of 

the ice film, thickness of the ice film, and the angle of propagation of the light in the 

thin film as found by Snell’s Law. The phase shift occurring in adjacent reflected 

and transmitted wave fronts is given as 

 

𝛿 =
2𝜋

𝜆
Δ𝑂𝑃𝐿 =

4𝜋𝑛2𝑥𝑐𝑜𝑠𝜃2

𝜆
 ,       (9) 

 

where δ is the phase shift between reflected and transmitted wave fronts and λ is 

the wavelength of incoming light [14]. Summing the infinite number of reflected 

rays yields the total magnitude. Squaring the magnitude results in the intensity 

reflectance ratio given by 

 

𝑅 = |
𝑟12+𝑟23𝑒

−𝑖𝛿

1+𝑟12𝑟23𝑒
−𝑖𝛿
|
2

,         (10) 

x 
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where the thickness x can be found in the parameter δ as shown in equation (9). 

Parameters r12 and r23 represent the complex reflection coefficients for light 

interaction at the boundaries between the vacuum (medium 1) and cryodeposit 

(medium 2) and the cryodeposit and optical component coating (medium 3) [8]. 

The components r12 and r23, using slightly different notation, are given for light 

polarized such that its electric field is perpendicular to the plane of incidence by 

the Fresnel Equation as 

 

𝑟12 =
𝑛1 cos𝜃1−𝑛2 cos𝜃2

𝑛1 cos𝜃1+𝑛2 cos𝜃2
 ,        (11) 

 

𝑟23 =
𝑛2 cos 𝜃2−𝑛3 cos 𝜃3

𝑛2 cos 𝜃2+𝑛3 cos 𝜃3
 ,        (12) 

 

where n1, n2, n3, and θ1 (θ0 in Figure 1.3) are the refractive indices of vacuum, ice, 

and gold and the angle of incidence of incoming light. Angles θ2 and θ3 (θ1 and θ2 

in Figure 1.3) are the angles of propagation of the light in the film and substrate 

material and can be found by using Snell’s Law [13, 15]. 

 For this experiment, a 50mW diode laser with wavelength 450 nm was used. 

The shorter wavelength was used because it provides better thickness resolution, 

which is recommended when cryodeposit layers are thin [12], and it also provides 

greater visibility in the reflectance when a gold substrate is used. Therefore with 

λ=450nm, the refractive indices of vacuum, ice, and gold are given as n1 = 1, n2 = 

1.3157 [16], and n3 = 1.502 + 1.8785i [17]. A more detailed explanation of 

determining the refractive index of condensed gases at different wavelengths is 

given by Wood and Smith [18]. 

1.2.6 Interferometer Thickness Monitoring 

 The phase shift experienced by the light traversing one pass through the 

thin film with thickness x as a function of time is given by Smith [19] as 
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𝛿(𝑡) =
4𝜋𝑛2𝑐𝑜𝑠𝜃2𝑥(𝑡)

𝜆
,        (13) 

 

where n2, θ2, and λ are the refractive index of the water ice film, the angle of light 

propagation in the film, and the wavelength of incoming light. Due to the oscillatory 

behavior of the multiple beam interference, the reflected intensity fluctuates 

between a maximum and a minimum value. Therefore, the corresponding change 

in film thickness over each period of modulation is 

 

Δ𝑥 =
𝜆

2𝑛2𝑐𝑜𝑠𝜃2
,         (14) 

 

In the thickness monitoring program given by Smith [19], the growth rate is 

assumed to remain constant over each modulation cycle and theoretical 

reflectance intensity ratios are calculated based on λ = 450nm and different time 

intervals 0 < t < T for one cycle. 

 

𝑥𝑇(𝑡) =  
𝜆𝑡

2𝑇𝑛2 cos𝜃2
,         (15) 

 

Normalized cross-correlation coefficients are computed using the theoretical data 

and the experimental intensity reflectance data for time periods differing by one 

sample period. The optimal value from the cross-correlation technique gives the 

thickness increase over the measured time period. Therefore, ice thickness values 

can be computed at discrete times resulting in the total ice film accumulation from 

beginning to end of an experiment [19]. 
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2. EXPERIMENTAL SETUP AND INSTRUMENTATION 

The following section describes the setup of the “20V” vacuum chamber in the 

UTSI Vacuum Chamber Facility and the instrumentation used during the 

experiments.        

2.1 Main Chamber Overview 

 The vacuum chamber used at the UTSI Vacuum Chamber Facility is a 0.6 

meter diameter, 0.45 meter tall stainless steel chamber. It is fitted with a roughing 

pump, turbo-pump, and cryo-pump. There are 6 available ports for use spread 

equally around the chamber. Two of the ports are used for the laser interferometer. 

One of the large ports was used to connect the water introduction apparatus as 

shown in Figure 2.1. The pressure is monitored using two Kurt J. Lesker® 

Company convection vacuum gauges (275 Series) and one digital ion gauge 

(KJLC 354 Series).  

 

 

Figure 2.1: Top view of “20V” chamber. 
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Once the chamber was closed, the roughing pump removed the bulk of the 

atmospheric air in the chamber. When the pressure reached a minimum at 

approximately 10 -3 torr, the turbo-pump was turned on. The turbo pump would 

bring the chamber pressure down to approximately 10 -6 torr. Since the number of 

air particles remaining in the chamber was very small relative to the main chamber 

volume, the cryo-pump was used. The cryo-pump froze many of the remaining 

molecules that contacted its surface and allowed the pressure to drop to 

approximately 10 -9 torr. This entire process would take about 1 day. Figure 2.2 

shows the previously described vacuum chamber at UTSI. 

 The water introduction apparatus was closed off from the main test 

chamber. A secondary roughing pump was connected to this section in order to 

control the pressure separately from the main chamber and was capable of 

pumping the zeolite section down to approximately 10 -2 torr. This setup allowed 

for easy access and removal of zeolite samples during a test run.  
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Figure 2.2: UTSI vacuum chamber. 
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2.2 Water Introduction Apparatus 

Zeolite molecular sieves were used to introduce water into the chamber. 

The method of introducing water into a vacuum chamber was studied extensively 

by Rogers [6]. The same water introduction apparatus was used in this experiment. 

Figure 2.3 below shows the setup. 

 

 

Figure 2.3: Schematic of water introduction apparatus [6]. 

 
The zeolite sieves were vacuum baked in order to drive off and remove 

contaminants. Approximately 14g of zeolite was hydrated with 2mL of de-ionized 

water. Once hydrated, the sieves were placed inside the introduction apparatus. 

The zeolite section was closed off from the rest of the chamber using the main test 

chamber valve shown in Figure 2.3. Once the main chamber had reached high 

vacuum conditions (10-9 torr), the zeolite section was pumped down using a 

roughing pump. Once the pressure in the zeolite section bottomed out (10-2 torr), 
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the main test chamber valve was opened. Due to the pressure gradient between 

the main chamber and the zeolite section, a flow of water molecules was 

introduced into the chamber. At the end of the experiment, the dried out zeolite 

was replaced with freshly hydrated zeolite for the next run. Figure 2.4 below shows 

the water introduction apparatus used in the experiment. 

 

 

Figure 2.4: Water introduction apparatus. 
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2.2.1 Effusion Cell 

 The purpose of the effusion cell for this experiment was to introduce a 

consistent distribution of water molecules into the chamber and incident on the 

gold mirror and QCM. The effusion cell used was designed using parameters and 

specifications from a previous effusion cell used by Labello [3] and Rogers [6], 

which is shown below in Figure 2.5 [3]. 

 

 

Figure 2.5: (a) External dimensions and (b) cutaway view of the effusion cell 

previously used [3]. 

 
The effusion cell was designed to produce a cosine distribution of water vapor 

under free molecular flow [3]. This design was crucial in properly directing the 

water vapor towards the mirror and QCM surfaces and growing a uniform ice film. 

The effusion cell model for this experiment incorporated the same dimensions and 

can be seen in Figure 2.6. The effusion cell legs were mounted on an axis of 

rotation in order to allow for precision adjustments. It was placed on the floor of the 

vacuum chamber and angled at 32 degrees from the mirror surface as seen in 

Figure 2.7. At this angle, the center of the cosine distribution is centered between 

the gold mirror and the QCM. 
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Figure 2.6: SolidWorks model of new effusion cell. 
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Figure 2.7: Placement of effusion cell inside vacuum chamber. 

 

2.3 Interior Chamber Setup 

 The critical interior components of the experiment consisted of the cryo-

pump mounting stage, or “cold finger”, the mounting bracket, the Thorlabs® 

precision kinematic mirror mount, a 25.4mm diameter protected gold mirror, a 

QCM, two cryogenic linear temperature sensors (CLTS), a radiation shield which 

acted to block incoming radiation from the chamber walls, and the effusion cell. A 

cryo-liner filled with LN2 was used in early tests, but was found to have little effect 

on the mirror and QCM temperatures. The cryo-pump used is a Sumitomo® CH-

210 Cold Head. Compressed helium is used to absorb the heat from the 

environment. The helium cycles through two stages in the pump. Figure 2.8 shows 

the internal diagram of the Cold Head [20]. 
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Figure 2.8: Simplified cold head diagram [20]. 
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During the intake stroke, compressed helium is introduced into the first and second 

stages. As the helium absorbs energy (heat) from the surroundings, its pressure 

drops. The high temperature helium is then removed during the exhaust stroke. 

The first stage is capable of reaching 77K, and the second stage can reach 20K 

[20]. An aluminum bracket was mounted to the second stage of the cryo-pump, 

and the mirror mount and QCM rested on the aluminum bracket. A cryogenic linear 

temperature sensor (CLTS) was attached to both the mirror mount and QCM in 

order to monitor the temperature during the experiment. Finally a copper shield 

was placed around the second stage of the cryo-pump in order to absorb the 

radiation coming from the vacuum chamber walls.  

The water was forced from the zeolite introduction apparatus (Figure 2.4) 

into the effusion cell by a pressure gradient. This gradient was due to the high 

vacuum conditions of the main test chamber and the low vacuum conditions of the 

zeolite introduction section, which was producing water molecules.  A Teflon tube 

was used in connecting the zeolite apparatus to the effusion cell due to its relatively 

low outgassing properties under high vacuum. Flexible tubing was necessary for 

this application because the effusion cell was positioned at the bottom of the 

chamber. Figure 2.9 shows the interior chamber setup as previously described. 
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Figure 2.9: Interior chamber components. 
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2.4 Exterior Chamber Setup 

 The exterior chamber setup consisted of a laser, beam polarizer, beam 

splitter, focusing lens, and several photodiodes. The interferometer setup 

measured the phase shift change of the incident light as it passed through the thin 

film of ice. This change results in an intensity fluctuation of the incident laser beam. 

When an intensity ratio of reference light to reflected light was taken, it was 

possible to determine a film thickness as described in Sections 1.2.5 and 1.2.6. A 

450 nm, 50 mW blue laser was used as the light source. The laser passed through 

a polarizer, which resulted in light with its electric field perpendicular to the plane 

of incidence, and a beam splitter. The first beam, known as the reference beam, 

measured the overall laser output with a photodiode. The second beam passed 

through the chamber window and reflected off the gold surface mirror. This 

reflected beam was measured by a second photodiode outside the chamber. 

Figures 2.10 and 2.11 show the experimental setup and optical layout. 

 
 

 
 
 
 
 

Figure 2.10: Unexpanded beam experimental setup. 
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Figure 2.11: Optical schematic (unexpanded beam). 
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2.4.1 Expanded Beam Interferometer 

 After several runs with the single point beam interferometer, a new 

expanded beam interferometer setup was used. The purpose of the expanded 

beam was to simultaneously measure the ice film thickness at different locations 

on the mirror. The original laser beam was an elliptical dot beam covering a surface 

area of approximately 1.5 mm2. With the 4X beam expander attached, the new 

beam surface area was approximately 24 mm2. Pairing this expanded beam with 

an array of photodiodes allowed for ice film thickness measurements to be made 

in multiple locations simultaneously during an experimental run. Figures 2.12 and 

2.13 show the expanded beam experimental setup and optical schematic. The 

photodiode array is shown in Figure 2.14 with five photodiodes, however, due to 

the beam geometry, only three photodiodes were used (PD2, PD3, PD4). 

 

 

 

 

 

 

 

Figure 2.12: Expanded beam experimental setup. 
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Figure 2.13: Optical schematic (expanded beam). 
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Figure 2.13: Photodiode array.  
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3. RESULTS 

3.1 Basic Pump Down 

 At the beginning of an experimental run, the mirror, QCM, and effusion cell 

were aligned in an effort to produce a uniform layer of ice film buildup. Once the 

interior components were properly aligned, the main chamber was sealed and 

started pumping down. After about 1 day, with a combination of roughing pump, 

turbo pump, and cryo pump, the main chamber reached a pressure of 

approximately 10 -9 torr. The zeolite section was closed off from the main chamber 

and pumped separately. Figure 3.1 shows the main chamber pressure during one 

of the pump down processes before the water molecules were introduced. 

 

 
Figure 3.1: Main chamber pressure during one pump down process. 
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The pressure gauges used in this experiment were a combination of two 

convection vacuum gauges (one for the main chamber and the other for the zeolite 

canister) and one digital ion vacuum gauge. The convection vacuum gauges have 

a cutoff pressure of approximately 10 -3 torr below which the pressure readings no 

longer are accurate. The digital ion gauge has an operational pressure range of 

approximately 10 -3 – 10 -9 torr. Figure 3.1 shows the pressure bottoming out around 

2.5 hours and then a steep drop at 3 hours. The switch between pressure gauge 

readings was the cause of this. The main chamber pressure reached a minimum 

value of approximately 10 -6 torr after 4 hours of pumping. The cryo pump was then 

turned on which allowed the pressure to continue dropping and begin approaching 

10-8 torr.  Several small plateaus can be seen between the 10-2 and 10-8 range and 

are a result of virtual leaks in the chamber.   

The temperature of the second stage of the cryo pump was also monitored 

during one of the pump-down processes. It was important for the cryo pump to 

obtain temperatures below 70 K in order for the nitrogen gas in the air to condense 

and freeze, thus dropping the chamber pressure. The plot of temperature of the 

second stage of the cryo pump is shown in Figure 3.2 to reach a minimum of 

approximately 20 K. These pressure and temperature plots are indicative of all 

runs conducted for this work.  
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Figure 3.2: Second stage temperature during pump down process. 

 

3.2 Elliptical Beam Interferometer 

 Once the main chamber pressure and temperature of the mirror reached 

relatively stable values, the zeolite section was opened, and water molecules were 

allowed to flow into the chamber. The first set of experimental runs used the 

interferometer setup with no expansion. This was done to check the alignment of 

optical components and measure ice accumulation in one location simultaneously 

with the QCM. 

3.2.1 Ice Film Thickness Comparisons 

 The first experimental run was conducted under the conditions listed in 

Table 3.1. An effort was made to achieve temperatures around 30 K for the mirror 

housing and QCM housing. However even with the shield on, the radiation from 

the chamber walls kept the temperatures of both above 30 K. The temperature 

difference between the mirror housing and QCM housing measured by the 
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cryogenic linear temperature sensors was due to the thermal contact with the 

aluminum bracket. Due to the design of the housings, the QCM had a thermal 

contact area of 5.832 cm2, and the mirror mount housing had a thermal contact 

area of 2.26 cm2. This allowed for greater conduction of heat from the QCM than 

the mirror. 

 
Table 3.1: Conditions for run #1. 

Main chamber pressure 9x10-9 torr 

Mirror housing temperature 59 K 

QCM housing temperature 45 K 

Duration of run 43 hours 

 

 Figure 3.3 shows the ice film measurements made during run #1. The solid 

curve is the thickness in microns measured by the mass deposited on the QCM. 

The curve with symbols is the thickness in microns measured by the optical 

interference setup. The ratio of interference beam intensity over reference beam 

intensity from the interferometer for the first 8 hours is shown in Figure 3.4. The 

data was placed into a reduction program given by Smith [19] and resulted in the 

optical thickness as a function of time shown in Figure 3.3.  
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Figure 3.3: Ice film thickness from run #1. 
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Figure 3.4: Intensity ratio from run #1. 

 
In Figure 3.3 the sharp increase in the ice thickness around 20 hours was 

caused by the zeolite introduction valve being opened further at that time, which 

allowed a faster flow rate of water molecules. It is also noted that there is a slight 

delay between the optical and QCM measurements which is a result of the time 

averaging of the optical data over each period of modulation occurring in the data 

reduction program. The periodic behavior in Figure 3.4 is indicative of the phase 

shift occurring due to the light traveling through the ice film as discussed in Section 

1.2.6. Also, the data acquisition system started recording about 20 minutes before 

the zeolite section valve was opened. This explains the constant intensity ratio at 

the beginning of Figure 3.4.  
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The second experimental run was conducted under the conditions listed in 

Table 3.2. 

 

Table 3.2: Conditions for run #2. 

Main chamber pressure 6.6x10-9 torr 

Mirror housing temperature 57.8 K 

QCM housing temperature 45 K 

Duration of run 8.5 hours 

 

Experimental run #2 was the final run using the unexpanded beam interferometer. 

The conditions were nearly identical to run #1 except for a lower chamber 

pressure. Figure 3.5 shows the ice thickness results from run #2.  

 

 

Figure 3.5: Ice film thickness from run #2. 
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One important comment to make about Figure 3.5 is the final ice thickness 

measurements made by the interferometer and QCM differ by about 21%. The 

QCM used for this experiment was not brand new and had been used previously. 

The crystal in the QCM may have gone bad after repeated use and resulted in the 

error. Therefore, after run #2 the crystal in the QCM was replaced with a new one 

to help decrease the measurement error. Another important comment is that the 

optical measurement stops about 1 hour before the QCM measurement. This is 

likely due to the ice film fracturing at 7.5 hours. Once the ice film fractured, the 

intensity ratio was no longer a clean signal and the data reduction program could 

not compute a thickness. Figure 3.6 shows the intensity ratio from 5 to 8.5 hours 

when the ice film fractured. Figure 3.7 shows the ice film on the mirror after 

fracturing occurred. 

 

 

Figure 3.6: Intensity ratio from run #2. 
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Figure 3.7: Fractured ice film from run #2.  
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3.3 Expanded Elliptical Beam Interferometer 

The next set of experimental runs used the expanded beam interferometer. 

The 4X beam expander was mounted on the laser, and a new photodiode array 

was fabricated to incorporate more measurement locations. Three photodiodes 

were used for the expanded beam instead of just one used in the unexpanded 

beam interferometer. Figure 3.8 shows the photodiode array used for the 

expanded beam experiments. Photodiode #3 (or PD3) was in the same location 

for the unexpanded beam experiments.  

 

  

(a)     (b) 
 

Figure 3.8: New photodiode array showing (a) photodiode placement and  

(b) illumination by the expanded beam. 
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3.3.1 Ice Film Thickness Comparisons 

For this set of experimental runs the ice film thickness was computed in 

three different locations as shown in Figure 3.8. Run #3 was conducted under the 

conditions shown in Table 3.3. 

 

Table 3.3: Conditions for run #3. 

Main chamber pressure 3.2x10-9 torr 

Mirror housing temperature 53 K 

QCM housing temperature 42 K 

Duration of run 13 hours 

 

The different thickness measurements are shown in Figure 3.9.  

 

 

Figure 3.9: Ice film thickness from run #3. 
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 The three colored curves (PD2, PD3, and PD4) shown in Figure 3.9 are the 

ice thickness measurements made by the photodiodes at locations 2, 3, and 4 (see 

Figure 3.8). Because the photodiodes were only separated by about 0.3 inches, 

the resulting thickness measurements were very similar. However, it was noticed 

again that the QCM measurements were significantly lower than the optical 

measurements. After replacing the crystal in the QCM, it was determined that the 

only possible explanation was that the effusion cell was not properly aligned. A 

misalignment of the effusion cell in the direction of the mirror caused more water 

molecules to be introduced on the mirror surface. Therefore after re-aligning the 

effusion cell, a smaller measurement error between the QCM and optical setup 

was expected for the next run.  

 Run #4 was conducted under the conditions shown in Table 3.4. 

 

Table 3.4: Conditions for run #4. 

Main chamber pressure 1.88x10-9 torr 

Mirror housing temperature 61 K 

QCM housing temperature 42 K  

Duration of run 10 hours 

 

 

 The ice film thickness results for run #4 are shown in Figure 3.10. Once 

again, the three different optical measurements were very similar. However, it 

should be noted that the QCM measurement was much closer to the optical 

measurements after the re-alignment of the effusion cell. Figure 3.11 shows the 

intensity ratios from the three photodiodes during run #4. It was not necessary for 

the ratios to have the same magnitude as long as a periodic behavior was 

recorded. These three different intensity plots were placed in the data reduction 

program given by Smith [19] to determine the thickness vs time curves shown in 

Figure 3.10.   
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Figure 3.10: Ice film thickness from run #4. 
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Figure 3.11: Intensity ratio from run #4. 

 
The final run to be shown produced the closest agreement between optical 

and QCM thickness measurements from any of the runs. The effusion cell had 

been properly aligned, and the ice film did not fracture during the run. Therefore, 

run #5 measured ice film thickness values for up to almost 14 hours with 

approximately a 2.8% difference in final optical and QCM results. Table 3.5 shows 

the conditions for run #5, and Figure 3.12 shows the results from run #5.  

 

Table 3.5: Conditions for Run #5. 

Main chamber pressure 1.34x10-9 torr 

Mirror housing temperature 62 K 

QCM housing temperature 60 K 

Duration of run 13.5 hours 
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Figure 3.12: Ice film thickness from run #5. 
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The next table shows a comparison of all of the experimental runs including 

both unexpanded and expanded beam optical measurements and QCM 

measurements. Runs #1 and #2 correspond to the unexpanded beam 

measurements made with only one photodiode. Runs #3 - #6 correspond to the 

expanded beam ice film thickness measurements made in three different locations 

simultaneously. The final ice thickness measurements from the optical technique 

and QCM at the end of each run are shown in Table 3.6. Run #1 recorded the 

thickest ice film due to the long duration. The mean ice film thickness 

measurements from the three photodiodes of each run were compared with the 

corresponding QCM measurements.  

The best agreement between measurements were made in run #5 with a 

2.8% difference between final measurements made by the QCM and the final 

average thickness measurements made by the three photodiodes. Smith [19] gives 

a maximum uncertainty of ± 20nm for the optical interferometer monitoring 

technique which corresponds to roughly a 0.35% difference from QCM results. The 

distinction in percent difference results from the experimental runs compared to 

that given by Smith [19] is likely due to a slight misalignment of the effusion cell in 

the chamber as well as the temperature difference between the mirror and QCM 

surfaces. Any minor offset of the effusion cell alignment in the direction of the mirror 

would cause a greater distribution of water molecules to be incident on the mirror 

surface resulting in thicker ice film measurements. 

 

Table 3.6: Ice thickness measurements from all experimental runs. 

 Duration PD2 PD3 PD4 Mean QCM % diff. 

Run #1 43 hr - 11.6 μm - 11.6 μm 11.0μm 5.17 % 

Run #2 8.5 hr - 5.68 μm - 5.68 μm 4.44μm 21.8 % 

Run #3 13 hr 5.69 μm 5.69 μm 5.69 μm 5.69 μm 4.83μm 15.1 % 

Run #4 10 hr 6.29 μm 6.30 μm 6.30 μm 6.30 μm 6.05μm 3.9 % 

Run #5 13.5 hr 5.69 μm 5.69 μm 5.90 μm 5.76 μm 5.60μm 2.8 % 

Run #6 7 hr 4.07 μm 4.07 μm 4.08 μm 4.07 μm 3.77μm 7.4 % 
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4. CONCLUSIONS AND FUTURE WORK 

4.1 Conclusions 

 An experiment was performed to measure the accumulation of water ice on 

a first surface gold mirror under cryogenic, high-vacuum conditions using a 450 

nm elliptical beam laser and a frequency based QCM setup. The expanded beam 

multiple beam interference technique was found to be a feasible method for 

measuring ice accumulation as a function of time at multiple locations on an optical 

surface. Comparisons of optical data with QCM thickness measurements taken 

simultaneously have shown that the expanded beam technique is as accurate as 

the conventional QCM thin film monitoring technique.  

 The optical monitoring was also found to be more reliable over thicker ice 

layers. As the ice accumulation increased, the slightly curved surface of the crystal 

occasionally caused the film to peel away from the surface resulting in QCM failure. 

The optical technique did not experience this problem. However, if the ice film 

fractured on the mirror surface, the optical data was no longer valid for use in the 

thickness monitoring program due to the light attenuation. Data suggests that there 

might be a correlation between the ice film fracturing and the temperature of the 

optical surface during accumulation [21]. However at this point, ice film fracture 

dependence on mirror surface temperature has not been thoroughly investigated 

and no further conclusions can be made. 

 The significant difference between the optical and QCM thickness 

measurements presented in runs #2 and #3 was attributed to the misalignment of 

the effusion cell. However, even with the correct alignment of the effusion cell, the 

optical and QCM thickness measurements still differed slightly. One possible 

source of error was the assumption made for the index of refraction of the water 

ice film, which is still uncertain for ice formed at cryogenic temperatures and low 

pressure. Also, due to the location of the cryogenic linear temperature sensors on 

the mirror mount and QCM mount, the surface temperatures of both during each 

experimental run was unknown. It is possible that the mirror surface was colder 
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than the QCM crystal collection surface during accumulation, which would result 

in a thicker ice film measured on the mirror. 

The experiment presented is part of an on-going process to verify the 

capability of using multiple beam interferometry for cryodepostion measurements 

in high-vacuum test chambers and further developing the technology. This is a 

critical step in the development of an ice accumulation monitor which can be 

placed in critical locations within the chamber. A device such as this would greatly 

enhance the ability to detect ice accumulation on spacecraft optical components 

tested in ground test facilities and provide information as to when ice removal steps 

must be taken. 
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4.2 Future Work 

 In order for multiple beam interference to become a standard technique for 

monitoring ice accumulation on optical components in ground based testing, 

several areas must be further investigated. First, a better understanding of ice 

fracture dependency on temperature is necessary. Once the ice film fractures, the 

multiple beam interference technique described in this experiment fails. Therefore, 

if further validation is to be completed on optical monitoring, then an optimal 

chamber environment must be created for uninterrupted ice accumulation. 

 More work needs to be done to validate the conclusion that the effusion cell 

misalignment resulted in the error between optical and QCM thickness 

measurements. One way to check this conclusion would be to intentionally direct 

more water molecules on the QCM surface. In this case, a higher thickness 

measurement by the QCM would be expected. Also, horizontal measurement 

locations need to be utilized on the photodiode array. This would give a better idea 

of how the ice film thickness varies horizontally along the mirror and help validate 

if the effusion cell alignment is the main source of error.  

 Another area under current investigation is using a larger beam expander 

to collect data for more locations on the mirror. The results from the QCM data are 

predicated on the assumption that the ice film is of equal thickness over the entire 

surface of the crystal. However, it is shown in this experiment that the film thickness 

varies at different locations at a specific time. Therefore, a larger beam would allow 

more photodiodes to be used in the optical monitoring technique and give a better 

understanding of the ice accumulation on the entire surface of the mirror. 

 Finally, if some sort of miniature cryodeposit monitoring device is to be 

developed and placed at critical locations inside the chamber, then vacuum 

compatible components must be used. This means that the laser, optical mounts, 

and photo-sensors must be capable of enduring direct exposure to high-vacuum 

and cryogenic environments. A cryodeposit monitoring device that can be placed 
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at critical locations in the vacuum chamber would greatly enhance the ability to 

detect cryodeposit accumulation and aid in the mitigation/removal process. 
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