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Abstract: Laser interferometers, such as LIGO and the AEI 10m prototype, use 
extremely high quality optics throughout the entire instrument. These optical surfaces 
however, are not perfect and therefore can cause light scattering of the laser beam 
which is incident on them. This scattering can cause inaccurate readings during 
gravitational-wave detections. Within the vacuum system of a gravitational-wave 
interferometer, scattered light does not travel the same desired path as the laser beam. 
Instead the scattered light reflects off various surfaces throughout the instrument, such 
as optic mounts and the vacuum walls. Some scattered light will reflect off enough 
surfaces that it can eventually recombine with the main laser within the interferometer, 
bringing along with it seismic noise imprinted on the phase of this light. The scattering 
process ultimately results in the contamination of the detectors signal read-out. It is the 
scattering of light resulting from different optical glass which my investigation is 
focused on. 
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1.    AEI 10m prototype  

   The Albert Einstein Institute (AEI) in Hannover Germany, is a Max Planck Institute for 
Gravitational Physics, and is home to the 10 m Prototype Interferometer. The AEI 10 m 
Prototype is a complex large-scale experiment helping researchers develop improved 
systems for gravitational-wave astronomy. The systems currently being tested will help 
increase sensitivity of third-generation gravitational-wave detectors, and current 
detectors such as LIGO and VIRGO. The prototype houses a sub-SQL (standard 
quantum limit) interferometer which is a Michelson interferometer housed inside a    

100 m3 ultra-high vacuum envelope, that can be pumped down to 10–7 mbar in 3 days. 

The prototype uses seismically isolated optical tables inside this vacuum system. 
These advanced isolation techniques include inverted pendulums, and geometrical 
anti-spring filters in core optics, such as the test mass mirrors, are are further isolated 
using suspensions with multiple-cascaded pendulum suspensions containing an all 
silica monolithic stage. The laser beam source is a highly stabilized (in frequency and 
amplitude) 35 W Nd:YAG laser, operating at a wavelength of 1064 nm. It passes through 
a pre-mode cleaner which optimizes the beam profile and reduces beam jitter. 
Interferometric gravitational wave detectors depend on systems that keep the laser 
output power stable. Each stage that the laser beam passes through requires precisely 
positioned, clean optical components for use inside of the vacuum. 

  The AEI 10 m Prototype will explore the SQL of interferometry, by better 
understanding quantum noise due to radiation pressure noise and shot noise, and 
provide a facility to test techniques to overcome it. The plot in figure 1 shows 
displacement vs. frequency as a result of noise within the LIGO detectors. For 
frequencies above 100 Hz, quantum noise is the dominating factor. For frequencies 
below 20 Hz, control noise is the dominating factor. And between 20-100 Hz there is 
currently some kind of ‘mystery’ noise. Although the exact source of this noise is 
unknown, it is believed that scattered light is the main contributor. Scattered light can 
be seen in figure 1 as the proposed dominating factor for noise in the 20-100 Hz region.
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Fig. 1. Displacement vs. frequency. (GW150914: The Advanced LIGO Detectors in the Era of First 
Discoveries B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) Phys. Rev. Lett. 
116, 131103 – Published 31 March 2016)


2.    Scattered light


   
   When examining the interaction of an incident electromagnetic wave and an array of 
atoms, it can be observed that an atom will react with incoming light in two distinct 
ways dependent on the energy of the incident photon. If the photons energy matches 
that of one of the excited states for the atom, then the atom will absorb the light and 
make a quantum jump to that higher energy level. If the incoming radiant energy is of 
other frequencies however, (that is, lower than the resonance frequencies) the atom will 
scatter the light, essentially redirecting it without otherwise altering it. If the resulting 
scattered light continues off in some direction carrying the same amount of energy as 
did the incident photon, then the scattering is elastic. (Otherwise known as Rayleigh 
scattering, named after the nineteenth-century British physicist Lord Rayleigh (John 
William Strutt)). As an example, Rayleigh scattering of higher frequency blue light, by 
the air molecules in our atmosphere, is responsible for seeing the color of our own blue 
sky. 
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3.    Scatterometer


  A scatterometer is an instrument used to better understand the scattering 
characteristics of a given surface, by measuring the scatter resulting from a light 
incident on a surface. The scatterometer we built was modeled after one built by 
Fabian Magaña-Sandoval and his group at California State University Fullerton. The 
main components included a camera, a light source, and a rotation stage. In order to 
test different optics for use in the AEI 10 m prototype, a scatterometer was designed 
and assembled.





	 

	 


                                                   

Img.1 BASLER Ace acA2040-55um Camera             Img.2 Edmund 10mW, 1064nm DPSS Pointing Laser


 Img. 3 STANDA 8MR191 - Motorized Rotary Stage                                                                         
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4.    Experimental setup


   The glass optic under test is for use inside the AEI prototype, and its position once 
installed would be stationary. This meant the scatterometer was to be designed for a 
angle of incident light that would remain constant. Because light scatters in different 
directions, the laser and test optic assembly were made to co-rotate on the rotation 
stage while the camera would remain fixed to the laboratory table. This allows for 
observations of scatter over a span of different angles. 

    An iris was installed in order to minimize scattering resulting from the halo of the 
laser beam. Because the laser beam was diverging, two collimating lenses were placed 
inline with the laser beam in order to better collimate the laser beam. The software 
program JamMT (just another mode matching tool) was used to properly position one 
50 mm convex lens and one 150 mm convex lens, along the 0.6 m distance between the 
camera lens and the optic, resulting in a incident beam size of 5.6mm. In addition an 
RG-850 filter (which only allows wavelengths above 850 nm to pass) was positioned in 
front of the camera lens to filter out any ambient light. A copper beam dump was used 
to ensure that the majority of the reflected laser beam would dissipate rather than 
reflect off another surface during the experiment. 


Fig. 2. Scatterometer at 45 degrees with respect to camera, two collimating lenses, and copper beam 
dump for initial testing.
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Fig. 3. Scatterometer at 3 degrees with respect to camera, iris installed, and beam dump updated to 

black glass.


   


Fig. 4. Image of test optic during first scatterometer measurement. 
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    The first glass optic tested was a highly reflective mirror for 45 degree incidence 
angle. It was mounted on the scatterometer stage and imaged as see in figure 4. Prior 
to measurement, both sides of this test optic were cleaned using the drag-wipe 
method with optical tissues and isopropanol. This removed any dust or impurities. In 
addition, the entire setup is in a clean laboratory room, housed on a clean experiment 
table enclosed with clear soft-wall with filtered air kept at over pressure in respect to 
outside the curtain. In the image you can see the post and optic frame. You can also 
clearly see the incident laser, towards the center of the optic. In addition a blurred 
object can be seen to the right in the background. This is a result of light reflected off 
of the copper beam dump.


5.    Image processing


   To increase dynamic range of each image, the scatterometer program was written to 
take 3 images for each angle, at 3 different exposure times. The exposure time values 
being 10,000 µs, 100,000 µs, and 1 s. While the smallest exposure time did not contain 
much data, the largest exposure time would always result in an over exposed image. 
The result is the saturation of some pixels of that image. The computer program 
developed to process the output data would take advantage of the different exposure 
times by replacing any saturated pixel with an identical pixel from one of the 2 other 
exposure times. That pixel would first be multiplied by the ratio of the two different 
exposure times, then it would replace the saturated pixel.

   As can be seen in figure 4, there is some light reflecting off of the scatterometer’s 
beam dump and the frame/ post holding the optic under test. The solution here would 
be to enclose the entire experiment in some box to shield it from all other light sources. 
However due to the time constraint, an enclosure was not implemented for my testing. 
Instead this would motivate the idea for a second phase of the experiment. The first 
phase would image the test optic with the laser turned on, then the second phase 
would take identical measurements only this time with the laser turned off. Later, the 
output program would subtract the laser-off image data from the laser-on image data. 
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By doing so this would help eliminate any imaging resulting from ambient light sources, 
and remove any camera noise.  

   During the image processing the images are cropped, twice. The first crop would 
eliminate the excess area of the image by removing everything outside of the frame 
that holds the glass test optic. By doing so, the remainder of the processing would be 
less computationally expensive, as the file sizes are dramatically reduced in size. Next 
a new image would be constructed consisting of the non-saturated pixels. This image 
would then have the laser-off image subtracted from it. The second crop reduces the 
image to the region of interest (or ROI). The ROI contains the most import information 
for the measurement, as it is the actual area where the laser beam is incident on the 
surface of the optic. 

    


6.    Calculation 


   The most important calculation in defining how much a surface scatters light for my 
experiment can be expressed through the bi-directional reflectance distribution 
function (BRDF). It is a function of both incident light direction, and angle of a scattered 
light ray, (where the angle in between the camera and the specular reflection is the 
scatter angle). This function defines how light is reflected at an opaque surface. 

	 


Where Pi  is the incident laser power, Ps  is the scattered light power which subtends a 

solid angle Ω, and is oriented at a polar angle 𝜽s with respect to the normal to the 

optical surface (in the plane of the laser beam). And where the solid angle is defined as:
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Where A is the area of the light sensitive surface (photodiode or camera lens), and the 


distance to the scattering surface is given by r (0.6 m in my experiments).  

   The final stage of the processing read-out is to calculate and plot the BRDF, using the 
ROI from the compiled image (see figure 5). The sum of these pixel values will give the 
scattered power of the laser in a camera count unit.




Fig. 5. Region of interest for test optic highlighted by red box

   In order to properly calculate the BRDF. either the input power has to be converted 
into camera counts (camera unit for measure of power), or the camera counts have to 
be calibrated to Watt. We decided on the latter by calibrating the camera counts to 
Watt. A calibrated photodiode (power meter) was used to measure the scattered 
power. To use a photo diode/ power meter as a reference, it has to be ensured that the 
scattered laser is the main source of power hitting the photodiode. Therefore a white 
clean room wipe was used as a scatter source, and the camera image was checked 
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using an exposure time of 1.5 µs. This exposure time ensured there would be no 
saturated pixels. The image showed that, while using an RG filter, the scattered light 
was by far the dominating light source (see figure 6). After calculating the sum of the 
camera counts displaying the scattered laser, we placed the power meter (Thorlabs 
PDs) at the same angle and distances as the camera. The scattered power was 
measured to be 285 ± 15 nW. We then used this result to calibrate the camera power 
(see figure 7). 




Fig. 6. Scattered light from napkin in camera counts. Beam size corresponds to about 5.6 mm diameter.





Fig. 7. Calibration factor, calculated using the sum of the individual pixel values and normalizing them to 
1 s (all pixel values are normalized to 1 s by read-out script), and applying the solid angle ratio of the  

10 mm diameter photo diode and the 27 mm diameter camera lens. (Where CC is camera counts)
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Fig. 8. Plot showing BRDF vs. scatter angle for 5 different samples of test glass. (Where the generic 
black glass is denoted as just BG)


7.    Results 


   In my final experiment, the scatterometer was used to test the scattering of 5 
different glass surfaces. The different pieces of glass absorb light above 1064 nm, and 
were being tested to determine which would be an optimal choice for use as a beam 
dump inside the AEI 10 m prototype. They were tested identically over a 70 degree 
range (-42° through 30°). The 5 optics tested included a generic affordable black glass, 
Thor NIR absorptive ND filter, Wärmeshutzfilter KG5, Itos BG39, and Farbglasfilter BG 
39. The scatterometer imaging had a run time of close to forty minutes for each optic. 
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Then each optics images would be processed as per the steps highlighted in section 5. 
Finally the BRDF is calculated and the results are plotted (see figure 8).


8.    Conclusion


   It can be seen for angles -25° and 0° that the Itos BG 39 has the lowest measured 
BRDF. This glass was chosen for further measurements, with plans on using it to build 
a beam dump for installation into the prototype. The success of the scatterometer’s 
measurement of the BRDF for this glass sample, depends on the ability to repeat this 
experiment several times while reproducing similar BRDF values. Therefore in the near 
future an enclosure will need to be built for the scatterometer experiment. This will 
remove most, if not all of the ambient light. A beam dump will be built using the Itos BG 
39 glass, and tested multiple times within the enclosure to ensure the BRDF in figure 8 
is reproducible. 

   These experiments helped prove the scatterometer to be a great tool to help explore 
the limits of the prototype by enabling researchers to successfully categorize the 5 
different glasses being considered for the beam dump, based on the measure of their 
calculated BRDF. With the help of the scatterometer, researchers can better understand 
how scatter light contributes to mystery noise in an interferometer. 
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