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Photographs of the LIGO Gravitational Wave detector mirrors illuminated by the standing beam were 
analyzed with an astronomical software tool designed to identify stars within images, which extracted 
hundreds of thousands of point-like scatterers uniformly distributed across the mirror surface, likely 
distributed through the depth of the coating layers. The sheer number of the observed scatterers implies a 
fundamental, thermodynamic origin during deposition or processing.  These scatterers are a likely source of 
the mirror dissipation and thermal noise foreseen by V. Braginsky and Y. Levin, which limits the 
sensitivity of observatories to Gravitational Waves.  This study may point the way towards the production 
of mirrors with reduced thermal noise and an increased detection range. 
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I. INTRODUCTION 
Vladimir Braginskyi,ii and Yuri Leviniii predicted that 

thermal noise of coatings would limit the sensitivity of 
Gravitational Wave detectors. The mirror test masses of 
LIGOiv,v have been specifically designed and constructed 
with multilayered interference coatingsvi via ion-beam 
deposition to minimize optical absorption, mirror thermal 
noisevii,viii and light scatteringix. As such, an ideal mirror 
would appear black when viewed off axis from a source of 
illumination.  However, photographs of an Advanced LIGO 
End Test Mass illuminated by the 100 kW interferometer 
stored beam taken at a 9.8o angle of the stored beam show a 
large number of light scattering points. The images are 
similar in appearance to star clusters (Figure 1). Therefore 
they were analyzed with DAOPHOTx, an astronomical 
software tool developed by the National Optical Astronomy 
Observatoryxi to identify stars within galaxies.  Initially, it 
was assumed that the scattering was caused by dirt, which 
DAOPHOT ignored as nebulae.  It identified hundred of 
thousands of diffraction-limited, weak light scatterers, 
many per mm2. The unexpectedly large number, and 
uniform dispersal of these scatterers is not compatible with 
dirt.  Actual scatterers must be sub-micron is size to 
produce large-angle scattering.  Their brightness 
distribution suggests that they may also be uniformly 
distributed in depth within all the coating layers.  

Since the overall absorption, measured by the mirror 
heating, is less than ¼ ppm, the relatively larger scattering 

must be a result of minuscule refraction index fluctuations 
that do not absorb energy.  These density fluctuations are 
due to either denser proto-crystal formations or small, 
localized density deficits (voids).   

The uniform distribution also implies that the scatterer 
generation during the deposition process itself is likely of a 
thermodynamic or statistical nature. While defects are 
observed in deposited glasses, it is important to note that 
molten glasses, such as the fused silica mirror substrate of 
the mirrors, are free of this kind of scatterers. 

Ion beam deposited glass layers have been shown to 
have low quality factors, in the thousands, or tens of 
thousands, as compared with the many millions, or even 
billions, measured in high quality molten glasses.  The 
mechanical losses associated with the lower quality factor 
of the coatings cause excess thermal noise in the mirror 
that, in its turn, limits the sensitivity to and detection range 
of gravitational wave events.  Thus far, there has been no 
clear identification of the source of the excess dissipation in 
coating layers. It will be shown here that the observed 
scatterers are the likely locus of the larger than expected 
coatings mechanical losses. While the exact nature of the 
light scatterers cannot be identified at this time, their 
observation may become an important diagnostic tool to 
develop deposition procedures that mitigate optical 
scattering as well as thermal noise.  

A more detailed analysis will be presented in a 
companion paperxii. 
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II. METHODS AND PROCEDURE 
Using DAOPHOT, a large number of tiny scatterers, 

diffraction limited irregularities in light reflection, have 
been detected within the mirror coating layers.  The search 
tool is optimized to detect point-like objects, ignoring 
“nebula-like” dirt particles, which locally masked the 
underlying scatterers (see figures 1 and 4).  The camera 
lens cannot resolve the points identified by DAOPHOT, 
which are visible as, and are identified by their congruence 
with, Airy disk profiles generated by the camera lens 
aperture. Best fit procedure extracts the position (in the X,Y 
plane) and amplitude information of each candidate.  
DAOPHOT identified the positions and relative luminosity 
of the scatterers in 40 images of varying exposure times 
that were acquired at the LIGO Hanford observatory in 
November 2015, when the interferometer was running at 
about 100 kW of stored power in its Fabry-Perot arm 
cavities.  

 
Figure 1. Photograph of an End Test Mass; Exposure time 
of 1.3 seconds. Light blobs are interpreted as surface dirt. 
The rings and faint straight lines on the right side of the 
image are part of the mirror support structure. 

 
There is a varying degree in scatterer quality within the 

images, which can be attributed to either pixel saturation or 
scatterer crowding.  The scatterer Airy disk size on the 
CCD corresponds to ~80µm wide spots on the mirror 
surface.  The crowding observed in high exposure images is 
due to the size of the Airy disks. The actual scatterers must 
be sub-micron in size to generate large angle scatter, thus 
they are actually widely separated within the coating layers 
of the coating.  

It is observed that the shapes of Airy disks at larger 
exposure times are amplitude-dependent, due to CCD 
saturation. The effects of saturation are illustrated in Figure 
2.  

 
Figure. 2. Contour Plot of a non-saturated Detected 
Scatterer (left) and of an oversaturated one (right). The 
latter are found with increasing frequency amongst images 
with longer exposure time. 
 

The 40 images analyzed varied in exposure times from 
1.25x10-4 to 1.3 seconds.  The numbers of detected 
scatterers per image were graphed as a function of their 
respective exposure times in figure 3.  The growth of the 
number of detected points is nearly linear, with a saturation 
occurring above 0.2 s exposure, which was attributed, by 
manual observation, to crowding of saturated airy disks 
rather than an actual cutoff of weaker scatterers.  It appears 
that a population of apparently even weaker scatterers, 
progressively less illuminated in deeper and deeper mirror 
layers, lies behind the detected ones.  
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Figure. 3. Detected number of scatterers vs. exposure time: 
the line is a fit performed with a power law a xb on the 
points with a white center.  The fit gives an exponent 
b=1.02, compatible with slope ~1, until saturation occurs. 

III. METHOD LIMITATIONS 
Shorter camera exposure times result in less saturated 

and smaller Airy disk shapes, but also in a smaller number 
of scatterers detected, with the less luminous ones fading 
into the CCD image “dark” pixel count. Longer exposure 
times proved to be problematic due to the fact that when the 
CCD saturation count of 255 is exceeded, there seems to be 
outflow of the excess charge on the neighboring pixels, as 
illustrated in figure 2. To mitigate these shortcomings, it is 
intended to use sequences of images taken in rapid 
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succession at the same shortened exposure times once more 
images are available.  It is expected that adding the pixel 
counts of these photos after proper re-centering, to 
compensate for apparatus movements, and using the camera 
in “raw data” mode, with 14 bit resolution will generate 
images with much higher-dynamic range that will reveal 
the weaker scatterers without oversaturating the bright 
ones.  A more efficient subtraction of scatterers may be 
expected from DAOPHOT and a number of fainter 
scatterers may become visible, thus producing a more 
reliable luminosity distribution curve.  At the time this 
work was written, the two observatories were offline for 
service upgrades. This work was therefore limited to the 
best available images. 

It should be noted that these scatterers have been 
observed previouslyxiii,xiv. At that time, it was surmised that 
the scatterers were laser speckle, which is unlikely because 
the speckle pattern is observed to remain stable, even for 
beam movements over the mirror surface, 
and speckle patterns do not mimic well the Airy disk 
patterns that were observed. Interestingly, previous 
scattered light measurements performed from the same 
viewports on the initial LIGO mirrors (Fig. 3 of reference 
XII) found scattered intensity levels in excess of what had 
been estimated using the known mirror substrate roughness. 
The scatterers studied here may account for some of that 
excess power. 

It should also be noted that DAOPHOT was already used 
in angular dependence studies of scattering on sample 
mirrorsxii, similarly finding multiple scatterers throughout 
the captured images.  Angular power information cannot be 
produced in the measurements described here because all 
the images were taken from a single location. 
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Figure. 4. DAOPHOT-detected scatterers with 0.763 
second exposure. Smear due to dirt limits “DAOPHOT’s” 
detection efficiency in some areas. The density of detected 
scatterers is lower on the beam spot tails, due to the rapidly 
decreasing illumination, but it is otherwise compatible with 
a constant value.  
 
It is worth mentioning that DAOPHOT produces scatterer 
positioning with a micron-level precision.  Thus monitoring 
the scatterers’ apparent motion over time provides a tool to 
accurately measure the transversal motion of mirrors in the 
interferometers.  Similarly, monitoring the apparent 
changes of scatterer luminosity on the two sides of a beam 
spot provides a tool to measure the transversal beam motion 
with respect to the mirror surface.  Both informations are 
not currently available at this precision level.  

Development of these tools, as well as more details on 
the technique used, are discussed in a companion paperxii. 
  

IV. RESULTS 
The photographs were taken with approximately 100 

kW of 1064 nm wavelength stored beam illuminating the 
test masses. The camera utilized a 240mm lens, set at f/11 
and ISO 100 with exposure times varying between 1.25x10-

4 to 1.3 seconds. 
The pixel size corresponds to ~80 μm on the mirror 

surface in both the X and Y directions.  It was calibrated 
using the straight edges of the mirror support structure, 
visible on the right side of figure 1. The scatterer 
distribution in figure 4 is clearly not uniform, which can be 
attributed to areas where dirt inhibits DAOPHOT’s 
identification process. This is visible as patches with strong 
deficit of scatterers.  

The illumination level affects the number of detected 
scatterers, according to the slope fit in figure 3, with their 
number decreasing on the wings of the stored beam profile. 
It is clear that the average density of scatterer/mm2 obtained 
by dividing the number of points by the field of view area is 
merely a lower limit. 

The distribution of the identified scatterers was studied 
in a cropped section of an image containing the core of the 
stored beam, taken at 0.763 s exposure.   

The following procedure was implemented to produce 
an evaluation of the actual scatterers’ density if the 
illumination was uniform and the dirt absent. 

The cell region of interest was first sub-divided into a 
10 by 10 matrix of cells, each 2.56 cm2 in size. The 
detected scatterers were counted in each of the 100 cells.  
The scatterer’s count varied from 250 to 1070 counts/cm2, 
with a mean of 650 and a standard deviation of 210 
counts/cm2.  The standard deviation is an order of 
magnitude larger than the ±16 counts/cm2 that could be 
expected by statistical fluctuations, reflecting the masking 
effects of dirt, and the changing illumination level. 
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Given the fact that dirt masks out detected scatterers, 
and that the beam profile reduces the number of detected 
scatterers in the wings, the largest value in the 100 cells is 
considered to be the best estimator of the undisturbed 
scatterer density, i.e. the actual scatterer density is at least 
64% higher than the gross average estimation of 1658 
scatterers per bin.  It remains to be established if the highest 
cell count is representative, i.e. if it is unaffected by dirt. In 
absence of dirt, the scatterers’ distribution should be 
uniform, if the distribution of scatterers in the bin cell with 
the highest count is uniform, it is probable that the scatterer 
count in that cell is unaffected by dirt. 

 
 

Rows / 
Columns 

1 2 3 4 5 Max. 133 

1 99 123 99 109 109 Sum 2724 
2 99 110 119 103 105 Points 25 
3 108 103 105 115 109 Mean 109 
4 106 108 133 108 115 Std Dev. 8.5 
5 104 104 105 124 102 Std Error 1.7 
 
Table 1: number of scatterers detected by DAOPHOT in 
the 10.2 mm2 subdivisions of highest count cell.  The last 
two columns list the statistical analysis of the panel data.  
The standard deviation of 8.5 counts is in good agreement 
with the expected statistical fluctuation √109=10.4, 
indicating that dirt is likely absent in this cell, and the 
scatterer distribution is uniform.  
 

The highest count cell is close to the beam center. It 
was subdivided into another 5 x 5 matrix of cells and their 
content counted. The results are reported in figure 5 and 
table 1. The data in table 1 is in agreement, within 
statistical error bars, with the Gaussian predicted by a 
uniform distribution of scatterers of average 109 counts. 
illustrating the uniform distribution of the scatterers in cell 
6,6. It is therefore concluded that, excluding the points 
where the image smears due to dirt, the scatterer density 
around the beam center, at the exposure level of figure 4, 
was approximately 10.7/mm2. 
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Figure 5: scatter plot of the detected scatterers of highest 
count cell.   

 
The amplitude distribution of the events detected by 

DAOPHOT in the image of 0.763 second exposure is 
shown in figure 6. It is important to note that coating layers 
near the surface are much more strongly illuminated than 
deeper layers. Only the scatterers from shallow layers are 
visible.  To make an evaluation of the overall number of 
scatterers actually present throughout the mirror, one 
should take into consideration the illumination drop with 
the coating layer number. 

In addition, because the camera observation angle from 
the beam axis is small (9.8o), the backscattered light from 
deeper layers is reduced by approximately the same factor 
as the illumination. The two effects amount to a strong 
exponential attenuation, resulting in the scatterers from the 
second layer being visible with 25% of luminosity and 
6.3% from the third layerxv.  In practice, assuming that the 
scatterers are concentrated in the Tantala layers, only 
scatterers present in the top layers contribute to figure 4 and 
5 while scattering from deeper layers is hardly visible. 
Because there are 26 layers in a coating, about an order of 
magnitude of additional scatterers can be expected to exist 
undetected below the surface, i.e. hundreds per square 
millimeter.  



OPTICAL SCATTERING MEASUREMENTS AND IMPLICATIONS ON THERMAL NOISE IN GRAVITATIONAL 
WAVE DETECTORS TEST-MASS COATINGS DRAFT COPY 

100

101

102

103

0 1 10-7 2 10-7 3 10-7 4 10-7 5 10-7

Luminosity [arbitrary units]

y =  a e-x/b

8570 ± 60         a

5.33e ± 0.02 10-8 b

N
um

be
r o

f E
ve

nt
s 

de
te

ct
ed

 b
y 

D
ao

ph
ot

 
Figure 6: Detected scatterer luminosity distribution the 

exponential decay fit is performed only on the points above 
Z=0.5 10-7. The cutoff at low amplitude is due to the dark 
pixel count level of the CCD. 

V. IMPLICATIONS IN DISSIPATION 
AND THERMAL NOISES 

It is very unlikely that such a high and uniform 
scatterer density can be accidental. It requires a 
fundamental origin, probably in the deposition process. 

Large angle scatter without absorption requires 
fluctuations of refraction index at sub-wavelength scale. As 
the chemical composition of the material is uniform, 
density fluctuations are necessary. Fluctuations of either 
sign are possible. 

Positive refraction index fluctuations are given by 
crystallites, which are fluctuations with higher molecular 
order and larger density. Previous studies have shown 
evidence of large mechanical losses within the coating layer 
material.xvi  There, materials are observed to evolve into 
crystal (columnar) growth in thicker film depositions of the 
same materials, as well as in films that have undergone 
annealing, which imply the presence of crystallite 
seeds.xvii,xviii The crystallites have a minimum critical size, 
due to the competition between the high energetic cost of 
the dangling and frustrated bonds on the surface and the 
energy gain of crystallization, which is proportional to the 
volume. Crystallites that are too small tend to dissolve back 
in the glass during annealing, while larger ones tend to 
grow. Crystallites can be depressed by alloying different 
materials, which historically was done to improve coating 
performance even before this reasoning was developedvi, or 
by nano-layering within each coating layervii, xviii. 

Negative refraction index fluctuations are due to local 
density deficit in the glass. Glasses are always less dense 
than their crystalline counterpart, due to a statistically 
uniform distribution of atomic-size voids, but evaporation-
deposited glasses are even less dense and can present larger 

deviations from uniformity. The coating glass appears 
optically uniform, but one can expect scattering of light 
from lower density volumes if the void size distribution has 
sufficiently large fluctuations, and/or if a sufficient 
concentration of atomic-size voids happens in the scale of a 
fraction of a wavelength. The ensuing local refraction index 
deficit could then produce the observed scattering. It is 
suggested that low-density fluctuations may be mitigated 
by means of hot substrate deposition, ion-assisted 
deposition, annealing or other production techniques.xix ,xx 

While it is impossible to distinguish between high- and 
low-density fluctuations with the observational methods 
used here, both lower and higher density zones are expected 
to have a larger amount of loose or dangling bonds than the 
rest of the glass. Both cases can be conceptualized as two-
level systems represented by asymmetric double-well 
potentials in some configuration coordinate. The 
distribution of corresponding double-wells in the atomic 
displacement depends on the distribution of bond angles 
and frustrated bonds in the amorphous materialxxi. As an 
oversimplified picture, one could imagine an atom 
“flopping” from one side of a bond to the other during 
stress propagation, thus absorbing energy and dissipating it 
in the thermal bath.  It is clear that these defects can exist 
on different length and energy scales, ranging from local, 
atomic-sized defects such as dangling bonds to larger scale 
effects such as those that produce two level systems. 

The observational method does not allow 
distinguishing between these two possibilities. Even if one 
cannot ascertain the exact cause of the fluctuations, they are 
equally likely sources of the excess of mechanical losses in 
evaporated glasses. When considering that thermal noise is 
one of the major sources of noise in gravitational wave 
detection, the identification of its source has major 
implications in regards to the optimization of production 
procedures and ultimately improved reach of the 
apparatus.xxii 

VII. CONCLUSIONS 
The analysis presented here has shown that, when the 

LIGO test masses are exposed to the high intensity light of 
the interferometer stored beam, a large and unexpected 
number of optical scatterers is detected within the mirror 
coating layers. 

Theoretical material science considerations indicate 
that these scatterers are either nucleation centers, density 
voids, or a combination of the two, and a likely locus of the 
anomalous dissipation in the mirror coatings and source of 
its thermal noise. Observation of these previously 
overlooked scatterers may point the way towards a 
mitigation strategy. 

The methods developed here will also allow tracking 
the motion of the mirrors and the beams on the mirrors, 
important diagnostic and feedback tools for the 
observatories.  The feasibility of these tools is discussed in 
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a technical companion paper.  
The background of the detectors could be reduced if 

some of the glitches found in the gravitational wave signal 
channel were to correlate with the motions that can be 
detected with the methods proposed here. 

Reduction of thermal noise, reduction of scattering, 
better alignment, and reduction of glitches are all elements 
that can potentially increase the detection range of LIGO. 

The methods proposed do not give depth information 
for the scatterers. It is important to precisely and 
systematically locate the scatterers within the mirror 
coating thickness, which can perhaps be done with 
microscope observations.   
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