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Upgrade of Thermal Compensation System for Enhanced LIGO

For my project, I am working on upgrading the thermal compensation system (TCS) laser system for Enhanced LIGO.   The laser input power will increase from 7 W in Initial LIGO to 35 W for Enhanced LIGO, which will cause the power circulating in the cavities to increase from 15 kW to 36 kW.  Because of the high power of the laser, thermal distortions are created.  If this is not compensated for, the detector will not function properly.  The main thermal effects that modify the optics are thermoelastic deformation and thermal lensing.  These create wavefront distortions that decrease the gravitational wave strain sensitivity of the instrument by decreasing the arm cavity gain for the carrier, decreasing the power recycling cavity gain for the carrier and the sidebands, and increasing the total carrier power leaking out of the dark port. 
  The increase in main laser power requires an increase in the power of the thermal compensation system laser because the mirrors require more thermal compensation.
The LIGO optics were designed to operate with a certain amount of thermal lensing, based on the estimated absorption of the mirrors and a laser power of about 6 W.  The absorption of the mirrors was expected to be about 1 ppm from the HR coating and 10 ppm/cm from the substrate.
  However, the absorption of the mirrors is more than expected, and the laser power has been less than 6 W for Initial LIGO, and will be increased greatly for Enhanced LIGO.  The absorptions for the optics used in the LIGO interferometers are shown in Table 1.

	
	H1
	H2

	L1


	ITMX
	NA
	-1.9 ( 3.7 ppm
	2.3 ( 0.9 ppm

	ITMY
	NA
	11.6 ( 2.3 ppm
	6.6 ( 1.5 ppm

	ETMX
	NA
	3.8 ( 3.5 ppm
	NA

	ETMY
	NA
	5.7 ( 1.1 ppm
	NA


Table 1.  Absorption of optics in LIGO interferometers.

The mirrors will need corrective heating in either a central shape or an annular shape, depending on the level of heating of the mirror from the main laser.  The required heating shape for each optic is shown in Table 2.

	
	H1

	H2
	L1


	ITMX
	Central
	None
	Annular

	ITMY
	Central
	Annular
	Central


Table 2.  Required heating for LIGO optics.

The thermal compensation projector is used to remotely heat the optic using a CO2 laser.  The layout of the thermal compensation system optical bench is shown in Figure 1.  The beam passes through the beam shaping optical system and the heating pattern is projected onto the mirror using a projection telescope.
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Figure 1.  Layout of thermal compensation system.
The projector can heat in a central heating mode or an annular heating mode.  The central heating mode produces a Gaussian central heating spot.  The beam passes through a mask with a central hole with the desired diameter.  The annular mode is also a Gaussian profile, but it has a certain diameter hole where there is no beam in the center.  An annular mask is currently being used to achieve this annular heating pattern.

This summer, a new laser optical table is being set up and the thermal compensation system will be upgraded to have more power, from 10 W to 35 W.  The project includes working on intensity stabilization of the carbon dioxide laser.  This is necessary because noise in the thermal compensation can couple to output noise of the interferometer.  Also, the annular mask will be replaced with conical optics to create the annular pattern.  The goal of the summer will be to finish the new thermal compensation system set up, and prepare the system for installation at the LIGO sites in the fall.

The first step of the project is working on intensity stabilization of the carbon dioxide laser.  The relative intensity noise (RIN) of the 10 W system was about 2 ( 10-6 1/(Hz in the relevant bandwidth of 40 - 500 Hz.
 
The expected effect of intensity noise on displacement noise in the interferometer for central heating mode is given by


[image: image2.wmf]
For annular heating, it is given by


[image: image3.wmf]
where RIN is the relative intensity noise of the laser, P is the power absorbed in the substrates, and f is the modulation frequency.
  For 12 kW of power circulating in the cavity and an absorption of 5 ppm, the power will be 60 mW, and for annular heating there is a factor of 11:1 increase, so the power will be 660 mW. For the RIN of the stabilized and unstabilized laser, I used the photodiode RIN for the stabilized laser and the open loop RIN for the unstabilized laser.  These noise contributions are compared with the Initial LIGO and expected Enhanced LIGO sensitivity curves in Figure 2.
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Figure 2.  Noise contribution of stabilized and unstabilized TCS laser.
An intensity stabilization servo for the upgraded system has been designed and set up, and is shown in Figure 3.
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Figure 3. Design of intensity stabilization servo.

The beam from the 35 W CO2 laser goes through an acousto-optic modulator (AOM) and then goes through two mirrors where a small amount of light is directed to two photodiodes.  The remaining light goes into a power meter.  The AOM is used to modulate the intensity of the light by controlling how much of the beam is deflected by the acousto-optic effect.  The first photodiode measures the intensity of the light it receives, which is sent through a low-noise preamplifier, and then fed into the servo and back into the AOM to stabilize fluctuations in intensity.  The second photodiode is located out of the feedback loop to independently measure the intensity fluctuations.

Several low-noise preamplifiers were tested to determine their noise spectra.  A comparison of the input-referred noise for three preamplifiers is shown in Figure 4.
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Figure 4.  Input-referred noise spectra of preamplifiers.
The preamplifier with the lowest noise was designed to be powered by batteries, but for a permanent solution the preamplifier will need to be powered by a power supply.  To ensure that it would still have low noise with a power supply, the preamplifier was connected with clips to a power supply and the noise spectra was taken again.  The results, shown in Figure 5, show that the noise spectra are very similar.

[image: image7.jpg]
Figure 5.  Input referred noise for preamplifier powered by batteries and a power supply.


The board design of the low-noise, battery-powered preamplifier was redesigned for the preamplifier to run off a power supply.  The new boards were ordered, and one of the preamplifiers was partially assembled.  However, the noise was much higher than expected, and various components are being tested to reduce the noise.

To measure the intensity noise of the laser, photodiodes will be used, so an accurate measurement of their noise level needs to be determined.  Movement of the position of the beam may cause noise to appear at the photodiode.  The structure of the photodiode is unknown, but it must be determined so that its response can be determined.  The photodiode may be composed of layers of photosensitive materials, with unresponsive layers in between.
  If this is the case, movement of a beam that is filling only part of the photodiode will cause noise.  To study the structure of the photodiode, it was first examined under a microscope.  The surface showed no signs of a pattern or structure.  A photo of one of the photodiodes is shown in Figure 6.
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Figure 6.  Photo of photodiode under a microscope.
Next, an optical arrangement was set up to put a very small, low-intensity beam on the photodiode to scan its surface.  The small beam size was created with a lens with a three-inch focal length.  For an incident beam with a diameter of 4.6 mm, this will create a beam waist radius of 0.11 mm.  The photodiodes are only capable of receiving 100 W/cm2, so the intensity of this beam must be low enough to not damage the photodiode.  For a Gaussian beam, the average intensity is one-half of the peak intensity of the beam.  Therefore, a 0.11 mm beam will need a power of only 0.02 W in order to not damage the photodiode.  Using highly reflective mirrors, this small portion of the laser power was directed to the photodiode, which is mounted on a translational stage.  The translational stage is used to move the photodiode in small increments to measure its response as the beam scans across its surface.  The results of two horizontal scans across the middle of the photodiode are shown in Figure 7.
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Figure 7.  Photodiode response vs. position for two scans.

The results of two vertical scans across the middle of the photodiode are shown in Figure 8.
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Figure 8.  Photodiode response vs. position for two scans.

The difference in position between the two scans can be attributed to small shifts in the setup as it was moved back and forth.  The overall pattern, however, remains the same between both scans.  The pattern is similar to a diffraction pattern, and it must be investigated if that is the cause of the inhomogeneous response.

Instead of using a lens to reduce the beam size, another possibility is passing the beam through a very small pinhole.  Pinholes that were 50 and 100 microns in size were made in a small metal sheet.  The pinholes had to be placed very near to the photodiode to reduce diffraction effects.  This method has not yet worked, as the signal of the beam through the smallest hole has not been detected.

An automated photodiode scanning setup is being constructed so that the photodiode can be scanned many times and a map of the response over its entire surface can be made.  Instead of changing the position of the photodiode, galvanometers will be used to move two mirrors to change the position of the beam.  The galvanometers will move the mirror by a certain angle for a certain amount of current supplied.  The calibration curve is shown in Figure 9.
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Figure 9.  Current vs. angle for galvanometer.

The current will be supplied by a computer data acquisition system, which can only output a small amount of current.  Therefore, current amplifiers will be necessary to obtain the required range to scan the entire photodiode.
The other major portion of the project this summer will be to replace the annular mask with conical optics.  Axicon lenses will be set up to create an annular-shaped beam, and then tested later this summer.
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