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Overview

Two obvious concerns in the constant search for greater sensitivity in the Advanced LIGO interferometers are making sure the test masses are aligned and making sure they are clean.  Small angular displacements of the interferometer’s mirrors, even on the order of nano-radians, will create differences in path length between the beams, leading to phase shifts which ultimately lead to unwanted noise in the system.  Additionally, even the smallest of contaminants on the mirrors will lead to scattering of light from the cavity and create more noise. 

The alignment system of the optical levers will use Super-luminescent LEDs at 830nm as the light source for the launching telescope [4].  This launching telescope will be placed along the length of the main aLIGO beams, but offset by a certain angle from the beam path itself.  This light source will be collimated and directed at an angle to a given test mass, reflected by the test mass, and collected on the opposite side of the main beam’s path by a quadrant photo diode.  The length scales we are dealing with are a 1 cm^2 quadrant photodiode with a 1-2 mm beam spot from a source as far as ~66m away [5].  The idea is that once the light source and the quadrant photo diode are calibrated to a properly aligned system (the process for doing this will be elaborated on below), we will be sensitive to deviations from proper alignment and be able to understand the type of misalignment, i.e., positive or negative angle displacement of the target [3].

The alignment system won’t provide initial alignment information, nor will it provide information during interferometer operation.  It is designed to be used for realigning optical components after work has been done on them and/or simply to reacquire lock after it is lost.  

The optical lever alignment system will be able to pre-align the interferometer to an accuracy on the order of microradians, which translates to the beam spot being with 1 millimeter of it's necessary, aligned position.  As mentioned above, acuracy on the order of nano-radians is necessary for proper functioning of the interferometer.  Therefore, it is important to distinguish the optical lever alignment system from the  wavefront angular feedback system.  The former is an alignment system designed only to get the beam spot to a position accurate enough for the latter, the wavefront sensing alignment system, to kick in [1].

A secondary system that will be placed on top of this system is a beam finder telescope designed to pre-align the launcher telescope to the mirror, without the need to enter the vacuum chamber with a target screen, thus avoiding the risk of carrying in dirt.  After the initial installation, the view finder telescope can also be used to detect 1064 nm light scattered from optical elements due to mirror defects, or due to contaminations like surface dust introduced during maintenance accesses [1].  Since the entire optical lever system is significantly offset from the main beam’s path, light captured by this CCD camera is unwanted scattered light.  Along with the noise produced by the scattered light, the 900 kW beams would burn surface dirt onto the optic’s surface creating noticeable imperfections in the highly sensitive lenses and mirrors [4].  Having a system to alert us of such dangers is therefore necessary.  This system will be comprised of a two-lens collimating telescope producing an image of the LIGO mirror onto a Prosilica GC1380 CCD camera or equivalent.

The Project

My responsibility this summer was to design, build, and characterize the beam finder telescopes, also called viewfinder telescopes, which align the launcher telescopes in the optical levers.  Characterizing these telescopes involved finding the best focus achievable and determining how good the resolution is at this focus.  Once this was done, a manual was written explaining exactly how to assemble the telescope for a given distance (detailed below) and the results that should be expected once assembled.  The alignment system will be employed at numerous locations throughout the interferometer and will be assembled and focused on site. Therefore the manual is necessary both for manufacturing many copies of the telescope and so that anyone will be able to quickly and efficiently find their maximal focus when in use.

Two different telescope designs were made, each with a different effective focal length.  The differences in design come from the necessity to have telescopes that can see targets at four different distances, 33.1 m, 28.2 m, 5.7 m, and 3.3 m.  One design, referred to as the ‘long’ viewing telescope design, will be in use at the 33.1 m and 28.2 m distances, the only difference in engineering being the number of turns in the adjustment thread.  The second design will then be used for the 5.7 m and    3.3 m distances, the differences in engineering here being the addition of one lens and the number of turns in the adjustment thread.

In addition to needing telescopes at different distances, the long viewfinder telescopes (at 33.1 m and 28.2 m) needed to be able to focus in both visible light and infrared light.  This is due to the dual functions of the viewfinder telescopes mentioned above, namely, its ability to focus on the visible target and to later act as a scatterometer for the 1064 nm light from the interferometer’s main beam.  The short viewfinder telescopes do not necessarily need to be able to focus in both wavelengths as they will primarily be used as scatterometers since alignment at such short distances can be done by sight and need not have perfect focusing.  If need be, both telescopes have the ability to focus in visible and IR, the short viewfinders just lacking the ability to do so simultaneously.
Building the Telescopes
The telescope designs, made in collaboration with Fabian Pena, which specify the types of lenses and the distances between them, were the starting point.   Figures 1 and 2 show the designs of the long and short viewfinder telescopes, respectively, with the image being produced on a CCD camera placed at the back of both.
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Figure 1 

Design of the long viewfinder telescope, a two lens telescope, one positive lens and one negative lens, both acromatic.
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Figure 2 

Design of the short viewfinder telescope, a three lens telescope made up of all positive lenses.
While not shown in the figures, the lenses in these designs are specified.  For the long telescope, the larger lens (on the left-hand side of the figure) is the Thorlabs AC508-200-B and the smaller lens is the ACN127-025-B, also from Thorlabs.  The lenses in the short viewfinder, beginning from the left, are the Edmund 45181 from Edmund Optics, followed by the AC508-300-B from Thorlabs in the middle, and lastly the AC508-200-B from Thorlabs in the back.

Once these designs were made, they had to be physically realized.  This was a relatively straightforward problem to solve given the optical-mechanical parts available from Thorlabs.  These designs, including part numbers, are shown in figures 3 and 4.  The orientation is of these designs is rotated from that of figures 1 and 2, i.e., the ‘front’ of the telescopes are pointing the opposite direction.

[image: image3.png]| AC508-200-B

SM2L10

SM2L05

H i SM2T1

o SM2T2

SM2v10

SM2L30

' " 3

——

[ — 7
) AD1
— ACN127-025-8

SM2L20

SM2L05

SM2L10

i

= smm
=P smia9




Figure 3 

Schematic design of the long viewfinder telescope.  All parts are Thorlabs parts and the part numbers are listed alongside their individual drawing.
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Figure 4  

Schematic design of the short viewfinder telescope.  All parts are Thorlabs parts with the exception of the lens from Edmund Optics labeled “Edmund 45181”.  It should be noted that one additional piece is needed for the 3.3 meter distance as one design cannot accommodate the focus at both 5.7 meters and 3.3 meters simultaneously.
Focusing the Telescopes

The above designs not only provided two telescopes with a field of view large enough for their requirements, as figures 5 and 6 show, they also allowed for easy focusing from only one adjustment point.  In both designs this adjustment point is the long external thread of SM2V10, which has 1” of external thread and .8” of available adjustment (leaving a minimum .2” to be screwed in at all times for stability of the telescope). A locking ring is provided as well.  One of the goals of designing these telescopes was to have the distances prescribed by the designs be achieved when the adjustment thread is .6” screwed in, thus giving an adjustment range of ± .4”.  This adjustment capability was important for developing a procedure to find the maximal focus of these telescopes.

The first step in this procedure was to divide up each turn of the adjustment thread into smaller units, as the focus of the telescopes are greatly changed with a full revolution.  A ruler of sorts was made to divide each revolution into 30 segments, or π/15 radians.  This was done by measuring the diameter of the telescopes, which are just cylinders symmetric about the optical axis, and thus getting the circumference.  Dividing the circumference by 30 gives ≈ .23” (the diameter of the tubes are 2.2”), which was the unit of the ruler.  Once this ruler was wrapped tightly around the adjustment tube (SM2V10) the thread was turned all the way in with one locking ring in place.  A reference line was then drawn on the stationary tube across from one of the marks on the ruler, and this point was defined as the ‘zero’ turns point.  Figure 7 shows this setup.

From this easily reproducible position the adjustment thread could be turned out, moving the lens farther away from the next lens in the telescope.  In this way the image produced on the CCD camera would smoothly transition from being out focus to being in focus and then back to being in focus.  This corresponds to the front lens being too close to the next lens, moving farther away until the telescope is in focus, and then continuing to move too far away so that the telescope is once again out of focus.

The target used for the field of view images and for focusing the telescopes was simply a white piece of paper with a thick black line, .6” in width and 34 cm in length.  By taking images every certain amount of turns (either every 1/10th of a revolution or every 1/30th of a revolution) a record of the telescope’s focus is taken as it moves through this spectrum.  Analyzing several dozen of these images as the focus goes from bad to good and back to bad again allows the maximal focus to be found somewhere in the middle of this process.  This analysis is described in the next section.

[image: image5.png]



Figure 5  

Field of view of long viewfinder telescope at 28.2 meters.  The requirement to locate and align to a 34 cm test mass is satisfied with room to spare.
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Figure 6 

Field of view of short viewfinder telescope at 5.7 meters.  The field of view is sufficient for its function of seeing and aligning to a 34 cm diameter test mass. 
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Figure 7  

Setup for measuring the turns of the adjustment thread more accurately.  Here, the adjustment thread is turned all the way in so that the only space between SM2V10 and the stationary tube next to it is one locking ring.   The black lines on the ruler divide each revolution into π/15 radians, the green dots divide each revolution into π/5 radians, and the red dot provides an easier way to count full revolutions.
Data and Analysis

As mentioned above, in order to find the maximal focus of these telescopes a spectrum of images had to be taken ranging from poor focus to better focus and all the way through to bad focus again.  Figure 8 is an example of such a spectrum.  While figure 8 shows just 4 images, properly focusing these telescopes called for 40-60 images to be taken at each distance.  These images were taken on a “snap and turn” basis, where an image was taken, followed by a small turning of the adjustment thread (hence the division into 30 parts), followed by another image taken, and so on.

Once these images were taken, each was analyzed using a Mathematica program that analyzed a specified (by the user) row or column of the image.  The images produced by the CCD camera were 1360 x 1024 pixels, so the user can specify a row ranging from 1-1024 or a column ranging 1-1360.  The program then moves either from left to right or from top to bottom analyzing each pixel on a gray scale with 256 bins, with the value 0 representing completely black and the value 1 representing completely white.  Figure 9 shows a piece of sample datum taken from the second image from the right of figure 8.

Since this data reflects all the changes in gray scale throughout a given row, including those far away from the black line in question, KaleidaGraph was used to eliminate unnecessary data and focus on the relevant data.  Figure 10 shows the data after it has been cut down to only show that which corresponds to the black line being analyzed.  KaleidaGraph was used again to fit this data to two inverse tangent functions, namely: 

m1 + m2 *invtan((x-m4)/m3) + m5 *invtan((x-m6)/m3).

In this equation m1-6 are all parameters to be adjusted for each fit.  Figure 11 shows this curve fitted to a piece of sample datum.  The parameter of most importance however is the m3 parameter in the denominator of the inverse tangent arguments.  This parameter characterizes the speed at which the pixels move from white to black and from black back to white (moving from left to right across a row).  The better the focus the quicker the pixels in the image change from white to black.  The quicker the pixels in the image change the smaller the numeric value of m3.  Therefore, smaller values of m3 correspond to better focusing.

This process was then repeated on each image until a value for the m3 parameter of each was obtained.  Figure 12 shows a plot of the value of the m3 parameter in pixels versus the number of turns made away from the zero reference defined above.
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Figure 8 

Four of the images taken from a single test.  Beginning from the left, the image focus moves from bad, to better, to even better, and then to bad again.
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Figure 9 

A sample datum from an entire row of an image.  This is actually the data taken from the second image from the right in figure 8 but for generality the turn number in the graph is not specified, as there is a similar graph for every image taken at each number of turns.
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Figure 10  

The same data as in figure 9 except cut down to include only the data that is of interest, i.e., that corresponding to the black line being analyzed.
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Figure 11  

The same data as in figure 10 with a curve fitted to it.  The curve that fits best is a superposition of two arctan functions, namely: 

m1+m2*invtan((x-m4)m3)+m5*invtan((x-m6)/m3).  

Here, m1-6 are parameters to be adjusted in each fit, and the values of these parameters for this specific fit are shown in the image.  The parameter that is most important is the m3 parameter as this is what characterizes the rate of change of the function.
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Figure 12  

The value of the m3 parameters (in pixels) from each image plotted against the number of turns of each image from the reference point defined as zero.  The minimum of this plot gives the number of turns that has the best focus.
Generating a graph like that in figure 12 is effectively the end of the test for finding the best focus.  All of the above images and data are taken from 33.1 meters from the target in visible light.  This sort of test was then repeated for 33.1 meters in infrared light and for all of the remaining distances, 28.2 m, 5.7 m, and 3.3 m, in both visible and infrared light.  The way this test was repeated in infrared light was by turning off all visible light between the telescope and the target and shining an infrared LED onto the same black line shown above.  Figure 13 is an image taken in this setup.

The telescope is able to pick up the infrared light from the LED and a small bit of the black line can be seen in the image.  By adjusting which row is to be analyzed in the Mathematica program so that the row in question is one that moves across the illuminated part of the black line, each image can be analyzed in infrared just as it was in visible light.

Once each image is analyzed and a corresponding plot is made of the m3 parameter (in pixels) vs. the number of turns from the reference point, the graphs in visible light and infrared light can be compared.  Figure 14 shows both sets of data on the same graph.

The reason for the slight offset between the minimum of the plot in visible light and that of the plot in infrared light is that the index of refraction of the lenses used in the telescope are not completely constant functions of the wavelength of the light that impinges on them.  Despite being advertised as achromatic lenses, there are small deviations between the index of refraction of these lenses in visible light compared to infrared light, leading to changes in effective focal length of the telescope and therefore slightly different focuses.  

As figure 14 shows and despite these deviations in indices of refraction, there is still some overlap between the maximal focus in visible light and infrared light.  Therefore, the 33.1 and 28.2 meter telescopes (that considered in figure 14) can be maximally focused in visible light and in infrared light simultaneously.  Unfortunately, this does not automatically mean that the same is true for the other distances.  In fact, the short telescopes at 5.7 meters and 3.3 meters cannot do it perfectly.

Figure 15 shows the difference between the focus in infrared light and visible light in the telescope at 5.7 meters.  It will immediately be noticed that the graph characterizing the focus of this short telescope as a function of turns from the reference point looks different from that of the long telescope.  This is due to a small adjustment that had to be made in the analysis process.  This adjustment is explained below in the “Quick Aside on the Analysis Process” section.  What is important is that now the maximal focus corresponds to the maximum of the plot, which is now plotting the derivative of the curve-fit equation (in pixels) against the number of turns from the reference point.  As can be easily seen, the short telescope has no perfect overlap, and a choice needs to be made to either focus in visible or in infrared, both simultaneously is no longer an option.

Luckily this choice is not difficult.  The telescopes need to see in visible light only for alignment, where focus is less important, afterwards they only need to monitor infrared light. Therefore, as long as they are focused in infrared light they can do the alignment job and continue to serve as scatterometers for the remainder of their lifetime.
Quick Aside on the Analysis Process

The short telescopes had to be analyzed slightly differently than the long telescopes.  Because the short telescopes are more sensitive to changes in light intensity than the long telescopes, characterizing their focus by the m3 parameter alone was not sufficient because this parameter does not take into consideration fluctuations in light intensity and changes in ambient light (fluctuations which were negligible in the long telescope).

Instead, the maximum derivative of the fitted curve was used using the same equation as in the long telescope case.  This way it is not just m3 that is considered, but rather m2/m3, where m2 is the amplitude of one of the inverse tangent functions and thus characterizes the intensity of the light in the image.  In this analysis, the maximum of the graph, not the minimum, shows where the maximal focus is.  This is consistent with the previous analysis in which the minimum of the graph corresponded to the maximal focus because now the m3 parameter is in the denominator.  Therefore, the smaller m3 is, the better the focus, as was the case for the long telescope.
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Figure 13  

Same black line as that analyzed in visible light with all visible lights turned off and an infrared LED shining on it.  The rows chosen for analysis are ones that lie near the well-illuminated parts of the image.
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Figure 14 

The values of the m3 parameter (in pixels) in both the visible (red) and the infrared (blue) scheme vs. the number of turns from the reference point for the telescope at 33.1 meters.  There  is an overlap at ~7.9 turns, thus making it possible to focus in visible and infrared light simultaneously.  A similar result was found for the telescope at 28.2 meters with the overlap lying at ~8.2 turns.
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Figure 15 

The values of the derivative (m2/m3) in pixels vs. the number of turns from the reference point for the telescope at 5.7 meters.  Here, as explained in the “Quick Aside on the Analysis Process” section, the maximum of the plots determine the best focus, not the minimum.  It is obvious that there is no longer perfect overlap between the infrared focus and the visible focus as there was for the 33.1 meter and 28.2 meter telescopes.  A choice has to be made whether to focus in visible or infrared, since both cannot be achieved simultaneously.  A similar result was found for the telescope at 3.3 meters.
Once the maximal focus was found for these telescopes at their required distances, the long telescope design had to go through one more test.  Due to its length from the target, the long telescope needed to be tested to determine how sensitive its focus was to small changes in distance from the target.

To determine this focus stability the target was placed 33.1 meters from the target as before and moved by intervals of 10 cm forwards and backwards for a total of ±1 meter from the target distance of 33.1 m.  An image was taken at each interval for a total of 21 images.

Each of these images were then analyzed as above, by fitting the data to the inverse tangent functions and plotting the m3 parameters obtained.  The only difference now is that the m3 parameter is not plotted against the number of turns from the reference point.  Instead, the reference point is held constant at the point of best focus and the m3 parameter is plotted against the distance the target is from the telescope.

Figure 16 shows this plot for the telescope at 33.1 meters and, other than small deviations due to differences in light intensity when the target was moved, the value of the m3 parameter stays constant.  The telescope at 28.2 meters had a similar result.  This means that as long as the telescope is placed 33.1±1 meters from the target, the focus will be the same.

This test was unnecessary to run for the short telescope since at such a short distance there should not be much error in the placement of the telescope. 
This completed the tests of the focus of all four of the telescopes.  What was left to do is calculate the angular resolution of the telescopes when maximally focused and to write a manual describing how to construct and focus the telescopes on site at aLIGO.
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Figure 16 

The value of the m3 parameter (in pixels) as a function of distance from the target.  Once the telescope was focused, the distance between the telescope and the target was moved by 10 cm intervals both closer to and farther away from each other until a range of 33.1 meters ±1 meter was attained.   The focus stays very constant over this range.  The small fluctuations in light intensity effects the value of m3 but not the focus itself.
Calculating the Angular Resolution of the Viewfinder Telescopes

Once the best focus of the telescopes was found the resolution of the telescopes at this focus needed to be calculated.  This is in part a matter of definition of what is resolution.  After defining resolution, it was a straightforward calculation using only the information that was already acquired in the data analysis procedure.

The first step was to map each pixel of the CCD camera to it’s corresponding square on the image itself.  This is obviously the fundamental highest limit of resolution that the images can have, i.e., the camera certainly can’t resolve anything on the image spaced closer than the effective pixel size of the image.  The CCD camera produces images that are 1360 x 1024 pixels, and each telescope produces an image with a different field of view depending on its distance from the target.  To stay consistent with the examples above, we’ll take the 33.1 meter telescope as an example.

The 33.1 meter telescope produces an image that is 43.2 x 32.5 cm, so the effective pixel size of the image is a .3175 x .3175 mm square.  One of the inverse tangent functions in the curve-fit equation is then compared with both the idealized step function, which corresponds to infinite resolution and with the derivative of the arctan function at the derivative’s maximum.  Figure 17 shows a graphical representation of this comparison.

The maximum of the derivative represents the fastest the camera can move from white to black, thus putting a constraint on the telescopes resolution.  Where this line intersects with the ideal step function gives the horizontal distance, in pixels, which is the shortest length that the camera can resolve.  Once this distance in pixels is converted to a physical distance by relating it to the effective pixel size of the image, a quantity in millimeters is given, smaller than which is un-resolvable.  What this means is that objects on the image placed closer than this lower limit will not be resolved by the camera.

With this horizontal distance and the known distance from the telescope to the target, it is straightforward to calculate the angular resolution.  If this horizontal distance = d, and the distance from the telescope to the target = y, then the smallest angular displacement, (, between objects that the camera can resolve, i.e., the angular resolution, is

(=2tan-1(d/(2y))
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Figure 17 

Comparison of the inverse tangent function (blue) with the idealized step function (green) and the maximum derivative of the inverse tangent function (red).   We defined the distance between the two points where the red line intersects the green line as our resolution. It can be calculated by converting the number of pixels between these points to a physical distance.  This is done by finding the effective pixel size of the image as described in the text above.  This distance is the minimal distance two objects must be from each other in order to be resolved.
The Manual

The manual that was written to detail how to construct and focus these telescope can be found on the LIGO DCC with document # T1000559-v1.  In this manual are the step-by-step instructions for building and focusing the telescopes along with the typical values of the angular resolution to be expected once these steps are followed.
Other Work: Superluminescent LED

While working with the viewfinder telescopes consumed me for about the last 80% of the summer, a couple other small projects kept me busy for the beginning of the summer.  One of which was working with the Superluminescent LED, referred to as the SLED, which is the light source used for the launching telescope
The SLED needed to be thoroughly tested as it is a new piece of equipment not used before in LIGO.  I was able to complete one test on it and had to stop midway on a second test as the telescope became of more urgent need.

The test that was completed was a test of the electromagnetic radiation noise from the SLED driver.  Details of this report can be found on the LIGO DCC.  The report’s document ID number is T1000421-v2.
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