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A. Introduction 

 

This report refers to the tests and measurements performed during the “Preparatory 

Activity” project progress. 

Tests and measurements were done as follows: 

- on witness parts and assemblies, in order to validate a concept (e.g.: mechanical tests) 

- on witness parts, in order to validate a technology (e.g.: roughness) 

- on witness parts, in order to evaluate a certain parameter of the deliverables (e.g. 

abrasion and adhesion tests); 

- directly, on the delivered parts, during the fabrication flow (e.g. flatness; ); 

- directly, on the delivered parts and assemblies as final measurement (e.g.: total 

reflection, dihedral angles, beam deviation, RMS of the wavefront error). 

 

Note: The delivered box contains an assembly (CCRR “C”) that has the mechanical part 

both mechanically and environmentally tested while the optical part is only environmentally 

tested. The second part of this assembly, which contains the second optical part that was 

tested both mechanical and environmental (Fig. 13) was not part of the delivered lot.  

Chapter “C” clearly describes the sequencing of the tests performed, interpretation of the 

results and technical decisions taken as a consequence. 

 

 We mention that there were several measurements, done during the fabrication flow that 

are not recorded with exact values for each part, because these measurements were done only 

to see if the part can or cannot pass to the next step. (e.g.: overall dimensions of the optical 

and mechanical parts, flatness of each optical surface etc.). 
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B. Summary description of the delivered hardware 

 

Fig. 1 represents the official delivery that contains corner cube assemblies achieved under the 

project and a panel containing witness plates.  

 
Figure 1 – The official delivery 
 

Table 1. Summary characterization of the delivered hardware 

CCRR No. Base parameters Comments 

A (38) εAB = 1.83'' Optically measured; part of the “Two corner 

cubes ensemble (A + B)” εBC = 1.66'' 

εCA = 1.95'' 

Coating Type 1 (R = 80%) 

B (38) εAB = 2.44'' Optically measured; part of the “Two corner 

cubes ensemble (A + B)” εBC = 1.55'' 

εCA = 2.23'' 

Coating Type 3 (R = 75%) 

C (38) εAB = -2.96'' Mechanical part: Mechanically & 

environmentally tested; 
Optical part: Environmentally tested (all sequences 
without abrasion). 

εBC = -6.16'' 

εCA = -2.62'' 

Coating Type 2 (R = 88%) 

D (60) ε AB = 0.47'' Optically measured 
ε BC = 3.14 '' 

ε CA = 5.50 '' 

Coating Type 3 (R = 75%) 

E (60) ε AB = -2.79 '' Optically measured 
ε BC = -7.40 '' 

ε CA = 2.05 '' 

Coating Type 3 (R = 75%) 

Witness plates panel 

Row 1 Reflective coating Type 1 Plate 1C - environmentally tested (all sequences) 

Row 2 Reflective coating Type 2 Plate 2C - environmentally tested (all sequences) 

Row 3 Reflective coating Type 3 Plate 3C - tested only for abrasion and adhesion 
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C. Performed tests  

 

During the project progress, two sessions of reliability tests were done: 

- Session 1 was dedicated to mechanical tests which were: sin vibration, random 

vibration and shock. 

- Session 2 was dedicated to environmental tests, which were: thermal cycling and 

humidity. 

After each test session the assembly was analysed in order to see if damages or functional 

changes had happened. 

 

The assembly subjected to the mechanical and environmental tests is showed in Fig. 3 

and Figs. 10 to 13 with the following mention: Optical parts from the assembly that underwent 

mechanical tests were made from BK7, both. After the mechanical tests, the optical parts were 

dismounted, polished and coated. One of them continued to be environmentally tested while the 

second-one was replaced with another coated optical part, made from fused silica. This 

subassembly, that contains the optical part made from fused silica, was delivered to ESA as 

CCRR “C” (Fig. 1 and the framed subassembly from Fig. 12). 

 

E.1 Mechanical tests: 

 

Test session 1 (mechanical tests) were done in collaboration with Electric Products 

Certification Independent Body (OICPE), in June, 2015. The tested assembly had those two CCs 

made from BK7. BK7 was used because, at that moment, we didn´t have CCs made from fused 

silica and it was considered that if a heavier but weaker material (which is BK7) will pass the 

mechanical tests this can be representative also for stronger materials such as fused silica. Also 

we considered that passing this test, the general concept is validated from the mechanical point 

of view. 

 

Table 1 and Fig. 2 describe the test requirements received from ESA: 

 

Table 1 – Mechanical test requirements 

No Test Levels Duration 

Number of 

cycles per 
test 

1. Random 

vibration 
Freq Range (Hz)  

20-100 +6 dB/oct 

100-400 2 g2/Hz  

400-2000 -6 dB/oct 

Total Grms 36,2 

2minutes 

(See figure 

2 – Proba-3 
random 

vibration 

loads) 
(1 cycle) 

One on 

each of 3 

orthogonal 
axes 
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2. Sinusoidal 

vibration 
5Hz - 32 Hz 

32 Hz ‐100 Hz 

 
Acceleration (g0-peak) 10 mm 40g 

1min 
(sweep at 2 

Oct/min), 

(1 cycle) 

One on 

each of 3 
orthogonal 

axes 

3. Shock 

 

 

freq 
[Hz] 

SRS [g] 
(Q=10) 

100 10 
1000 750 
5000 750 

 

Qualification programme test of space segment 

elements can include atest where the shock 

generative device is activated. This test is performed 

with no margins to consolidate the shock 

specification of the space segment equipment. 

 

Typical 

durations 

between 

20ms 

and30ms 

One shock 

on z axes. 
 
 
 

 

 

 
Fig. 2 Random vibration loads 

Mechanical test performed  

Mechanical tests were scheduled to be performed at an early stage of the project because, 

in our view, it was very important to see if the general concept of the design is valid and to have 

time to change it if something bad was going to happen. In this respect, an assembly containing 

two uncoated corner cubes, made from BK7 was prepared for the mechanical test. Before testing, 

the corner cubes were visual inspected by a quality inspector, searching for chipping or other 

defects that could occur from the glass processing stage.  
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After testing, the mechanical housing and optical parts were carefully verified and 

checked for damages. No defects, damages or visible changes were found. Also, the parallelism 

between the two optical axes was checked, before and after testing, using the laboratory 

arrangement and the method described in chapter D.6. The measured value of deviation from the 

parallelism remained unchanged, around of 0.2
o
. 

Figures 4 to 8 represent screen captures of the shaker command unit, taken during the 

mechanical tests. Also, there are movies taken during those same tests. These movies will be 

delivered separately, as Annex 1 to the present report.  

 

  

Fig. 3 The tested assembly and its reference ortogonal axes 

 

 

 
Fig. 4 - Performed requirements of random vibration test on Z axis. 
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Figure 5 - Performed requirements of random vibration test on Y axis. 

 

 
Figure 6 - Performed requirements of random vibration test on X axis. 
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Fig. 7 - Performed requirements of sine wave vibration (logarithmic sweep) test on X, Y and Z 

axis. 

 

 
Figure 8 - Performed requirements of mechanical shock test on Z axis 
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Annex 1 contains 9 movies, as in the table below (Table 2): 

Table 2 - The content of each delivered movie 

VID_20150619_114448 random.3gp Random vibration on Z axes 

VID_20150619_115507 random.3gp Random vibration on X axes 

VID_20150619_121352 random.3gp Random vibration on Y axes 

VID_20150619_134730 sin.3gp Sinusoidal vibration on Z axes 

VID_20150619_135614 sin.3gp Sinusoidal vibration on X axes 

VID_20150619_140805 sin.3gp Sinusoidal vibration on Y axes 

VID_20150622_105900.3gp A video taken on the command units screen, during the 

two SRS tests 

VID_20150622_110726.3gp Additional test suite (longer SRS loads) 

VID_20150622_110934.3gp Additional test 2 (the longest SRS load) 

 

Additional mechanical tests performed: 

We mention that, besides the fact that every required test was repeated at least two times, 

a series of additional tests with progressive loads enhancement were performed. At that moment, 

having a new mechanical test session scheduled to be performed in the last part of the project, 

people responsible with mechanical tests took the decision to see if the assembly can resist even 

if higher loads will be applied. Fortunately, the assembly behaved well and passed the extra 

loaded shock suite, but unfortunately, because of the rushing time in the last months of the 

project, under the second test session we didn’t repeat the mechanical tests, but the 

environmental tests were done using the same assembly, with one of the two optical parts 

replaced with another one, made from fused silica, as it was explained in the first part of this 

chapter. 

These unofficial tests represent shock waves having the same spectral response as the 

official one but with longer time duration (10 to 15 s instead of 20 … 30 ms). The people 

responsible with mechanical tests wanted to see if the assembly has the capacity to resist under 

peak values, on a longer duration that surely has activated modal components and resonance 

spectra. This kind of test provides information regarding the fatigue phenomena into mechanical 

systems. Unfortunately, the exact load values were not registered, people thinking at that 

moment that the test will be, anyway, repeated. 

 

 

After passing the mechanical tests (vibration and shock described above), the parallelism 

of the two optical axes was checked again and no supplementary deviation was found. The 

assembly was dismounted by the Pro Optica’s quality inspector and a visual inspection was 

done, using a 6X magnification ocular. No visible chipping or other issues were found. 

 In the next steps, the optical parts were prepared for coatings, were coated and the 

assembly was rebuild, as it already was explained, in order to be subjected to environmental 

tests. 
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E.2 Environmental tests performed: 

 

Environmental tests were done in collaboration with National Institute for Research and 

Development for Micro-technologies (IMT). The parts subjected for this test were: 
 

- an assembly of two coated corner cubes (one of them made from BK7 (former 

mechanically tested) and the second one made from fused silica – Figs 10 to 13); 
 

- a panel containing 6 witness plates, coated as follows (Fig. 9bis): 
 

o Reflective coating Type 1 = Parts from the upper row (two plates are made 

from fused silica and one plate is made from BK7) 
 

o Reflective coating Type 2 = Parts from the bottom row (two plates are made 

from fused silica and one part is made from BK7) 

 

E.2.1 Thermal cycles: 

 

The thermal cycles test was performed between -60°C to 100°C (8 cycles), according to 

Table 3 and graphics from Fig. 9, under atmospheric pressure, not between -120°C to 100°C 

under a high vacuum as it is required in the technical specification, due to the fact that we didn’t 

find a proper logistic facility in Romania (in the near future, Pro Optica intends to create its own 

equipment in this matter). Nevertheless, we consider that, -60 °C in normal atmosphere can be as 

tough as a lower temperature value, under vacuum, because of the ice that appears on the coating 

and its stress caused during dilatation, in the same time in which the coating and the whole piece 

is contracting. 

 

Table 3 – Environmental tests requirement 

No. Test Levels Duration 
Number of cycles 

per test 

4. Thermal ambient -60°C  to 100°C 
 

The temperature will change 

by 10 °C/min, until the 
temperature reaches the 

upper or lower limit where it 

will stay for 4 min (see fig. 3 
). 

 

40 min (10 

deg / min) 

8 cycles 
 

5. Humidity humidity level 95% 

temperature level 40 °C 

48h 1 cycle 
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Fig. 9 – Thermal cycles evolution obtained 

 

 

 

 
Fig. 9bis – Environmentally tested witness plates 
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Fig. 10 – The tested ensemble and witness plates panel, seated into the temperature cycles room 

 

 
Fig. 11 - The tested ensemble and witness plates panel, seated into the humidity climatic room 

 

 In the figures 12 and 13 it is shown the aluminium housing of the assembly, how it looks 

after environmental test session. On its surface, damages can be seen, that are an illustration of 

how tough the thermal cycles test was. The framed subassembly from figure 12 was delivered as 

CCRR “C” and the remaining part of the assembly (not delivered) is illustrated in Fig. 13. The 

delivered subassembly has the mechanical part tested both mechanically and environmentally 

and the optical part tested environmentally. The remaining subassembly (Fig. 13) has both 

mechanical and optical parts tested both, mechanically and environmentally. 
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Fig. 12 – Tested ensemble 

 

 

 
Fig. 13 - Tested part remaining at the Pro Optica’s headquarter (not delivered) 
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Also in the fig. 14 a witness plate can be seen, made from fused silica that was broken 

during the repetitive dilatations and contractions, most probably because of a possible blockage 

in its pocket. In these conditions, we found the coatings on the corner cubes and also the coatings 

on the test plates (fig. 15) without functional changes, even if some visible dots have appeared 

into the protective layers. 

   
Fig. 14 – A broken witness Fig. 15 – Spots on the protective 

layer of the reflective coating 

Fig. 16 – Spots on the 

antireflection coating 

 

The next paragraphs describe all actions and observations made after climatic tests: 

 

I. CORNER CUBES: 

 

Front surface (antireflection coating): 

- First view: small spots and dust (Fig. 16); 

- After using an air blower: dust was eliminated but the small spots still remain; 

- After wiping with a cotton swab soaked in alcohol: the small spots became faded; 

- After wiping with a cotton swab soaked in a solution of ether and alcohol (50%): the 

small spots became invisible for the naked eye; 

- After wiping with a cotton swab soaked in acetone: no changes from the previous step 

occurred; 

- After adhesion test: No damages, no punctures and no flaking on the coated area 

were observed. 

- After wiping with a cotton swab soaked in pure water and all previous steps again: 

the front surface is clear. 

 

Reflective surfaces: 

- First view: fine traces of dust and some small dots on the protective layer could be 

observed but no punctures and no flaking; 

- After brushing with a special brush for optics: dust was removed and no changes took 

place regarding the small dots; 

- After adhesion test: No damages were observed and no punctures or flaking on the 

coated area. Few small dots still remain. 
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II. WITNESS PLATES  

 

Antireflection coating: aspect and behaviour was identical as on the front surface of the 

corner cube. 

Reflective coating: 

- First view: traces of dust and spots with irregular edges, up to 1 mm in diameter (Fig. 

16) could be observed. 

- After three wiping sequences with: 

o cotton swabs soaked in pure water + dish soap; 

o cotton swabs soaked in alcohol; 

o cotton swabs soaked in alcohol + ether (50%) 

The dust traces were eliminated but spots still remain. 

- After the abrasion test: No scratches, no peeling, no flakes, no punctures were visible 

with the naked eye and no punctures were visible using an eyepiece with 

magnification of 6X and looking through the plate, using a 200W light bulb for 

illumination. 

- After adhesion test: No scratches, no peeling, no flakes and no punctures were visible 

with the naked eye but few, very small punctures (around of 1µm), can be seen using 

an eyepiece with magnification of 6X and looking through the plate using a 200W 

light bulb for illumination.  

 

Note: 

After a suite of several additional wiping sequences, with a gradual increase of the 

severity, damages started to appear on the coating (this additional test was done on the broken 

plate which was tested by wiping procedures until its total damage). 

 

  

 E.3 Abrasion and adhesion tests: 

 

 

 Abrasion and adhesion tests were done in complete 

accordance with ESA requirements: Adhesion test – according to 

ISO 9211-4 §5 grade 1; Abrasion test – according to ISO 9211-4 §4 

grade 2. The final test sequences are described in the above 

paragraph, but we mention that these tests were performed many 

times during the coatings development progress. Every batch had at 

least a witness plate that was tested in this way and the results led 

us to obtain a quite reliable coating. 
 

Fig. 17 – Abrasion test 
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D. Measurements performed 

 

D.1 Flatness: 

 

To facilitate the manufacturing flow, the surfaces flatness 

measurements were done using a workshop interferometer, 

installed into the Lapmaster’s room (Figs. 19 and 20). During the 

manufacturing progress, the operator periodically checked the 

surface flatness (seeing through the interferometer’s eyepiece), 

until the flatness was estimated to be around the value of λ/8. 

When the flatness reached the desired value, in addition with a 

good angle deviation, measured using a workshop goniometer, 

also installed into the Lapmaster’s room (Fig. 18), the operator 

stopped to process that surface and moved to the next surface by 

disassembling the corner cubes from the “blocking piece” and 

reassembling them in the next position, to process the next plan. 

 
 

Fig. 18 – Workshop goniometer        Fig. 19 - Workshop interferometer 

 

 
Fig. 20 – Corner cubes under the flatness evaluation 
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 Unfortunately, the workshop interferometer doesn´t have the capability to capture and record the 

interference figure and no record was kept from these measurements. Picture from Fig. 21 was 

taken with a photo camera through the eyepiece, after delivery, using an unfinished assembly 

(two corner cubes assembled on a blocking piece), remaining into the Lapmaster’s workshop. 

 We mention that beside the direct measurements, other measurements were done on 

witness plates, processed in the same batch with corner cubes. Figures 22 and 23 are showing 

such a witness plate under measurement procedure and its interference figure. 

 
    Fig. 21 – Fringes of interference taken through the eyepiece, on an unfinished ensemble 

 

 
Fig. 22 – Witness plate under measurement procedure 
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 Fig. 23 - Fringes of interference taken through the eyepiece, on an witness plate 

 

However, we mention that, using the Moller-Wedel interferometer from the Optical 

Measurements Laboratory, we can record the results of the flatness measurements, and this was 

done for one surface of a delivered corner cube (one of the two Ф60 CCRR delivered), during its 

manufacturing, in order to have a confirmation for the operator’s measurement. The file 

containing that measurement, done using the Moller-Wedel interferometer, was found and it is 

presented below, as Fig. 24.  

Fig. 24  

Removed Seidel coefficients 

Const Tilt  

Measurement results 

Surface form tolerance: 3 / -0,002  ( 0,283 / 0,022 ) RMSt = 0,037 ; RMSi = 0,037 ; RMSa = 0,037 

P-V:  0,244 Str 

RMS:  0,032 Str 
Ra:  0,024 Str 

Strehlratio:  0,990 

Size:  768 (104,53 mm) x 576 (78,40 mm) 

PTS:  75093 

Wavelength:  632,80 nm 

Wedge:  0,500 
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This kind of measurement (done in laboratory) was not repeated because of the 

inconvenience of the piece handling from the processing workshop to the measurement 

laboratory and also the time-consuming nature of this type of measurement if done during the 

manufacturing process. After manufacturing, it was preferred to rapidly prepare the optical parts 

for coating to avoid the surfaces oxidation that could affect the adhesion of the reflective layer 

and also to avoid the risk of a supplementary handling of the optical parts that have sharp edges. 

Also, other reasons for which we did not insist with those measurements were as follows: 

firstly, the flatness value was not expressly required by the technical specification and secondly 

we considered that ESA is interested by the global deviation from the “perfect wavefront” 

through the RMS of the wavefront error, rather than each component of this global error. 

 

 

D.2 Roughness: 

 The measurements for roughness evaluation were done in order to validate the usage of 

the Lapmaster as the ultimate equipment in the glass processing technological chain. The 

measurements were done in collaboration with partners from Physics of Materials Research 

Institute, using AFM equipment. 

 The measurements were done in 4 areas for each of the two witness plates (Ф25) made 

from fused silica, having surfaces processed on the Lapmaster in the same way as the corner 

cubes. 

 Table 4 shows the average of the obtained results. Areas named „a1” were scanned areas 

of 45µm x 45 µm in the central part of the plate while „a2 ...a4” were scanned lines of 45µm 

length at a distance of 10 mm from the plate’s centre. 

   

Rq represents the RMS value of the read values. It has the value of 1.5nm for both 

witness plate. 

 

Examples from figures 25 and 26 show screen captures of the two types of scanning 

(scanning on the area (Fig. 25) and scanning on lines (Fig. 26)). 

 

 

 

Table 4 - Average of the obtained results 

 

No. 

 

Witness plate 

Read values 

(a1 – a4)  

Average values 

(RMS) 
Rq [nm] a1 [nm] a2 [nm] a3 [nm] a4 [nm] 

1 FS 1 1.825 1.36 1.424 1.411 1.5 

2 FS 2 1.379 1.59 1.539 1.491 1.5 
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Figure 25 – Roughness values obtained from a scanned area 
 

 
Figure 26 – Roughness values obtained from scanned lines (red & green) 
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D.3 Dihedral angle deviation; Beam deviation and Wavefront Error: 

 

Dihedral angle deviation, beam deviation and wavefront error were measured on coated 

optical parts, using Pro Optica’s own Moller-Wedel interferometer (Figs. 26, 27), rehabilitated 

under this project by replacing the stabilised laser module. We mention that this measurement 

was performed more comfortable than all others because the optical part was already mounted in 

its mechanical housing and could be handled without any risk. 

 

 
Fig. 26 - Moller-Wedel interferometer 

 

 
Fig. 27 – A CCRR ensemble under measurement procedure 
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Measurement procedure: 

The deviation from the right angles inside a corner cube is carried out for the angles of all 

three segments relatively to each other. We chose the double pass setup that is described above. 

In this set-up, for measurement of the angle errors the light passes through the corner cube 

two times. First, the light passes through the corner cube, is reflected towards the interferometer 

and passes through the reference flat again. Here, the transmitted light is blocked by a plate that 

is positioned between the collimating lens and the reference flat of the interferometer. Then the 

light that is reflected by the reference flat passes through the corner cube for the second time and 

is reflected back into the interferometer for interference with the reference wavefront (Fig. 28). 

Fig. 28 – Formulas according to interferometer’s manual. 

 
 

Notes about measurement parameters (according to Optics and Electro-Optics Standards): 

 

- Wavefront deviation represents the distance between the optical wavefront under test and the 

nominal theoretical wavefront, measured perpendicular to the theoretical wavefront; 

- Peak-to-valley (PV) deviation represent maximum value of a surface or wavefront deviation within 

a given region of interest minus the minimum value of the surface or wavefront deviation within the 

region of interest. 

- Root mean square value (rms) deviation represents square root of the mean of the square surface or 

wavefront deviation. 

- In interferometric testing of surfaces, the mean distance between test and reference surface is 

referred to as piston, the angle between best fit planes through the test and reference surfaces is referred to 

as tilt, and the PV amplitude of the sagittal error between the theoretical surface or specified wavefront 

and the best fit approximating sphere to the surface or wavefront under test is referred to as power. 

Fig. 28 
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 Figures 29 to 33 and the underneath dates represent the results achieved during 

measurements performed on the delivered corner cubes. 

 

 

 

 

CCRR A (Φ 38 mm) 
 

  
Figure 29 
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Removed Seidel coefficients 

- none - 

 
Measurement results 

Surface form tolerance: 3 / -  

P-V:  808 nm 

RMS:  168 nm 

Ra:  130 nm 

Strehl ratio:  0,176 

Size:  768 (61,70 mm) x 576 (46,27 mm) 

PTS:  72220 

Wavelength:  632,80 nm 

Wedge:  0,500 

Corner cube double pass 
Refraction index = 1,460 

ϴmax = 9,73 '' 

 

ε“1 = ε “AB = 1,83 '' 
ε “2 = ε “BC = 1,66 '' 

ε “3 = ε “CA = 1,95 '' 

 

αAB = 8,72 '' 

αBC = 7,90 '' 

αCA = 9,28 '' 

 

ϴA = 9,06 '' <A = -62,70° 

ϴB = 6,15 '' <B = 4,05° 

ϴC = 9,73 '' <C = 58,22° 
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CCRR B (Φ 38 mm) 

 

  
Figure 30 

 

 

 

Removed Seidel coefficients 

- none - 

 
Measurement results 

Surface form tolerance: 3 / -  

P-V:  920 nm 

RMS:  187 nm 

Ra:  154 nm 

Strehl ratio:  0,015 

Size:  768 (61,70 mm) x 576 (46,27 mm) 

PTS:  71899 

Wavelength:  632,80 nm 

Wedge:  0,500 

Corner cube double pass 

Refraction index = 1,460 

ϴmax = 10,65 '' 

 

ε“1 = ε “AB = 2,44 '' 
ε “2 = ε “BC = 1,55 '' 

ε “3 = ε “CA = 2,23 '' 

 

αAB = 11,62 '' 

αBC = 7,38 '' 

αCA = 10,64 '' 

 

ϴA = 9,49 '' <A = 119,36° 

ϴB = 10,65 '' <B = -170,44° 

ϴC = 9,65 '' <C = -128,17° 
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CCRR C (Φ 38 mm) 

 

 
Figure 31 

 

 

 

Removed Seidel coefficients 

- none - 

 

Measurement results 

Surface form tolerance: 3 / -  

P-V:  1620 nm 

RMS:  389 nm 

Ra:  334 nm 
Strehl ratio:  0,001 

Size:  768 (68,03 mm) x 576 (51,02 mm) 

PTS:  54549 

Wavelength:  632,80 nm 

Wedge:  0,500 

Corner cube double pass 

Refraction index = 1,460 

ϴmax = 19,10 '' 

 

ε“1 = ε “AB = -2,96 '' 

ε “2 = ε “BC = -6,16 '' 

ε “3 = ε “CA = -2,62 '' 

 

αAB = -14,10 '' 

αBC = -29,37 '' 
αCA = -12,50'' 

 

ϴA = 8,01 '' <A = 128,17° 

ϴB = 19,10 '' <B = 86,97° 

ϴC = 18,20 '' <C = -16,90° 
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CCRR D (Φ 60 mm) 

 

 
Figure 32 

 

 

 

Removed Seidel coefficients 
- none - 

 

Measurement results 

Surface form tolerance: 3 / -  

P-V:  2113 nm 

RMS:  490 nm 

Ra:  404 nm 

Strehl ratio:  0,002 

Size:  768 (118,15 mm) x 576 (88,62 mm) 

PTS:  47563 

Wavelength:  632,80 nm 
Wedge:  0,500 

Corner cube double pass 

Refraction index = 1,460 

ϴmax = 17,51 '' 
 

ε“1 = ε “AB = 0,47 '' 

ε “2 = ε “BC = 3,14 '' 

ε “3 = ε “CA = 5,50 '' 

 

αAB = 2,24 '' 

αBC = 14,97 '' 

αCA = 26,24 '' 

 

ϴA = 17,51 '' <A = -23,31° 

ϴB = 17,07 '' <B = -16,01° 
ϴC = 13,44 '' <C = 41,30° 
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CCRR E (Φ 60 mm) 

 
Figure 33 

 

 

Removed Seidel coefficients 

- none - 
 

Measurement results 

Surface form tolerance: 3 / -  

P-V:  2824 nm 

RMS:  622 nm 

Ra:  524 nm 

Strehl ratio:  0,004 

Size:  768 (93,29 mm) x 576 (69,96 mm) 

PTS:  80025 

Wavelength:  632,80 nm 

Wedge:  0,500 
Corner cube double pass 

Refraction index = 1,460 

ϴmax = 22,13 '' 

 
ε“1 = ε “AB = -2,79 '' 

ε “2 = ε “BC = -7,40 '' 

ε “3 = ε “CA = 2,05 '' 

 

αAB = -13,32 '' 

αBC = -35,27 '' 

αCA = 9,80 '' 

 

ϴA = 17,74 '' <A = 151,94° 

ϴB = 22,13 '' <B = 114,92° 

ϴC = 13,16 '' <C = -60,99° 
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D.4 The residual reflectivity of the antireflection coating: 

 

The residual reflectivity from the front surface of the corner cubes was measured using a 

Beckman-DK-2A spectrophotometer with double beam (Fig. 34). On the reference beam was 

placed an uncoated plate while on the measuring beam was placed a witness plate that was in the 

same batch with the delivered corner cubes. All measured reflections were less than 0.2% (Fig. 

35).  

 
Fig. 34 – The Beckman-DK-2A spectrophotometer 

 

 
Fig. 35 – Measured residual reflections 
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D.5 The overall retro-reflection of the corner cube: 

 

Measurement procedure: For the overall reflectance measurements of the Corner Cube 

Retro-Reflectors, a method that consists in a laser and a powermeter that measures the total 

reflection of the CC as a ratio between the reflected light and the amount of the direct irradiation 

was developed (figs 36 to 38). The formula used for calculation of the overall reflection is: 

 

      
                               

                                
     

 

  
Fig. 36 – The scheme of the laboratory arrangement 

for the overall reflectance measurement 

Fig. 37 – Screen capture of the 

powermeter display 

 

 
Fig. 38 - Laboratory arrangement for the overall reflectance measurement 
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Table 5 shows the measured values of the overall reflectance of the delivered corner 

cubes, mentioning that those were coated in three different batches. Coating Type 2 (R = 88%) 

offered the best response while “Type 3”, that suffered several uninspired technological changes 

from the coating Type 2, responded with the lowest overall reflection. 

Table 5  

CCRR identification number Overall reflectance Reflective coating technology 

A (Φ 38 mm) 80 % Type 1 

B (Φ 38 mm) 75 % Type 3 

C (Φ 38 mm) 88 % Type 2 

D (Φ 60 mm) 75% Type 3 

E (Φ 60 mm) 75 % Type 3 

 

D.6 CCRR alignment in assembly: 

Measurement procedure: The CCRR ensemble is placed on the goniometer’s table. Both 

front surfaces are illuminated simultaneous through a slit and a collimating telescope. The slit’s 

image is reflected on the front surface of the two corner cubes resulting two different reflections 

which are viewed, in the same optical field, through the eyepiece of the second goniometer’s 

telescope. The optical axis of the corner cube considered to be the perpendicular axis on the front 

surface, the deviation from the parallelism of the two optical axes can be calculated from the 

displacement of the two images seen through the eyepiece (Fig. 40), according to the next 

formula: 

   
 

 
√      

Were x and y are the deviations from the two perpendicular axis. 

We mention that Fig. 40 was taken after delivery, using a surplus assembly which remained 

at Pro Optica.  

The delivered assembly was calculated to have a deviation of α = 0.17 deg. 

  

Fig. 39 – Laboratory arrangement for alignment 

measurements. 

Fig. 40 – The slit reflection on the front 

surface of the two assembled corner cubes 

(picture taken through the goniometer’s 

eyepiece). 
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D.7 Centering of the corner within its outer edge & the angular position of the CCRRs 

around their axis: 

 

This measurement was done during the edging process. Fig. 41 represents the edging 

machine on which the diameter of the optical part was finalised. The operator has the possibility 

to adjust the position of the corner cube (1) until the flickering of the light source is no longer 

present and the CC’s peak is centered relative to the axis of the telescope (2). At that moment, 

the peak of the corner cube is on the axis of the shaft (3) on which it is mounted. In the next step, 

the final diameter of the optical part is achieved, so that its contour becomes centered on the 

same axis of the shaft on which the CC is mounted. In this way, centering with a deviation of 

less than 0.1 mm was ensured for each processed corner cube. 

 

 
Fig. 41 - The edging machine on which a telescope is mounted in order to see the centering of 

the CC peak. 

 

We mention that we assumed this measurement both for evaluation of the centering of the 

corner within its outer edge and for the angular position of the CCRRs around their axis. The 

relation between these two parameters being considered according to the below formula: 

 

             

Where: α is the angular deviation; ε is the linear deviation; h is the height of the corner cube 

 

Example: for ε = 0.1mm,                  = 0.208
o
 

1 

2 

3 
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D.8 Other measurements: Overall dimensions, the distance of the two CCRR (centre to 

centre) and the mass of the “Two ɸ38 CCRR assembly” 

 

For other mechanical measurements, the devices present in Fig. 42 were used: 

 

 

Figure. 42  -  a) digital calliper; b) digital outside micrometer; c) mechanical outside micrometer; d) 
indicator stand with digital comparator; e) indicator stand with mechanical comparator; f) roughness 

comparison specimens. 

 

 The distance between the two CCRRs results from the distance of the centres of the 

threaded holes M11x 0,5 from the „Support – V1” part (R.754.01.005.0) measured during 

manufacturing on the CNC milling machine. 

 
  Fig. 41 - Distance between two CCRRs in final assembly 
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E. Compliance table 

Measurements performed 

Parameter Required value Achieved value (measured) Obs 

  CCRR (A) 

Φ38 

CCRR (B) 

Φ38 

CCRR (C) 

Φ38 

CCRR (D) 

Φ60 

CCRR (E) 

Φ60 

 

Dihedral angle deviation 

1” 

εAB = 1.83'' εAB = 2.44'' εAB = -2.96'' ε AB = 0.47'' ε AB = -2.79 '' Methods described and more detailed 

results in Chapter D.3 (page 20) εBC = 1.66'' εBC = 1.55'' εBC = -6.16'' ε BC = 3.14 '' ε BC = -7.40 '' 

εCA = 1.95'' εCA = 2.23'' εCA = -2.62'' ε CA = 5.50 '' ε CA = 2.05 '' 

Retroreflected beam deviation  2” 9.73" 10.65" 19" 17.51" 22.13" 

RMS of the wavefront Error 

(on coated CC) 
150 nm 168 187 389 490 622 

Roughness 
< 2 nm 1.5 nm 1.5 nm 1.5 nm 1.5 nm 1.5 nm 

Method described and more detailed 

results in Chapter D.3 (page 18) 

Flatness The value was not 

required 
Assumed RMS values from λ/6 to λ/15 

Method described and more details in 

Chapter D.1 (page 15) 

Bubbles & inclusions not exceed 1/1 × 0.4 

as per ISO 10110 
conform conform conform conform conform Visual, inspection, according to ISO 

Surface defects 5/1 × 0.1 as per ISO 
10110 

conform conform conform conform conform Visual, inspection, according to ISO 

The antireflection coating 
λ = 532 nm R < 0.2% R < 0.2% R < 0.2% R < 0.2% R < 0.2% 

Method described and graphics in 

Chapter D.4 (page 27) 

The reflective coating 
R > 93% 

R = 80% 

 (Type 1) 

R = 75% 

(Type 3) 

R = 88% 

(Type 2) 

R = 75% 

(Type 3) 

R = 75% 

(Type 3) 

Method described and more detailed 

results in Chapter D.5 (page 28) 

Centering of the corner within 

its outer edge  
< 0.25 mm < 0.1mm < 0.1mm < 0.1mm < 0.1mm < 0.1mm 

Method described in Chapter D.7 

(page 30) 

The angular position of the 

CCRRs around their axis 
< 1o < 0.2o < 0.2o < 0.2o < 0.2o < 0.2o 

CCRR alignment in assembly 
< 0.1o 0.17o 

Method described in Chapter D.6 

(page 29) 

The distance of the two CCRR 

(center to center) 
≤ 48 mm 46 mm 

Method described in Chapter D.8 

(page 31) 

The mass of the ɸ38 assembly 150 g 147.5 g Electronic scale 

Obs.: Beam deviation and wavefront error are both strongly dependent on the worst dihedral angle deviation of the CC. No matter if two of the dihedral angle deviations 

are less than 0.1arcsec. If the third angle has a deviation of 5 arcsec, the total beam deviation will be from 15 to 17 arcsec (around of three times more than the worst 

dihedral angle deviation). Unfortunately, even if we succeeded many times to achieve one or two angles with deviations around of 1", almost every time there was "the 

third angle" with a bigger deviation.  
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F. Conclusions: 

 

Under the project “Preparatory Activity for the Design, Manufacturing and Testing of 

Laser Retro-Reflectors” were achieved, beside the delivered hardware, new capabilities for 

measurement (that means both acquired equipment and measurement methods).  

 

Another important mention is that now, at the final stage of the project, we can declare 

that with this experience, a better approach will be possible if we’ll have the chance to start a 

new project with comparable requirements. 

 

G. Annexes: 

 

Annex 1 contains 9 movies, as in the table below: 

Table 2 - The content of each delivered movie 

VID_20150619_114448 random.3gp Random vibration on Z axes 

VID_20150619_115507 random.3gp Random vibration on X axes 

VID_20150619_121352 random.3gp Random vibration on Y axes 

VID_20150619_134730 sin.3gp Sinusoidal vibration on Z axes 

VID_20150619_135614 sin.3gp Sinusoidal vibration on X axes 

VID_20150619_140805 sin.3gp Sinusoidal vibration on Y axes 

VID_20150622_105900.3gp A video taken on the command units screen, 

during a two SRS tests 

VID_20150622_110726.3gp Additional test suite (longer SRS loads) 

VID_20150622_110934.3gp Additional test 2 (the longest SRS load) 
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