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1 Introduction 
 

The drastically increasing demand for energy creates many problems for humanity since the 

classical energy resources, namely fossil fuels, are limited and created environmental issues, 

e.g., greenhouse effect, pollution, etc. Therefore, developing energy production from 

renewable resources becomes an utmost necessity. Indeed, research worldwide achieved 

enormous progress in this field, such as the significant breakthroughs in solar power, wind, 

and water energy, but these kinds of energy may fluctuate during the day and season. This 

creates a new challenge of storing a large amount of energy at a low cost, small volume, and 

lightweight. Significant progress has been achieved in energy storage, e.g., Li-ion batteries 

that are used in portable electronic devices like cellphones and computers, and even in electric 

cars and have an energy density of (100-265 Wh/kg or 250-670 Wh/L)1. Hydrogen is a 

promising candidate to store and transport energy due to its abundance in nature and its 

cleanness. Still, some challenges remain, such as finding a way to store hydrogen efficiently, 

safely, and reversibly. Thus, for practical applications, the hydrogen storage material must 

have a high volumetric and gravimetric density. There are many methods of storing hydrogens, 

such as hydrogen liquefication under high pressure and very cold temperature below 33 K at 

a density of ~ 70 𝐾𝑔/𝑚3. This costs a massive amount of energy and the required energy for 

sustaining the pressure and the temperature in the cryogenic tank. Hence, this method is not 

a proper way for energy storage. Another way is to store hydrogen chemically in stable 

compounds, e.g., ammonia and methanol, and release it as demands by a chemical reaction, 

eliminating the need for a hydrogen storage unit. 

Tetrahydroborate2–4 compounds are other candidates for storing hydrogen that is known to be 

lightweight and represent a class of complex hydrides with substantial gravimetric and 

volumetric hydrogen density for hydrogen of up to ~ 150 𝐾𝑔/𝑚3  2. However, 

tetrahydroborates are associated with the slow kinetics of hydrogen deliverance5.  

The discovery of hydrogen ability to be absorbed into many transition metals lattices6 in large 

quantities7 has encouraged the researchers to store it as metal-hydrides in transition metals 

such as vanadium8. Metal hydrides for hydrogen storage have the advantage of low operating 

energy, storing hydrogen in a solid-state at moderate pressure and temperature, high 

volumetric density9, and safety. In contrast, metal hydrides' main disadvantages are the need 

for cooling and heating during charging and discharging and their heavyweight, which is not a 

big problem in stationary power facilities; still, it is considered a big issue in mobile applications. 

Hydrogen in metal lattice exhibits many properties that a lattice-gas model can explain due to 

its high mobility10. As hydrogen atoms get absorbed in a metal lattice, they occupy interstitial 

sites within the lattice. Thus, the interaction between hydrogen atoms in the interstitial sites is 

affected by the host metal's geometry and electronic structure, which leads to an elastically 

mediated interaction between them4,8,11. Therefore, a deformation of the host metal can be 

observed when it absorbs hydrogen due to hydrogen-induced stress field4,8.  

However, in low-dimensional structures, e.g., thin films and superlattices, hydrogen 

experiences different properties than that in bulk due to strain effects12–15.   

The deformation that occurs to thin films and superlattices can be measured on a macroscopic 

scale in terms of a change in curvature on thin films' surfaces. Therefore, measuring the 

curvature of thin films while hydrogen diffuses in-situ will probably provide valuable information 
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about the forces exerted by hydrogen, enhancing our understanding of the physics behind this 

phenomenon and possibly leading to many applications. 

This project aims to rehabilitate and upgrade the multi optical sensor system (MOS) to 

measure the hydrogen-induced local elastic stress in-situ by measuring the dipole force 

tensor's components. 
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2 Theoretical Background 
 

2.1 Hydrogen interstitial site occupation in transition metals 

 
Generally, the shape of the atoms in lattices is approximated to spheres, which creates voids 
(with the lowest electron density) within the lattice of the metal. These "empty" sites or voids 
are called interstitial sites. There are two types of interstitial sites in bcc lattices, octahedral (O) 
and tetrahedral (T), as shown in (Figure 2-1). 
When hydrogen is absorbed in bcc metals, hydrogen atoms occupy these interstitial sites and 
jump between neighboring sites. The interaction between H-atoms induces local lattice 
distortion. This local distortion of the lattice can be described in terms of the force-dipole tensor 
𝑷 which can be written as4: (in terms of axially symmetric center e.g. 𝑂𝑧 and 𝑇𝑧) 
 

 
𝑃𝑖𝑗  =  (

𝐴 0 0
0 𝐵 0
0 0 𝐵

) 

 

(1) 

And the dipole force tensor is defined by: 

 

where 𝑹𝒋

𝒎
 is the j-th component of the position of the m-th metal atom, 𝒇𝒊

𝒎 is the i-th component 

of the force exerted by hydrogen on metal atom m, c is the concentration in the atomic ratio 
[H/M], 𝛀 is the atomic volume of the metal, and σ𝑖𝑗 is the average stress. Thus, knowing the 

stress allows calculating the force-dipole tensor components. 
 

 
Figure 2-1: Interstitial sites in the bcc lattice. •: O site; 𝛥 : T site, and: × : displaced O site4. 

 

2.2 Stress and Curvature 

 
The stress in a thin film, which has been deposited on a flat substrate, causes a curvature, 
which can be observed by, e.g., optical techniques. The Stoney equation relates the stress in 

 
Pij =∑(fi

mRj
m)

 

m

 =
Ω

c
 σij 

 

(2) 
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a thin film to its curvature under two conditions. The first condition is that the thickness of the 
substrate is larger than the thin film's thickness, yet it is sufficiently thin to bend under the 
effect of stress-induced by the thin film. The second condition for the Stoney equation to be 
applied is that the stress in the film is independent of the direction within the plane of the film, 
meaning that16 

 

Stoney equation reads as follows: 

 
with σ𝑓 is the in-plane stress component in the film, ℎ𝑓 is the thickness of the thin film, ℎ𝑠 is 

the thickness of the substrate, 𝑀𝑠 the biaxial modulus of the substrate and  κ0 and κ are the 
initial curvature of the film and the curvature after the hydrogen uptake, respectively.  
For a substrate oriented in (001) direction, the Stoney equation reads16: 
 

 
with 𝑠𝑖𝑗 are the compliance constants of the substrate and have units of the inverse of pressure, 

and the biaxial modulus in this direction is:𝑀(001) =
1

(𝑠11+𝑠12) ℎ𝑓
. 

 

The induced strain due to the dipole force tensor in the lattice is given by:  

 

 

where 𝜖𝑖 are Voigt notation of the strain components 𝜖𝑖𝑗.  

By inserting the equations (1) and (2) into (6), we can evaluate the strain in the different 

directions: 

 

 
σ f⃗⃗ ⃗⃗    =  (

σf 0 0
0 σf 0
0 0 0

) 

 

(3) 

 
σ f  =    (κ −   κ0)

Ms hs
2

6 hf
  

 

(4) 

 
σf  =  

hs
2

6(s11  +  s12) hf
 (κ −   κ0) 

 
(5) 

 

(

  
 

𝜖1
𝜖2
𝜖3
𝜖4
𝜖5
𝜖6)

  
 
=

(

 
 
 

𝑠11 𝑠12 𝑠12 0 0 0
𝑠12 𝑠11 𝑠12 0 0 0
𝑠12 𝑠12 𝑠11 0 0 0
0 0 0 𝑠44 0 0
0 0 0 0 𝑠44 0
0 0 0 0 0 𝑠44)

 
 
 

(

  
 

𝜎1
𝜎2
𝜎3
𝜎4
𝜎5
𝜎6)

  
 

 (6) 

 

𝜖1 =
𝑐

Ω
[𝑠12𝐴 + (𝑠11 + 𝑠12)𝐵] 

𝜖2 =
𝑐

Ω
[𝑠12𝐴 + (𝑠11 + 𝑠12)𝐵] 

𝜖3 =
𝑐

Ω
[𝑠11𝐴 + 2𝑠12𝐵] 

(7) 



5 
 

Thus, the change in the volume can be calculated as:  

 

2.3 Phase isotherm  
 

The absorbed hydrogen can be in different phases based on the concentration and the 

temperature. However, phase diagrams can be established by measuring the hydrogen 

concentration for a given temperature and pressure. One example is so-called isotherms, 

where the temperature is kept constant, and the hydrogen pressure is varied and plotted 

versus concentration in the transition metal. Figure 2-2 shows an isotherm for hydrogen in 

vanadium for two different temperatures.  

 

Figure 2-2: Schematic diagram of two vanadium hydride isotherms for temperatures T1 and T2. (T1 < 

T2)17 
 

The phase formation is due to the strength of the hydrogen-hydrogen interaction and the 

entropy maximization principle. Hydrogen-hydrogen interaction is connected to the local 

expansion of the metal lattice. This lattice expansion makes neighboring sites of the interstitial 

hydrogen atom energetically desirable; therefore, the hydrogen-hydrogen interaction becomes 

attractive. On the other hand, the maximation of entropy tends to distribute hydrogen atoms 

evenly. When entropy dominates the system at high temperatures and low concentrations, the 

absorbed hydrogen is in the gas-like ∝-phase where the hydrogen atoms show high mobility 

and no long-range order. When the hydrogen concentration increases, the hydrogen-

hydrogen interaction becomes stronger, until the hydrogen gas precipitates in ordered 

regions resulting in a mixed (∝ +𝛽) −phase. At ∝-phase, the preferred sites for hydrogen 

atoms are the tetrahedral ones, and the strain field causes an isotropic expansion. This can 

be observed macroscopically as a convex curvature in thin films when the absorbed hydrogen 

is in ∝-phase. However, increasing the hydrogen concentration causes a sudden phase 

transition from (∝ +𝛽) −phase to the solid-like 𝛽 −phase. The hydrogen atoms at 𝛽 −phase 

favor the octahedral sites and occupy every other (110)-plane in the host bcc lattice. This 

means that the hydrogen atoms experience a long-range order and can be described as a 

 
∆𝑉

𝑉
= ϵ1 + ϵ2 + ϵ3 =

𝑐

Ω
(𝑠11 + 2𝑠12)(𝐴 + 2𝐵) (8) 
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solid in the lattice. The octahedral occupancy causes a contraction in one orientation and an 

expansion in the perpendicular orientation, which can be observed as a concave curvature in 

thin films when the absorbed hydrogen is in this phase. Since the clamping to the substrate 

allows only expansion along with one, the z, axis. 

2.4 Thermodynamics  
 

When a bcc metal, e.g., vanadium, is submerged into a medium of hydrogen gas at an 

adequate temperature, it absorbs hydrogen atoms until the system attains the thermodynamic 

equilibrium. During hydrogen uptake, the system releases heat while the desorption process 

absorbs heat, and this released or absorbed energy is defined as the Gibbs energy and given 

by:  

 

where H is the enthalpy, T is the absolute temperature, and S is the entropy.  

Since the chemical potential is crucial for describing the system equilibrium and phase 

transitions, we use µ the chemical potential instead of the macroscopic Gibbs energy. A 

species' chemical potential is the rate of change of free energy of a thermodynamic system 

with respect to the atoms or molecules number change added to the system. We use the molar 

units from now on.  

 

where c is the concentration of the hydrogen and h and s are the molar enthalpy and entropy, 

respectively.  

The chemical potential is changed during the process of hydrogen absorption and desorption. 

The change in µ can be written as:  

 

If ∆µ <  0,  the chemical reaction is exothermic, but if ∆µ >  0 , the reaction is 

endothermic.  

During the hydrogen uptake, the chemical potential for the different phases of hydrogen in the 

system change by transferring hydrogen atoms from the phase with the higher µ into the lower 

µ phase. Until the system reaches the thermodynamic equilibrium as the chemical potentials 

for hydrogen in all phases are equal, in other words, when the gradient in chemical potential 

is 0. Thus the chemical equilibrium condition is:  

Thus, the interstitial hydrogen (𝐼𝐻) becomes in equilibrium with the molecular hydrogen 𝐻2 

when:  

 

 G = H − TS (9) 

 µ =  
𝜕𝐺

𝜕𝑐
 =  

𝜕𝐻

𝜕𝑐
 −  𝑇 

𝜕𝑆

𝜕𝑐
=  ℎ − 𝑇𝑠 (10) 

 ∆µ =  Δℎ −  𝑇Δ𝑠 (11) 

   
𝜕µ

𝜕𝑐
=  0 (12) 
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The chemical potential of the molecular hydrogen µ𝐻2 is well known.  

By approximating 𝐻2 to an ideal gas, we can write:  

 

where 𝐸𝑑𝑖𝑠 = 4.46 𝑒𝑉 is the dissociation energy of the molecular hydrogen and 𝑃𝐻2(𝑇) defines 

the entropy of 𝐻2 in the form of translational and rotational degrees of freedom.  

To measure the enthalpy and the entropy of the system, we change the pressure, and at the 

same time, we measure the hydrogen concentration in the metal at a constant temperature. 

Then we put the value in Sievert's law18:  

Sievert's law suggests that the relation between the logarithm of the pressure against the 

inverse temperature is linear; therefore, by plotting √
𝑃𝐻2
𝑃𝐻2(𝑇)

 vs. (1/𝑇)  at a constant 

concentration, we can extract the enthalpy from the slope and the entropy from the intercept.  

 

  

 

  

 
1

2
µ𝐻2 = µ𝐼𝐻 = ℎ𝐼𝐻 − 𝑇𝑠𝐼𝐻 (13) 

 µ𝐻2 = 𝐸𝑑𝑖𝑠 + 𝑘𝐵𝑇𝑙𝑛 (
𝑃𝐻2
𝑃𝐻2(𝑇)

) (14) 

 𝑐𝐻𝐼𝑀 = √
𝑃𝐻2
𝑃𝐻2(𝑇)

𝑒𝑥𝑝 (−
∆ℎ − 𝑇∆𝑠

𝑘𝐵𝑇
) (15) 
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3 Experiment 
 
The experiment is done by a tool, which has been developed specifically to measure the 
stress-induced in metallic thin films during the absorption of the atomic hydrogen process and 
forming metal hydrides. The system consists of two major parts. The first part is a stress 
measuring tool (MOS), which measures the thin film's curvature and translates it into stress. 
The second part is the sample compartment, which exposes the sample to hydrogen at 
different pressure and temperature values. 
 
 

3.1 Multi-beam optical sensor (MOS) 
 
Multi-beam optical sensor (MOS) is the commercial name of a measuring tool developed by 

an American company named k-Space ASSOCIATES, INC. MOS system is used to measure 

the stress-induced in thin films by measuring the thin films' curvature in-situ optically (the 

technique illustrated in the subsection (3.2). Nevertheless, MOS-system can be used to 

measure the growth rate and, respectively, during, e.g., the process of deposition as well. 

 

 
 
 
Figure 3-1:  The Optical components of the MOS-system.  
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MOS Components 
 
MOS-system consists of the following components showed in Figure 3-1: 
 

1.  An AlGaInP-diode laser produces a laser beam of the wavelength of 658 nm. 

2.  A pair of etalons: The etalon is a piece of glass with parallel faces, where both of the 

faces are coated with a high-reflective dielectric coating, with reflectivity in the range 

of 93 - 98 %. The etalons are used in order to divide the laser beam into a linear array 

of multiple parallel beams, as shown in Figure 3-219 

3.  A set of guiding mirrors: Two mirrors are installed on the system. The first one is semi-

reflective and stationary, allows the beams to fall on the sample, and guides the 

reflected beams from the sample to the second mirror, which can rotate around two 

axes to guide the reflected beams to the CCD camera. 

4. Servo motor: In fact, the movable mirror is supplied with a servo motor which is 

connected to the computer and controlled automatically by the software, to correct the 

path of the reflected beams during the measurement; thus, the beams will be directed 

straightforward on the CCD camera to be detected. 

5.  A CCD camera with a standard 480 × 640 pixels format detects the reflected beams, 

which can be shown on the screen as a grid of spots Figure 3-3. 

6. A fully configured computer and supplied with a commercial controller and acquisition 

software, which k-Space Associates, INC developed. The software can specify the 

positions of the centroids of each of the spots on the CCD camera and record them as 

a function of time. 

 

 

 
 
 
Figure 3-2: Schematic of the MOS apparatus for measuring film stress. Multiple parallel beams reflect 

simultaneously from the surface. The CCD camera detects the beam positions. 
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3.2 The technique 

 
After mounting the sample and alignment of the system, the distance between the sample and 
the CCD camera 𝑳 must be entered in the software, and the angle of incidence 𝜶. Indeed, as 
mentioned above, this system is depending on an optical technique, determining the curvature 
geometrically. This can be achieved as follows: When the laser beam from the diode transmits 
in the two etalons, an array of parallel beams will be formed. Those parallel beams will incident 
simultaneously on the sample, and then reflect from the sample's surface to the CCD camera 
Figure 3-2. The arrays of the beams (that may not be exactly parallel anymore depending on 
the sample's curvature) detected by the CCD camera will appear on the software as a grid of 
spots Figure 3-3. The software has frame-grabbers that can digitize the spots' positions, which 
allows the software to calculate the spacing between the centroids d of the spots. 
 

 
 

Figure 3-3: The laser spots detected by CCD camera as shown on the screen by the software. 

During the experiment, the curvature of the sample may change due to the hydrogen uptake. 
The curvature change can be detected by the MOS system as a change in the spots centroids 

spacings 𝛿𝑑, as shown in Figure B.4. 
The change in the curvature (𝜅 − κ0 ) can be related to the difference in the spacing 𝛿𝑑 
geometrically as follows: 
 

 
 

with κ0  the initial curvature, 𝜅  the curvature during the hydrogen uptake, 𝑑0  is the initial 

spacing between the centroids of the spots, 𝛼 is the angle of incidence, and 𝐿 is the distance 
between the CCD camera and the sample. 
Comparing Eq. 4 with Eq. 16, we get: 
 

 
 

 δκ = (
δd

𝑑0
)
𝑐𝑜𝑠(α)

2𝐿
 (16) 

 σ f hf = (
δ  d

d0
) 
Ms hs

2 cos(α )  

12L
 (17) 
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Figure 3-4: The stress in thin films induces curvature in the substrate and changes the spacing between 

spots20.  
 

Thus, the software can determine the stress induced in the thin film during the experiment as 
a function of time using Eq.17.  
 

3.3 The sample compartment 

 
To measure the induced curvature in thin films, some precautions must be taken to avoid any 
oxidation process and guarantee the purity of the hydrogen in the compartment. Namely, to 
avoid the existence of any other gas and to measure the sample's temperature with as little 
uncertainty as possible. 
Achieving this, however, means the use of UHV and a unique sample holder that can efficiently 
deliver heat to the sample and decrease the uncertainty in determining the temperature of the 
sample as much as possible and, ideally, a temperature sensor.  
 
- The compartment is composed of the following components: 
 

1. An ultra-high vacuum chamber. 

2. A pre-pump that can reach 10−3𝑚𝑏𝑎𝑟. 

3. A turbo-molecular pump that can reach ca. 10−10𝑚𝑏𝑎𝑟. 

4. A baking system that can heat the compartment to 150∘𝐶. 

5. A metal-hydride cartridge as hydrogen supply with purity better than 99.9999%. 

6. Two needle-valves, the first one is set between the metal-hydride cartridge and the 

chamber, while the second one is between the pumping system and the chamber. The 

two valves system can hold pressure as low as 2 × 10−4𝑚𝑏𝑎𝑟  constant with an 

uncertainty of ±5 × 10−5𝑚𝑏𝑎𝑟.21 

7. Two capacitive gauges with ranges of 0 − 1 𝑡𝑜𝑟𝑟 and 0 − 1000 𝑡𝑜𝑟𝑟. 

8. A cold cathode gauge for high and ultra-high vacuum conditions. 

9. A glass window for the incident and the reflected beams to enter and exit the chamber. 

10. Sample holder: The sample holder is made of copper with a squared frame drilled on 

the upper face of the sample holder with a size slightly larger than sample size 

10 × 10 𝑚𝑚 in order to mount the sample freely on it and to deliver heat to the sample 

more efficiently. A hole drilled in the copper block to mount in the heater. Additionally, 

a Pt-100 temperature sensor is mounted right next to the sample, which will confidently 

measure the sample's temperature with the least uncertainty. 
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It remains to mention that a thermo-controller called (Vertex VT4926) is used to monitor the 
sample temperature. Besides, a temperature regulator is used to maintain the temperature in 
MOS-system fixed. 
 

4 Upgrading and commissioning of the system 
 

The MOS setup had been used successfully for initial stress measurements in thin films of 
vanadium hydride8,21. However, such measurements suffered from some limitations of the 
system, such as: 

• Measurements were done in the cryostat with a considerable distance between the 
vacuum chamber window and the sample, which added an avoidable uncertainty to 
the measurement. 

• The heating system was not so efficient because it delivers heat from the outside of 
the sample holder, creating a temperature gradient between the sample holder's core 
and edges.  

• Furthermore, the two heat sensors were relatively  far from the sample, which creates 
uncertainty in measuring the temperature. 

• Magnetic field coils were mounted but not needed; this makes the distance between 
the sample and the CCD camera larger, which causes the laser dots to be blunt and 
large.  

• The cooling system was not required. 
 
Moreover, the system needed to be rehabilitated, especially after substituting the old sample 
holder Figure B.8 with a new one, described in section 4.3.  
The first attempt to run the system was made in October 2017. However, it turned out that 
before upgrading the sample chamber of the system, some maintenance was required.  
 

4.1 Control computer refurbishment 
 

During the first trials to run the MOS-system, we have encountered sudden computer 
breakdowns several times. In the beginning, it has been thought that it was a software issue. 
Nonetheless, after checking the Windows system on the computer and the computer hardware 
components, we specified the problem as a failure with the motherboard. A dielectric material 
had leaked earlier from four capacitors on the motherboard. This problem was solved by 
replacing the capacitors with new ones. After that, the software as the operating system, e.g., 
Windows XP, would not start; therefore, the hard disk drive was replaced by a new one. 
However, the stored data on the old H.D.D. were copied and restored on the new one. 
Nonetheless, the MOS control software settings were configured through a remote session by 
a technician from k-Space ASSOCIATES INC. 
 

4.2 Turbopump  

 
During the test of the vacuum system, it was noticed that the molecular turbopump needed 

servicing since the rotor did not turn without noise. After the return from the service, the pump 

worked without any problem. The vacuum was tested for leaks in the presence of the new 

sample holder. A base pressure of below 10−8 𝑚𝑏𝑎𝑟 was reached without baking the system. 

This test confirms the readiness of the setup concerning the capability to endure ultra-high 

vacuum conditions.  
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4.3 Sample holder 

 
The old sample holder was designed to measure the curvature induced in thin films due to 
magnetostriction. Thus, the sample was sitting on a very long rod (to fit the setup) inside the 
cryostat. That fact made the sample holder be suspected as an additional source of 
uncertainty due to thermal expansion. Therefore, a new sample holder with a much shorter 
base was designed. The new sample holder is a copper block with a cylindrical opening 
machined from the upper side to mount the sample. A square-shaped frame of dimensions 
(10.1 × 10.1 𝑚𝑚) and 1 mm deep is engraved on the bottom of the cylindrical opening to 
embrace the sample. The dimensions of the square frame are slightly larger than the sample 
size (10 × 10 𝑚𝑚) to exclude any tension force on the sample due to touching the frame sides. 
The sample rests horizontally on the sample holder without any clamping, eliminating any 
external stain that the clamping system could cause. Furthermore, a hole is drilled in the 
copper block to place a heater to deliver heat to the sample through the copper sample holder 
more efficiently.  A Pt-100 temperature sensor is fixed precisely in the sample's vicinity to 
minimize the uncertainty in measuring the sample temperature Figure B.1. The heater and the 
Pt-100 sensor have been tested, and they seem to be working flawlessly. Figure 4-1 shows a 
schematic of the new sample holder.  
 

 
Figure 4-1: A schematic of the new sample holder.  

 

4.4 Temperature Regulator 

 
During the old measurements of the curvature, fluctuations were identified for calibration 
measurements of a flat reference. It turned out that these oscillated with a time constant of 
approximately one day and speculated that temperature fluctuations along the optical path 
and on the etalons and mirrors in the MOS box were responsible for these fluctuations.  
A temperature regulator is mounted inside the MOS-system cover to reduce any thermal effect 
due to the ambient temperature difference. The temperature regulator (a temperature sensor 
and resistant heater) should keep the temperature in the optical system at a constant value, 
which should decrease the change of temperature effect on the measurement. Additionally, 
the whole MOS-system is enclosed in a thermal isolating-box. Later, it was found that the 
temperature regulator was overheating. 
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4.5 Flat mirror measurement 

 
A calibrating flat mirror was placed on top of a bellows out of the vacuum chamber Figure B.3. 
Where 𝐿 =  64 𝑐𝑚  is the distance from the mirror to the CCD camera and the angle of 

incidence α =  0°. The measurement duration was 30 min. Whereas neither isolation nor 
temperature regulator was used. Furthermore, the measurement took place at ambient 
pressure. The results of the flat mirror are discussed in section 5.1. 

 

4.6 Si wafer sample measurements 

 
The sample with the dimensions (10 × 10 × 1 𝑚𝑚 ) is a silicon wafer, which was expected to 

be flat was installed at the sample position inside the vacuum chamber to act as a second 

reference measurement. However, the sample was placed on the sample holder as shown in 

Figure B.2, which in turn was mounted in its place Figure B.9, with the parameters 𝐿 =  81 𝑐𝑚 

and 𝛼 = 0∘. These measurements aim to test the system stability in ambient pressure and 

under UHV conditions. The results of the silicon wafer measurements are shown in section 

5.2. 
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5 Results and discussion 

 
5.1 The flat mirror 
 

 
Figure 5-1: Data from a calibrating mirror measurement in ambient conditions: The upper diagram 

shows the mirror's curvature vs. time using the points in the x-direction and y-direction, respectively. 
The lower diagram shows the average laser power measured from all the spots vs. time. 

 
The curvature of the mirror does not change during the measurement; therefore, the measured 

curvature difference must approach 0 ±  0.4 × 10−4𝑚−1 . Where 0.4 × 10−4𝑚−1  is the 
resolution of the MOS setup is when the sample is at a distance of 1m from the CCD camera, 
as the manufacturer stated. 
  

The mean value of the change in the curvature in the x-direction is 𝜅𝑥 = −0.43 × 10
−4𝑚−1. 

While the mean value of the change in the curvature in the y-direction is 𝜅y =

−0.44 × 10−4𝑚−1. These results are auspicious since they almost match the manufacturer's 
resolution, although the MOS setup was not protected from ambient air currents and 
temperature change.  
 
Figure 5-1 shows a different behavior of the curvature in the x-direction and the y-direction. 
However, the difference in the mean values of the measured curvatures in both directions is 
significantly large. Although the laser power during the measurement has changed 
continuously by roughly 0.02 𝑚𝑊, but no correlation between its behavior and the curvature 
behavior can be specified. Since the duration of the measurement is not adequately long, no 
vital conclusions can be made. 
 
 

5.2 The Si wafer 

 
Ambient pressure and temperature 
 
These results are from a 14-hour measurement in ambient conditions. The mean value of the 

curvature difference in the x-direction is 𝜅𝑥 = 2.1 × 10
−3𝑚−1. While the mean value of the 

curvature difference in the y-direction 𝜅y = 7.2 × 10
−4𝑚−1. 
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Figure 5-2: Data from a Si wafer measurement in ambient condition: The upper diagram shows 
the mirror's curvature vs. time using the points in the x-direction and y-direction, respectively. 
The lower diagram shows the average laser power measure from all of the spots vs. time. 
 

Figure 5-2 shows that both directions' measured curvature differences are not stable and show 

short- and long-term fluctuations. Nonetheless, the curvature in y-direction shows long-term 

stability in the time interval 5-13 h, despite the laser power increase at the same time interval. 

While in the interval 13-14 h, it begins to fluctuate exceedingly. Of course, we cannot 

categorically define whether these long-term fluctuations are caused by room temperature 

fluctuations, the small air currents in the room or both 

In vacuum and isolation 

 
These results are from a 16-hour measurement done under pressure of 10−7𝑚𝑏𝑎𝑟. The old 
thermal isolating box is used to cover the MOS-system, and inside the box, the temperature 
regulator runs. 
 

 
Figure 5-3: Data from a Si wafer measurement in the vacuum: The upper diagram shows the mirror's 

curvature vs. time using the points in the x-direction and y-direction, respectively. The lower diagram 
shows the average laser power measure from all of the spots vs. time.  
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The mean value of the curvature difference in the x-direction is  𝜅𝑥 = 10
−3𝑚−1. While the 

mean value of the curvature difference in the y-direction is  𝜅𝑦 = − 2.8 × 10
−4𝑚−1 . The 

measurement is done in a vacuum, where the MOS-system was enclosed in an isolating box, 
which included a temperature regulator, gave different kinds of results. Here, the long-term 
curvature measured in the y-direction and the one measured in x-direction showed roughly an 
opposite behavior so that, when the first decreases, the other one increases, and vice versa. 
Nevertheless, the mean values of the measured curvature in both directions are significantly 
different. This fact, however, urged us to recheck the setup components, and we found that 
the temperature regulator's heat sensor was a defect; hence the temperature regulator was 
only heating without any interruption, creating convection within the isolating box and disturbs 
the laser beams. This explains the relatively considerable uncertainty in the experiment after 
using the isolating box and the temperature regulator.  
 
MOS-system is designed to overcome the vibration of the system since the parallel beams 
that reach the sample and then the CCD camera at the same time vibrate at the same 
frequency. Therefore, the spacings between beams are almost independent of the vibration. 
However, for a very long beam-path, the laser spots can be quite large, and the sample 
vibration can cause random perturbations in individual beams that seem like an unstable laser 
power. 
Since the measurement depends on an optical technique, factors such as room temperature, 
humidity, and air currents can be crucial. M. Wälde21 found three sorts of fluctuations 

depending on the timescale, i.e., small short-term fluctuations of the order of 10−4𝑚−1, mid-

term fluctuations on a timescale of ~10  min, in the range of ±2 × 10−4 𝑚−1, and fluctuations 

on the timescale of several hours in the range of ±10−3 𝑚−1. M. Wälde could reduce laser 
power fluctuation due to room-temperature changes using cardboard isolation and a 
temperature regulator. Thus, he proved the responsibility of room-temperature for long-term 
fluctuations. However, he could not explain the question of mid-term and short-term 
fluctuations in laser power and curvature. However, the short-term fluctuations were no big 
deal because they are small. Indeed, the temperature regulator is suspected to be responsible 
for the mid-term fluctuations since it runs on a time scale of ~10 min to regulate the 
temperature, creating air currents perturbations that correspond to this timescale. 
 
According to the manufacturer22, the laser beam intensity fluctuations should not be significant. 
Therefore, these fluctuations are not related to the beams' spacing because the system 
measures the spacings between the laser spots' centroids on the CCD-camera. 
Finally, air currents can also cause perturbations in individual laser spots as those from 
vibrations mentioned above. Such perturbations can distort the spot's shape and shift them 
randomly, causing laser beam intensity fluctuations and curvature fluctuations. This 
conclusion agrees with the results shown above. Neither correlation between the laser beam 
intensity fluctuations nor the curvature fluctuations nor the correlation between curvature in x- 
and y-direction cannot be determined.  
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6 Conclusion 

 
After many years of being abandoned, the system was able to be exploited once again. A new 
sample holder was constructed and the system was refurbished and upgraded. The system 
components' tests were successful in most cases, e.g., the vacuum in the chamber, the 
sample heater, and the MOS-system passed the test. In contrast, other components were 
disabled, i.e., the temperature regulator. Furthermore, the data acquisition process using 
MOS-system was successful. However, measurements that include heating encounter 
another kind of difficulty represented by the convection, which can increase the uncertainty to 
a large extent. After the calibration of the system and we could evaluate its limitations. Our 
results with the flat mirror show that the MOS setup could reach the manufacturer resolution. 
Nevertheless, it needs only to repair the temperature regulator and a better isolation box.  Few 
recommendations in outlook section 7 are mentioned to promote the performance of the MOS 
setup.  
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7 Outlook 

 
As mentioned in section 6, the stability of the measured curvature during the experiment is 
crucial. In other words, the system must be improved to decrease factors such as room 
temperature and air currents, which cause fluctuations of the measured curvature. 
This probably can be achieved by making the following improvements: 
 

1. The temperature regulator has to be rehabilitated and placed away from the beam path 

to reduce the convection effect (mid-term fluctuations). 

2. Remount the cover of the MOS-system. 

3. To employ a better isolation box or a closet since the current one is not firm. 

4. Since the current chamber is designed to measure the stress with the presence of a 

magnetic field, it is very long concerning the new sample holder, which enlarges the 

room between the sample and the chamber window. Hence, the convection increases 

while performing measurements during heating. Furthermore, the longer the distance, 

the larger the laser spots, which increases the vibration's effect. Therefore, it is more 

beneficial to minimize the distance between the sample and the chamber window by 

minimizing the chamber's length. 

5. It will be more beneficial to perform measurements with nitrogen first under the same 

pressure and temperature conditions, i.e., without inducing any curvature in the sample, 

to subtract any potential curvature that is resulted from the pressure on the chamber's 

window. Therefore, a nitrogen supply is recommended to be attached to the chamber. 

6. The adapting bellows, shown in Figure B.9, should be placed beneath the chamber. 

Thus, the alignment of the sample plane will not affect the other components. 
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Appendix A Experimental uncertainty 
 

According to formula, the experimental uncertainty in determining the curvature is due to three 
experimentally measured quantities. The first one is (𝛿𝑑 = 𝑑0) the relative change in laser spot 
spacing, which undergoes a change during the experiment and does not has any static value 
because (𝛿𝑑 = 0 at time t = 0). The second quantity is 𝐿 the length of the beam path, while 

the third one is 𝛼 the angle of incidence. The uncertainty due to the length 𝐿 and the angle 𝛼 
is constant. Therefore, two types of uncertainties must be taken into consideration: 
The static uncertainty, which can be estimated as follows: 

 

 Δκ𝑠𝑡𝑎𝑡  =  √(
∂κ

∂α
Δα)

2

 + (
∂ κ 

∂ 𝐿 
Δ𝐿)

2

 (A.1) 

Or:  

 Δκ𝑠𝑡𝑎𝑡  =  √(−
∂𝑑

𝑑0

𝑠𝑖𝑛(α)

2𝐿
Δα)

2

 + (−
∂ 𝑑 

𝑑0 

𝑐𝑜𝑠(α)

2𝐿2
Δ𝐿)

2

 (A.2) 

 

The other type of uncertainty is related to the stability of the measurement. The fluctuations 
mentioned above give rise to uncertainty in determining the curvature. This type of uncertainty 
can be estimated through performing a measurement using a reference mirror/sample over 
an approximately similar period of time of an ordinary measurement with the same parameters, 
e.g., sample temperature and hydrogen pressure, except the use of nitrogen instead of the 
hydrogen. However, the software calculates the standard deviation of the measured values of 
Δκ𝑓𝑙𝑢𝑐. 

The total uncertainty in the curvature measurement can be written as: 

 

 Δκ  = ±√Δκ𝑓𝑙𝑢𝑐
2 + Δκ𝑠𝑡𝑎𝑡

2  (A.3) 
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Appendix B Figures 

 

 

 
Figure B.1: The new sample holder with the pt-100 temperature sensor installed near the sample stage, 
and the heater installed in a hole drilled in the copper block. 

 

 

Figure B.2: The new sample with a sample mounted on it. 
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Figure B.3: The calibrating mirror rests on top of the bellows. 

 

 
 

Figure B.4: The window of the chamber and the magnets are mounted beneath. 
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Figure B.5: The turbopump is attached to the chamber through a damping junction and a needle-valve 
to disconnect the vacuum system from the chamber. The white band is a heater for baking. 
 
 

 
 

Figure B.6: Sample temperature controller (Vertex VT4926).  
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Figure B.7: The pre-pump which can reach {10}^{−3}mbar. 
 

 
 

Figure B.8: Schematic of the old sample holder with two temperature sensors21. 
 

 
 

Figure B.9: The chamber contains the sample holder and attached to the vacuum system, metal-

hydride cartridge through a needle valve, and pressure sensors. 


