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Abstract:

The main purpose of the Optical Lever system isto reacquire the lock of the
interferometer, when the lock islost. The aim of this project isto study the feasibility
of replacing the current quadrant photodetector (QPD) readout system with a CCD.
Using a 2D fast centroid finding algorithm, we are able to create a more stable
control signal that accounts for the thermal distortion on the surface of the suspended
optics. We examined the behavior of the system on 2 meter and 40 meter optical
lever. We created numerous different fitting algorithmsin MATLAB and compared
the results. The two candidate algorithms that showed the best precision and stability
were then trandated in C++ with optimization for fast real time execution. Both are
based on the Gauss-Newton agorithm for non linear least square problems. Also, we
learned how to remove most of the diffraction coming from the optics. Wethen
measured the precision of the fit and long term stability of the algorithmsin real
conditions and in real time. Finally, we compared the results with the requirements
for the Advanced LIGO. In conclusion, the algorithms have a short term precision
under the m that with alever arm of several meters should safely result in a better
precision than the required radian.



1 Introduction

In LIGO, the optical lever system monitors the angular alignment of the suspended mirrors. The
system consists of a laser source and a quadrant photodetector (QPD) that can be mounted on the
same structure. The source points to the monitored mirror, and the laser reflects back to the QPD.
The sengitivity of the signal from QPD depends on the spot size of the beam at the QPD. A
telescope is used to adjust the spot size in order to achieve the best signal from the QPD.

We are studying the possibility of replacing quadrant photodiode with CCD and fast acquisition/
centroid finding agorithms to produce position feedback signals.

1.1 Purpose

The aim of the paper is to report the results of replacing the QPD with a CCD camera as suggested
on LIGO-T0900239-v2.

1.2 Optical leverssetup

Below isthe current setup of the optical lever system:

Steering mirror

Suspended optic

Below isthe new and improved setup.



New setup

. Suspended optic

g CCD

By eliminating the steering mirror and using a stiffer launching point for the beam expander
telescope, we expect to have amore stable signal.

2 Report

We utilized various cameras from Prosilica manufacturer: GC650, GC750, GC1280, GC1380,
GC2450. They are ranging from CCD to CMOS and from low to high resolution.

We started working with the GC750 and the code from the 40mt experiment. After some major
adjustment on the code, we decided to rewrite the entire code, starting directly from the Prosilica
interface. The main reason was that acquisition and data analysis should be as fast as possible while
the 40mt code was developed with different intents.

We extended the Prosilica APl with C++ code to make a program capable to take snapshot from the
camera at specified time interval.

Below to the left is a snapshot of the laser beam pointed directly towards the CCD of the camera
and to the right is its 3D plot. No focusing device is used, only the direct output from the laser
pigtail fiber.

Laser Beam 3D plot
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The images above revea that the laser beam has a nice gaussian prdfile, which we expected.
However, we can see some distortion in the shape of the beam. Moreover, we wanted to measure
how the shape of the beam changed using a telescope or a collimator. Along with lan and Tara of
the Optical levers group, we made some initial measurements. As specified on LIGO-T0900239-v2,
we injected the laser on the telescope using an optical fiber and reflected the laser beam using a
mirror. We still lack a stable support for the telescope and thus, we were not able to have many
different images for comparison. However, we made various snapshots enough for an initia
analysis. As expected, the laser beam passing through the telescope created an airy disk.

Below are the images from different distances and their respective 3D plot:
Figurel: 144 feet between CCD and telescope:
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Figure2: 128 feet between CCD and telescope:
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In the second picture, we have a bad alignment of the optics causing a huge diffraction pattern and
areally low dynamic range; therefore, we take this picture as an extreme case.

At this point, we decided to make a data reduction algorithm that could isolate the center spot of
the image. The goa was to demonstrate that the center of the image is recognizable by a computer
algorithm and that it still has a gaussian prdfile.

Below isthe results of the data reduction algorithm for the 128feet image :

Data reduced image (center spot only) 3D plot J

The noise on the 3D plot isirrelevant . An algorithm was created to cancel noise from the picture
but it is negligible for our analysis.

It is important that the center of the laser beam is easily detectable even in heavily diffracted
images. Moreover, we should consider that the diffraction pattern could be reduced even more by
using better optics.



An approximate center detection algorithm was also made based on the luminosity in the central
spot. This agorithm was used to study the morphology of the laser beam.

From now on, we will refer this agorithm as the “ cookie cutter”.

Below is the 2D prdfile of the laser beam taken along the X axis passing through the central spot
with the relative gaussian fit of the peak.
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1: Fit of the central region

The image shows that the central spot detected by the centroid algorithm (green line) still has a
gaussian profile while the rest of the image has an airy disk.

As a next step, we tried to fit the entire image, using the best picture available. Note that choosing
the best image is not a workaround for the fitting problem since in the future, we expect to work
with better optics and consequently obtain better images.

We chose the image below:
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Using the central detection algorithm, we were able to make a gaussian fit along the x and y axis of

the image. Below are the results:

X axis

Y axis
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The image is clearly not symmetric about the x-axis while its almost symmetric about the y-axis.
This is a known issue caused by the measurement techniques, and can be solved by adding a
polynomial correction to the gaussian fit. We decided to go further by analyzing only the Y -axis of

the image.
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2.1 Analysisof adlice:

As shown below, the airy function sin(x)/x fit does not work very well.

Yy = m1 “sin{2*pi*{x-m3) 'ma2 2" pi*(x-m3 )" m2)+md
Walue Errar
m1 100.85 1.0141
—e— amplitude mz2 0.092935 0.00048432
m3 18.134 0.028013
md 30.375 0.39036
Chisq 16344 A,
148 R 0.98229 A,

amphtude

pixel number
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We used SNk plus a power law correction and a baseline Gaussian to account for diffused light,
which enhanced our results.
Yy o= m1 *sin27pi* (-m3 ) m2 (27 pi* (x-m3 ) m2 ) (abs 2 pit(x-m3 ) m2 ) m5
+md+mE exp(-((x-m3y20)* 21+m7*x
Value Error
m B9.066 0.42159
mz2 0.091585 0.00019926
m3 18.14 0.010077
m4 2.8346 0.62418
mb5 -0.0289987 0.0030918
me 37.525 0.73943
mv -0.010631 0.011287
Chisqg 1991.8 A
R 0.9879 A

amplilude

pixel number



LIGO LIGO-T0900477-v4

One of the two most interesting variables is the diameter of the Airy rings. Therefore, we cropped
the data and fitted the airy wings independently, maintaining the center of the airy ring on the
previoudly found central point (-18.133).

m1 “(exp(-((x-18.133+m3)m2)* 2)+exp(-((*-18.133-m3}m2)* 2)+m4
Yalue Error
mi 21.518 049916
m2 3.6202 0.099477
m3 12.834 0.022114
mid 13.465 0.54366
Chisqg 313.15 A
R 0.88274 A
fit

40

ampiilude

pixel number
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Fitting only the tips of the Gaussians works slightly better.

v =ml *expl-{(x-ma+m3ym2)* 2)+expi-((-ma-m3ym2)* 2)+md

m

m2

ma

m4d

ma
Chisqg
F

Yalue
18.308
3.3146
12.792
16.685
18.268
62,1891

0.87472

Error
28163
[.36098
0.018552
2.8841
0.018629
A
NA

ampiilude

fit

.

pixel number

a5
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Fitting the image with three Gaussians (the two smaller peaks on either side of the image are equi-
spaced, relative to the center of the central gaussian curve) produces the best results.

ampitude

m1 “(exp(-{[x-m8+m3¥m2)" 2)+exp(-((x-mB-m3}ym2)* 2))
+md+me*x
+mé *exp{-({(x-m81m7)* 2)
Value Errar
29.333 1.5511
4,3296 0.19391
13.09 0.028953
6.1979 1.6652
- -0.034706 0.0090313
—o— amplitude | 128.73 1.5801
45438 0.043635
18.134 0.008464
1090.9 A
140 0.99882 A,

pxel numbear

40
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Toimprove the precision of the measurement of the Airy disk diameter, we took the two peaks, and
allowed the fit to find the separation and the centering (by leaving the 18.133 mm centering free).

The size of the airy ring is potentially important because it is sensitive to the thermal lensing effect
of the optics. A good measurement of the airy disk diameter could give us a way to measure
thermal lensing at the position where the optical lever beam hits the mirror. By combining multiple
beams, we can have an estimate of the prdfile of the optics.

The measurement improves ~24% (error from .0221 to .0178)

¥ = m1 *{exp(-((x-mS+m3ym2)* 2)+expi-{[x-m5-m3)m2)"* 2)+m4d
Yalue Error
m 21.981 0.42187
m2 3.6974 0.083999
ma 12.832 0.017853
md 12.983 0.46152
ma 18.323 0.017847
Chisq 214.22 A
R 0.98876 A

fit

40

ampiwde

pxal numbear
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Finally, we add a small slope improving the total error by another 17% (error from .0178 to .0148)
while the error on the Airy disk diameter improved by 0.11%.

yw=m1 *{exp(-((x-m5+m3)m2)* 2)+exp(-((x-m3-m3)ym2)* 2))+md+mb*x
Yalue Error
m 21.753 0.34024
m2 3.6648 0.068515
m3 12.83 0.014874
m4 14.009 0.38686
ma 18.355 0.015228
mé -0.042802 0.0043408
Chisg 146.56 A
R 0.99234 A

fit

Ll

amplitude

pixel numbear
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Note that the precision of the positioning of the central spot is (three Gaussian fit) 18.134 + 0.0085,
which is 4.6 10°. A 2 mm spot (a preliminary estimate) gives us the precision of positioning of 0.9
microns, with asingle slice.

Now, we know that the beam prdfile is neither agaussian or an airy.
At this point, we had two options:

1. Ddine an iterative algorithm that starting with the output of the cookie cutter will slice the
beam in the x and y axis and fits the beam prdfile determining an x and y center as long as
width and amplitude.

o Using one of the fitting functions defined before

2. Fit the whole image using a 2D fitting program in the non linear least square form.

We decided to go for the second option because it will produce the best results even if it is slower
than the first (and more time consuming for programming).

2.2 2D fitting

We decided to start writing the fitting program in MATLAB to discern which function works best
with our pictures and then trandlate everything in C++ for faster execution.

The algorithm is the Gauss-Newton algorithm for solving non linear least square problems. At first
we didn't try to fit the whole image but only the central region determined by the cookie cutter, in
other words, the region determined by the cookie cutter algorithm is used as the trust region for the
Gauss-Newton algorithm.

The Gauss-Newton algorithm was chosen over the Marquadt method because it is faster. The major
drawback is that we have to choose the initial parameter accurately otherwise the algorithm will not
converge. Thisis not a big problem since the centroid algorithm gives us a nice estimate for the
initial parameters.

The first function that we used was a 2D gaussian since it is the shape that a laser beam should have
when there is no diffraction or noise. A slope was added under the gaussian to take in consideration
noise (both coming from the camera and diffused light) and the angular alignment of the beam in
respect to the CCD.

Thisis the formulathat we used:

Ae = > 4a-x+b-y+c

We started from the square section of the gaussian beam (selected by the cookie cutter algorithm)
shown below.
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toBeFitted

Wecreated theinitia prediction from the output of the cookie cutter:

Prediction

Prediction residual map

inifialPredition (C++ RMS pre-elaboration)

Fredition residual map

Then, we let the iterative fit algorithm run for ten iteration obtaining the images below:

Final output

Residual map
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fittedSolution Residua map

200~
150 o

100 4

g

150

As we can see the algorithm is less precise on the borders of the image, this is because of the first
airy disk surrounding the central gaussian spot. We also noticed that the camera that we borrowed
from 40mt experiment has two burnt spots:

Prdfile Front view

R B .
e O SO AR
(S R S T
L —* ............................. R S I :
; _;\h M e w i
0 — ....... e B W
- I G -
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Then, we examined the convergence of the algorithm and added convergence criteria for the
method.
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w1n® R2 square residuals, B2 is: 367782 5236

As seen from the graph above, the convergence of the algorithm is quite fast and in fact, the first
iteration of the algorithm reduces most of the residuals.

If we manage to make only one iteration per image, we can keep the fit in alinear zone and make it
run faster.

In order to improve the precision of the algorithm, we added an elliptical mask over the image.
As an aternative, we could use the output from the cookie cutter as a mask for the image.

One of the problems with the Gaussian fit is that, because of the Airy rings trying to fit a bigger
portion of the image (not only the part selected by the cookie cutter) the agorithm does not
converge.

Another problem was the dimension of the pixels, which are not perfectly square. We were not able
to measure if the laser beam has an elliptical shape or arotation. In fact if we try to fit the rotation
of the beam using the formula:

coas G 'HII =% @ sin 268 2(—".1 gin 2=8) -:|r| l.—.J i
- =T *| r— ..'L|_|I| +2% _.:l* T—I = W= ) I+ +.— = ?-.!'l l|
!.1 * e ['[' .éo:f Ja.b, T9a2 ! I" [' J ]Fﬁ. \ [‘ l" u' ‘!'71_.' ['

Since the algorithm sets ~ parameter to O this is an evidence, that the algorithm is not fitting the
difference in width of the real beam but the distortion introduced by the camera.

At this point we tried to fit the whole image with an airy. Since we used more pixels ( which means
more information), we expected to have better results.

The formula that we used was;

2
f=A-(sin (\/Sigmax-(x—xu)2+sigmay-{y—y0)2)) :’Sigmax-(x—x0)2+sigmay-(y—y0)2
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In fact, we did obtain better results and now there are no more limitations about the area that we
want to fit. Thisis an important achievement since we don't have to worry about the convergence,
but only about the velocity of the algorithm.

Hereit isthe result of the fit for the same image:

Final results Residuals

fittedSolution

EE——
150 4o
100

o

150

Now we can see that the fit is precise even at the borders of the image.
Below, we tried to fit the whole image:

200~
150 5
100 <

50 <

a00
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and we obtained:

Final results Residual map

150+

100+

50" ]
800

a00

100

The results were not as precise as we hoped. We started trying convolutions of the gaussian and
airy functions, but with no outstanding results.

Wealso tried to verify if the camera introduces some non linearity. Wetested this by compensating
the luminosity of every pixel before analyzing each picture. The compensating function that we
used was:

Im@i)=Im@i) (1+ I m(i))

From these tests, it appeared that the camera may not have alinear dynamic range and that for high
values of luminosity there is compression. (Under the hypothesis that what we should seeisa
perfect airy).

The alternative hypothesis is aberration in the optical collimator, which is probably the best
explanation for the deviations from the fit.

In any case, the fit precision obtained within the cookie cutter areais probably sufficient for the
task.

In the mean time some events occurs that shifted our attention towards different problems:

* Weborrowed again a camera from the 40mt experiment (the GC650). It became clear that
during the first days we made a really poor job injecting the fiber in the beam expander
telescope to the point that we were not sure if we needed an airy fitting program anymore.

» Wediscovered that the fiber suffer from a microphonic effect [section 2.3] which is not well
understood yet.

* Werecelved a new camera from Prosilica that shoved a really interesting and bothersome
diffraction pattern [section 2.4].

We started analyzing the statistical confidence intervals of our gaussian fit algorithm (limited to the
cookie cutter region). We did that by calculating the interval needed to have a 5% increase in the
square residuals.
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Result shown below were pretty outstanding:

X position:

1.338 pixel — 8.02 m

Y position:

1.236 pixel - 7.4 m

¥ 10

05+

0 I I
55 i) 6%

This is reasonable because by using so many points for the fitting function, we can have a precision

I
70

I
75

D 1
a0 55 60

I I I
g% 70 75

smaller than the single pixel. We compared with the advanced L1GO requirements.

The blue highlighted values below are the precision needed for the positioning while the red values

are the precision needed for the thermal distortion determination after the TCS correction.

movement

™M ETM
Half Lever Length 32.8 m 5.3 m
Spot diameter (2w) at CCD, no 4 mm 2 mm
distortion
Spot diameter (2w) at CCD, with H4.00348 mm 2.00011mm
thermal distortion )
8.7 x 10 1.1x 10
Movement at CCD with 1yradian [0.0656 mm 0.0106 mm

If the results shown above can be reproduced in areal time application, (not just in a post-
analysis) the CCD camera has the precision needed for the Advanced L1GO.
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Weused a new camera, a GC650, to make this new test and analyzed the behavior of the system
by taking streams of images with various delays. Then, we fitted 100 sequential images taken

with a GC650 by using the small collimator and a2m lever arm.

All fit positions were subtracted from average to compare results around zero and to study the
stability of the algorithm. We repeated the experiment with a stable fiber and then with a vibrating

fiber.

Fits with quiet fiber

= Xo [um]
= Yo [um]
strisciata.metric
°F 1 ! !
- . :'. -e é .‘ ’ ._
E . * . ® .i. . .. .. fne i
.E. 0 |- = S ', R .' o v
e - i - L Saw 5
’ - Xo [um] Yo [um]
- Mean| 2.0503649e-08| 0.16488966
- Std Deviation 1.1189401 1.3477342
-5 s —_—-—eeeeeeee—,e———
0 2 4 6 8 10

The system does not show a significant short term drift, which is much better than what we

time [s]

observed under the same conditions with the QPD system.

Below are the distribution of the samples:
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—— X0 [um)] —— e e A B e A |
L ¥ = m2 expl-{x-m3)* 2im4* 2)
Yo [um] Walue Errar .
m2 a7 187 1.0191
Data 36 m3 | 0.10481| 0.033649 |
40 — : o md 1.5053 | 0.047705
Chisg| 9.1295 A
R| 0.99717 A
- y = m2*exp(-(x-m3)* 2/imd* 2)
30 | Value Error
L] mz 38.825| 4.5928
m3 0.074615| 0.11816
i md4 1.2811 0.1743
20 Chisq|  149.23 NA
3 R 0.85001 NA
E _ ]
10
I @ L °
o [.8 g
_1"} i i i i i i
-5 0 5
Histogram X

LIGO-T0900477-v4

We noticed that we have a nice gaussian distribution. This means that by averaging the measured
values over multiples samples, we can increase the statistical confidence of the positioning.

Then, we analyzed what happens if we shake the fiber.

The fiber is strain relieved at the connection with the collimator using a clamp. It is strain relieved
near the laser as well, the fiber is shake in between the clamps.



LIGO LIGO-T0900477-v4

Fits with shaken fiber, almost double sigma

« Mo shake [um]
= %o shake [um]

strisciata.metric
10
5 v
E | '- . . .p'. . . . - . . . 1-. L] ,._
= . . . - . - - - - “ . - - -_
E . Foe # . - - ...“ ML :q.: . 0 . " - u . we
JF: ] E S i '_. S :-' :._-. - . ‘: N & S
By gn g als - - - - . - - .
=3 . - . - . - ¥
> -.i- - * * " . - i-
_5 - -
: Xo shake [um] Yo shake [um]
L Mean| -1.3585668e2-08| 1.2405217e-08
r 5td Deviation 1.5050254 2.2139342
I EE—___ ____ ____ ____ _ ______ __ ___________ _ ______________|
4] 2 4 i1 B 10

time [s]

We can also see some change in the histogram:
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In fact, the samples are more spread out around the center.

PR y = m2*exp(-(x-m3* 2imd* 2)
O STIEKE [LM Walue Error
& vo shake [uml m2 30.432| 21044
m3 | -0.079626 | 0.088314
Data 38 rmd 1.7411 013905
Chisqg 45104 A
0.97882 MA

N
\

20

15

N\
\ 3\

10

Xo shake [um)]

: y = m2*expl-(x-ma)* 2ima* 2
Value Error

o m2 20.524| 1.1609
[ m3 | -0.066894| 0.12375

i ma 26623 0.17641
5L . I Chisq| 21.081 NA
5 0 R| 097855 NA

Histogram X

Then, we anayzed the precison with which we can determine the width of the laser spot,
comparing the quiet and the “ shaken” setup :
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width in X quiet and shaken, error 3.6 x 10-* singe shot quiet, 1.09 x 10-3 with shaken

fiber.
. Sx [um]
+  Sx shake [um] Sx [um]| Sx shake [um]
Mean 292.13033 291.24484
strisciata.metric Std Deviation| 0.10701961 0.31871718
292.5
;“. 't‘. L . - . s * ."' N . * : .""n‘i,. “N" - '.‘
292 L y g i g CH—
-E L - - = )
2 291.5 - IR .
kel - - -
oy - - - -
291 - - . . i. .i L - . :
-. L - - ™ - ‘_- - . -
290.5
0 2 4 L] B 10
time [s]

Averaging over ten images would give us the needed precision to monitor the thermal distortion.
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width in Y quiet and shaken, , error 3.8 x 10-* singe shot quiet, 1.55 x 10-? with
shaken fiber.

Sy [urn]
= Sy shake [um] Sy [um]| Sy shake [um]
Mean 301.96408 303.03341
strisciata.metric Std Deviation| 0.11474703| 0.47002041
304
3{]3.5 - L] " Ll : " 'i. * - .
. - *... * * *a* ™ * ."'
303 B : " gz .
E i - - ’
-2. L] - - .
& I
302.5 o : : -
‘i L] it
302 : - -. : '-: * '.rl" . -.. ""‘ - : .-l-. [T} - -y ]
301.5
0 2 4 6 B 10
time [s]

The error with the shaken fiber is 3 to 4 times the error with the stable fiber.

2.3 Waobbling fiber

During our work with the QPD, we discovered that the fiber has a microphonic effect: bending the
fiber can cause a shift in position as much as 2.5 radian. Yelling at the fiber produced similar
effects.

Thisis probably due by the cladding mode of the fiber. At first, we thought that we could get rid of
this problem by just cropping the image around the center spot. However, from experimenting
different setups, we discovered that in most cases the effect is visible even in the center spot of the
beam as a change in amplitude. The effect is more likely to be related with the mono mode light.

» Isthevibration transferring some light from the core to the cladding modes?
* Weareinjecting too much light in the cladding mode of the fiber?
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* Wehave abad aignment of the optics?
2.4 Problemswith a camera
Wereceived a new camera (model GC1280) and encountered some problems using the camera.

24.1 Compensating

We had some doubt about the linearity of the camerain respect with luminosity
so we tried to compensate luminosity to seeif this affects the fit positively.

=
o
=]
T
5
1

0.35

T
e
|

034+ 7 J
0.93| .

szt Im = Im*(1+a*Im)

Correction parameter a

This does affect the fit, but we have to keep in mind that we can't determine an a-priori value for
the correction parameter. Also, it seems to work only with the airy fit, which is slower than the
gaussian fit.

The apparent non linearity may also be due to optical aberration effects. It isunlikely that the optics
produce textbook Airy rings.

Doubts aso remain about the behavior of the camera in the different regions of the CCD, but
because we expect the laser beam to be centered before operation, this is not a big issue at the
moment.

24.2 Interferencepattern

Thisisthe interference pattern that some of the cameras have:
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This probably happens because of the protective window glued in front of the CCD. If it is
mounted with an angle, it creates the interference pattern shown in the picture above.

Since we cannot filter high frequency components of the image to remove the diffraction pattern
(thiswill affect thereal signal aswell), we tried to fit the diffraction pattern itself.

The next picture is the residual map that we obtain from the gaussian fit.
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However, sineis not an easy function to fit by itself and in this case, it is nearly impossible.

The diffraction pattern cannot be fitted by z = sen( x + y) as we initially thought. The residua
map shows a more complicate pattern of overlapping sine functions. If we go ahead and try to force

the fit we obtain:
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toBeFitted

0D R

e

the fit. ¥
*In the worst case the whole fit does not ~

100

*In the best case the modulation is ignored by [/ :

converge trying to fit the modulation.

We can try with more complex functions, or with an iterative procedure (over the fit itself) that fit
independently the gaussian beam and the sine modulation (using the residual map). This adds a lot
of complexity to the agorithm and thus affects its performance.

We also have to keep in mind that only one of the cameras that we used (the GC1280) showed such
dramatic effect. The others have this effect, but in areally negligible amount.

We borrowed other cameras from the manufacturer and not all had this effect. If CCD camera are
used, they should be selected to avoid this problem.

243 CCDvsCMOS

We compared many of cameras so we can make some kind of comparison between these two types.
We started using CMOS cameras because they are less prone to saturate, at the end of the summer
we switched to CCD cameras. In our work conditions, the difference between these two
technologies is negligible and we have a better signal using CCD cameras just because they use
newer circuits and have a better SNR.
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2.5 Computational

The final agorithm that we produced in C++ showed a really good performance. This is mainly
because of the trust region that we introduced. The amount of data that we have to process after the
cookie-cutter algorithm is small enough to fit in the cache of acommercial CPUs.

Using a macbook 2GHz, the average time to fit an image is between 100 and 200ms.
This performance can likely be improved with further work and using specialized processors.

We adso used parald libraries to solve the linear system created at each step. This increased
performance immensely and we expect that every other optimization would have less impact on
performance.

Hereit isthe activity diagram of the algorithm:

Data intensive Not data intensive O(lnz}
O(m"n) O(m,*n,) |
First image | Noige
i Image
0id u"G-'TSGTGn

«Image: m*n = 1000*1000 "

~ Iteration matrix
build O(m_*n_*k)

«Parameters: k =1

iteration per
-Crop: m,*n, = 200*200 image o [derivatives]
7 Matrix
resolution
O({m,‘*nJ*kQ}
[ATLAS]

New image

As we can see the centroid algorithm is used only to determine the initial parameters. We use the
results from the previous fit to determine the parameters for the next one. We can keep the number
of iteration per fit low (just one in most cases) and have a high frame rate. Another crucial point is
the crop before the fit because it reduces the amount of data to be processed.

The noise reduction stage was usually skipped during our tests. It is not a computational intensive
algorithm but it did not affect significantly the precision of the fit.

2.6 Comparison QPD vsCCD

We managed to make a comparison in real time of the two systems dividing the light on a cube
beam splitter and reading it at the same time on a QPD and a CCD. The timing between the two
plots is only approximate because acquisition is performed on two different computers:
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X position over time.

All the positions are relative to the average point, so every value is around zero.

All values are in microradian.

X0-QPD
X0-CCD

QPD_out

X0-QPD

-2

Time [hrs]

AndY position over time.

15 20
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Y0-QPD
Y0-CCD

QPD_out
12 ! T

Y0-QPD

Time [hrs]

We can ddfinitely see a correlation between the long term drift of the two systems.

The waviness of the CCD image is attributed to the Air conditioning cycles warping the optical
bench. The slow trend is probably thermal as well. The QPD signal shows much more noise,
probably due to fluctuating Airy ring or cladding light arbitrarily cut by the outer edges of the QPD

Then we compared with the not-normalized QPD.




LIGO LIGO-T0900477-v4

—— X0_QPD Y0_CCD
-— X0_CCD ——— YO_QPD

SEP30_NOTNORMALIZED SEP30_NOTNORMALIZED

¥0_0PD
¥0_cco

As expected we have a lot less correlation. By the way we tested the behavior of the system only
for arelatively short time and we have to make more tests.

The normalized QPD was discarded because of the feedback signal used to normalize the outpuit.
With too low or too high amplitude of the signal the feedback stopped working and we have a spike
in the output.

Asalast test wetried to perform a comparison of the two systems while shaking the fiber.

—— X0_gpd ——y0_gpd
-— X0_CcCD -— Y0_CCD

testShake testShake

#0_qpd
o

yi_qpd

i
i~

i

=

Time fime

During the test we tried to shake the fiber at various frequency. The effect is noticeable on the
CCD, but still much less than the QPD.
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Also, we noticed a really different behavior in the x and y axis for the CCD. This can be an
indicator that the precision of the algorithm can be increased and that maybe we have a bad
conditioning of the matrix in respect to the x axis calculation.

We had no time to study optimizations of the algorithm to further reduce its sensitivity to shaking
effects. It appears though that normal acoustic vibrations are below threshold and affect little the
stability of the fit's result.

3 FutureWork

It is possible that the two systems can behave equivalently if we can get rid of noise from the QPD.
At present though the CCD seems more reliable, less confusing to use even with the crude
algorithm that we used. Also the CCD allows us to monitor the width of the laser beam with
sufficient accuracy to track the residual thermal lensing after application of Thermal Compensation
to the test masses.

Hereisalist of tests and thing that needs to be done:

* Have a better understanding of the optics so that we can get rid of most of the diffraction
and instability of the setup.

* Rewrite the code in a parallel fashion so that we can have the highest frame-rate. At the
moment only the matrix-resolution (which is the most computing intensive) use paralel
libraries but we can substantially increase performance.

* Useanew camerawith better resolution and |ess noise.

» Study the conditioning of the matrix that we use for the Gauss-Newton algorithm so we can
be sure that the algorithm itself does not introduce small drifts.

* Usean external normalization box for the QPD.

* Make sure that the QPD does not pick up too much noise because the sampling rate of
labView istoo low (Hopefully don't use labView at all).

* We can increase the precision of the fitting algorithm just using double precision (16bit
image). Small portions of the code needs to be rewriten.

» After that we have acquired a really good understanding of the optics we can try to use
better functions to fit the image and make a strict comparison of the different methods.
Probably the gaussian fit that we produced will remain the best choice. A laser beam
without diffraction has a gaussian shape and that is he reason why the gaussian fit would
give us the best results.

» Alsowe never tested the program in the real site and with the optics that they currently use.
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