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MEMORANDUM

DATE:

November 29, 2011
	TO:
	Dennis Coyne

	FROM:
	Mike Smith

	SUBJECT:
	T1100517 HWS Final Design Review

	Refer to:
	LIGO- L1100262


Here are my comments and questions regarding the various documents reviewed below:
T1100517-v4_mrs

1. Introduction

Cite the document reference for the Requirements

2. Outstanding issues
Modeling: A full model of the Hartmann sensor probe beam including diffraction has not been analyzed (what is the expected repercussion of this?). Diffraction and HWS performance have only been analyzed separately (what are the results of this?).

Design: A retro-reflector tool for the in-vacuum alignment stage has not been designed What is the purpose of this tool?
Design: The overlap of the alignment laser with the SLED beam on the CCD has not been tested. Explain this.
Design: The surface requirements for the HWS mirrors closet to the IFO core optics (HWSX STEER M1 & M2, HWSY STEER M1 & M2) have not been defined from a scattering perspective.  (this was resolved after discussed with Mike Smith, as stated in T1100445-v3 AOS SLC: Signal Recycling Cavity Baffles Final Design, standard (/10 mirrors will be adequate here.)
Design: The proximity of the H2-HWSY STEER M1 to the IFO beam may be problematic. Describe this problem
Design: Given the most recent temperature measurements from the site and a revised analysis of the defocus error, the secondary beam is not necessary to keep the defocus error within the established limits. Be more specific; does this relate to the ETM transmon telescope. Cite a reference showing the calculation.
Design: The number of Hartmann sensors required for the ETMs will be contingent on the success of the sensor in the One Arm Test explain this. The FDR committee is asked to make a recommendation as to increased scope for the ETM HWS. We can either proceed with:

· one floating ETM HWS per site, or 

· two permanent ETM HWSs per site

· Electrical: The proposed 543nm Green HeNe laser used for alignment of the vertex HWS requires 110V AC (see in [T1100413 - Hartmann SLED and Visible Laser Properties]). Alignment of the HWS source will never occur during science mode at which time these can be unplugged. (this has been resolved: CVI Melles Griot offers a 12V DC version of the laser driver for their 543nm green laser, the 05-LPM-824-065)
Design: for the ITM, will scatter from the ALS green laser from the in-air HWS optics introduce too much phase noise into the ALS green locking scheme? How will this be analyzed? How can it be mitigated?
2.2 Risk reduction proposals

· Inject a beam with a Faraday isolator instead of a beam splitter [T1100546 - HWS risk reduction: Probe beam injection through a Faraday isolator].

Reviewer’s note: Can you use circularly polarized light and a quarter wave plate to separate the injected and reflected beams?
2.3 Early approval

We request that the FDR committee approve the following items ASAP:

· Frame grabbers and Camera-Link to Fiber-optic converters for the Hartmann sensors

· These will be purchased by the University of Adelaide who must spend their grant money within a calendar year. What is the deadline date for Adelaide?
In-vacuum optics and opto-mechanics for HAM4 and HAM5 (ITM-HWS for L1). What is the date that these items are needed?
5.1.3 Diffraction in the ITM optical layout

Change wording for consistency:
· The limiting aperture of the H1:HWSY (H2:HWSX) probe beam is the BS baffle (ITM Elliptical Baffle, located near the BS). This is illustrated in left side of Figure 7.

5.3.2 ITM – visible alignment lasers

· A 1mW, 543nm Green HeNe is the optimum choice

· One caveat exists: the transmission spectra for SR2 is not known. (reviewer’s note, MRS; can’t this be determined from the COC design data? We anticipate that this will not be a problem provided that the transmission through SR2 @ 543nm is > 10%.

5.4.1 ITM-HWS optics and opto-mechanics

· The beam sizes for the four different HWS imaging configurations (H1/L1:X, H2:X, H1/L1:Y and H2:Y) are shown in Figure 9, plotted from the SR2 AR surface for those beams injected through SR2 and the PO mirror for those beams reflected off the BS_AR surface. Reviewer’s comment, MRS; Please label the mirror locations on this figure.
T1100149-v8_mrs
3.1
Alignment Stage 1 (procedure shown for H1):

3.1.1.1  Alignment with laser theodolite surveying beam

(note, MRS: here is a proposed re-write of the alignment procedure)
Before this alignment is begun, place all the Hartmann optics on HAM4 and HAM5 at their nominal positions. Have available suitable clean targets that can be affixed to the optic and then removed to mark the center of each optic in succession.
1. Pull the A1-C viewport adapter  and place the theodolite at a location between the x- manifold tube and the cryopump (or the H2 equivalents) as shown in Figure 1. Align the theodolite beam so that it is within 1 mm of the H1 IFO optical centerline, and perpendicular to the ITM HR surface to within 100(radians. The theodolite beam will be reflected off the BS AR surface for the X-arm, and off the BS HR surface for the Y-arm to form two beams; thereafter the two beams will be reflected by the SR3 mirror toward the vicinity of SR2 mirror. 
If necessary, pull the A1-F viewport adapter on the Y-arm and place a second laser theodolite in the y-manifold.

2. Y-ARM HWS beam: The Y-arm beam should transmit through the center of the SR2 mirror and hit the center of the HWSY STEER M1; if it does not, adjust the vertical and horizontal position of the HWSY STEER M1until the beam is centered on the mirror.. Adjust the pitch and yaw of HWSY STEER M1 so that the theodolite beam hits the center of the next optic in the optical train. Continue the alignment procedure by iteratively adjusting the pitch and yaw of each succeeding optic until the beam exits the center of the HAM chamber output viewport to within 1mm.
3. X-ARM HWS beam: The X-arm beam should hit the center of the HWSX PO M1; if it does not, adjust the vertical and horizontal position of the HWSX PO M1until the beam is centered on the mirror. Adjust the pitch and yaw of HWSX PO M1so that the theodolite beam hits the center of the next optic in the optical train. Continue the alignment procedure by iteratively adjusting the pitch and yaw of each succeeding optic until the beam exits the center of the HAM chamber output viewport to within 1mm.
1.1. Place the theodolite at a location near the cryopump (or the H2 equivalents) as shown in Figure 1. Set up an axis, to within 100(radians of the nominal IFO axis, that is steered through ITM, through or off the BS (for Y- and X- axes, respectively), reflected off SR3 and is incident on:

a. the center of SR2 for the Y-ARM HWS beam.

b. the position of the nominal center of SR2PO for the X-ARM HWS beam.

1.2. Adjust the positions of the first HWS optics (the HWS collection optics) so that the surveying beam is incident on their centers:

a. Y-ARM HWS beam: Orient HWSY STEER M1 so that it is within 0.5( of its nominal orientation (HWSY STEER M2 must be placed within 1mm of its nominal position to ensure this orientation). Vary the position of HWSY STEER M1 until the incident beam is centered on it to within 1mm [Need centering procedure]
b. X-ARM HWS beam: ditto for ITMXPO STEER M1.

1.3. Adjust the orientation of the first HWS optics such that the reflected surveying beam is incident on the centers of the subsequent optics.

a. Y-ARM HWS beam: Adjust HWSY STEER M1 pointing such that the surveying beam is incident on the center of HWSY STEER M2.

b. X-ARM HWS beam: Adjust ITMXPO STEER M1 pointing such that the surveying beam is incident on the center of HWSX STEER M2.

Q: What do we use to locate the center in the vacuum? 

1.4. Lock the alignment of the installed optics. 

1.5. For the remaining optics:

a. Position them within 1mm of their nominal position.

b. Orient them to within 0.5( of their nominal orientation (by placing the subsequent optic in its nominal position as a target).

c. Adjust the orientation of the optic such that the reflected beam is incident on the center of the next optic to within 1mm.

d. Lock the alignment of the optics.

1.6. The final in-vacuum optics before the viewport must be positioned to within 1mm of their nominal position and within 0.5( of their nominal orientation.

1.7. Align final in-vacuum optics such that the surveying beam exits through the center of the viewport to within 1mm.
3.1.1.2  Fiducial reference points

(note: please supply a figure and more detail to adequately explain this procedure; where is the zoom lens/retromirror placed?; how and where do you place the fiducial marks?; is this on HAM4, or outside before the exterior table is in place?; this is all very unclear  )
1.8. Establish fiducials: Set up the zoom lens/retro-reflector near the edge of the HAM4  table such that the surveying beam is incident on the center of that optic to within 1mm. Adjust the zoom lens such that there is a beam waist on the flat retro-reflector. (Probably need a zoom lens here and a flat mirror). 
1.9. Align retro-reflector orientation such that the return beam to the surveying equipment is aligned to better than 1mm. how do we check this? Isn’t the return beam going to be big? NEED the tolerance here – very important.
1.10. Find the leakage of the retro-reflected return beam through the HWS RR PO mirrors. Q: Which are these optics? What is the leakage field (1%?)
1.11. Insert the leakage field collection optics and align these to within 0.5( of their nominal orientation. 

1.12. Establish fiducials using the retro-reflected beam that exits the vacuum system. The precision of the fiducial references must be capable of re-acquiring the axis to within 0.2 mradians (any error more than ~1.5m radians will not return a beam through the vacuum system). The fiducial references should be irises mounted on some form of pedestal/tripod or other such mount that is capable of returning them to a specific position to within ~ 1mm.

3.1.1.3  Add the exterior table

1.13. Leave the X and Y theodolites in position.

1.14. Close the HAM4 chamber. Note: which HAM door is open during the procedure? If the HAM door near the table is removed during the previous procedure, how do you know where the viewports are located?
1.15. Move the Hartmann sensor table into position outside of the chamber.

1.16. Add the periscopes to the table and insert a pair of irises onto the table to record the position of the beam from the theodolite as shown in Figure 2.

1.17. Mark the position of the Hartmann sensor table (ISCT4) so that it can be replaced to 0.5 mrad position precision. Note: why does the table need to be removed and replaced? 
3.2  Alignment Stage 2 
[Aligning the ISCT4 table and mating the in-vacuum and in-air axes]
Notes: Return beam will not exit vacuum if the alignment of the input beam is off by 1.7mrad (so the reflected axis is out of alignment by 3.5 mrad). Therefore the goal is to achieve an alignment to better than 10% of this, or around 0.17mrad. This implies that the alignment aiming laser beam must be aligned to the super-luminescent diode (SLED) beam to better than 0.05mrad.
3.2.1  Aligning the alignment laser to the IR beam

This sub-stage is illustrated in Figure 3.
1. Adjust the SLED fiber coupler such that the beam size and RoC is correct. (note: how do you do this?)
2. Align the SLED beam optics (HWSY SOURCE M1, M2 and BS) such that the beam is centered on them.

Align the SLED beams transmitted through and reflected from the detector beam splitter through the center of the two lenses and onto the position detectors (P-DET1 and P-DET2, separated by 500mm). Secure and lock all the optical mounts. Center the beam on the sensors by tilting the detector beam splitter and the detector turning mirror. Note the positions of the centers on the two sensors (note: how do you do this?). (Recommended sensors: Thorlabs PDP90A - 2D Lateral Effect Position Sensor, 320 to 1100 nm).
3.2.2  Aligning the return position detector to a retro-reflected beam

1. Insert the corner cube and iris into the beam approximately 50mm and 100mm from the BS, respectively.

2. Adjust the X-Y position of the corner cube until it’s return beam exits through the iris.

3. Align the retro-reflected beam through the lens and onto the P-DET3 detector placed at the far-field. 

4. Open iris

5. Move the corner cube transverse to the beam using the translation stage, to Modulate the corner cube by ((x = 1mm.

6. Adjust the position of P-DET3 on its translation stage along the optical axis until the position of the spot on the detector is fixed in the presence of the modulation of the corner cube. This ensures the P-DET3 detector is placed at the far-field.

7. Record the centroid of the beam on P-DET3 (note: how do you do this?).

3.2.3  Align the out-going aiming laser beam so that it is centered on all the optics

Position all the optics in their nominal positions and align the alignment laser so that it is centered on all the optics (see T1000179: aLIGO Hartmann Sensor Optical Layouts [H1, L1, H2]: Input Test Masses).

1. Align the alignment laser beam through the previously installed irises shown in Figure 2 (these should be between HWSY STEER M8 and HWSY PERISCOPE in Figure 6).

2. Confirm that the alignment laser is centered on the periscope optics (note: what to do if it is not?).

3. Adjust alignment beam using the closest mirrors to the periscope, HWSY STEER M8 and HWSY STEER M9) until the pick-off alignment beams, shown in Figure 5, are centered on the fiducial references (note: please show these in fig 5).

4. Fine-tune the alignment of the final mirror steering mirror before the periscope, HWSY STEER M8, until the retro-reflected beam from the ITM is centered on the retro-reflection location on P-DET3 that was determined in 3.2.3. Note: At 633nm, there is approximately 10,000 x attenuation of the retro-reflected. If 3mW is injected into the vacuum system the return beam will barely be visible to the human eye under optimum viewing conditions. The position detector, P-DET3, will be able to easily see this provided the beam is on the detector. The alignment through the on-table irises and off-table fiducials (note: where are these located?) should ensure a return beam is on the detector. The sensitivity of the detector will be sufficient to derive an error signal to fine-tune the alignment of the final steering mirror.

3.3  Alignment Stage 3 [Imaging the ITM]

1. Induce a sinusoidal YAW motion on the ITM at frequency f (note: what frequency? This must be lower than the response of the HWS).
2. Demodulate the HWS prism (note: explain the term “prism”)and position signals at the drive frequency f. i.e. measure the:

a. amplitude of the displacement of the beam on the HWS, and 

b. the amplitude of the angular change at the HWS

3. Locate the conjugate plane of the HWS relative to the ITM by dividing the amplitude of the displacement of the beam on the HWS by the amplitude of the angular change at the HWS (note: Please explain this calculation and how it is used to locate the plane).

4. Adjust the HWS position and the delay line until there is no displacement in the HWS beam as the ITM is YAWed.

5. Determine the magnification by comparing the tilt at the HWS with the tilt measured by the optical lever (note: This must be stated as a derived requirement for the Optlev Subsystem that the ITM optlev be operational at the time of this alignment procedure).

3.3.1  Required and demonstrated imaging precision

The conjugate plane of the HWS by the ITM must be located with a precision of  +/-1500mm as described in [T1000715 - Requirements for the ITM Hartmann Wavefront Sensor optical layout].

Therefore, we need to determine the corresponding precision in the measurement of the amplitude of the displacement of the beam on the HWS.

Vary the ITM yaw by a sinusoidal modulation with amplitude of ((. The displacement of the beam at the distance  Ltol is (xCONJ = (( Ltol. The displacement of the beam at the on the HWS is (xHWS = (xCONJ/M, where M = 17.5x.

Assume a maximum angular change at the HWS of ~ 2 mrad (this displaces the Hartmann spots on the CCD by ~2 pixels). This corresponds to a yaw at the ITM of  ~110 (rad at the ITM.

Therefore, the displacement of the Gaussian beam on the HWS must be sensed to better than (note, MRS: I can’t follow where this result comes from?):

3.3.2.2  Positioning of HWS beam on ITM

The center of the Gaussian probe beam should be centered on the HWS. This is easily accomplished when the HWS is placed in position. The center of the Gaussian probe beam should be centered on the center of the thermal lens in the ITM (which is nominally centered on the ITM) (note: explain why this is important?). 

The goal of this final step is to adjust the beam steering into the vacuum system to displace the ITM-bound optical axis such that its orientation is unchanged but it is centered on the ITM (note: this sentence is confusing).

1. Induce a thermal lens in the center of the ITM (CO2 laser or self-heating)

2. Determine the position of the center of the measured thermal lens (measured by the HWS) relative to the center of the Gaussian probe beam on the HWS, (xHWS (which is 2-dimensional). Translate this to the coordinate system of the ITM, (xITM = 17.5 ( (xHWS. A thermal lens offset from the center of the HWS coordinate system is shown in the left hand side of Figure 8.

3. The probe beam on the ITM needs to be translated by -(xITM on the ITM. The necessary changes in the orientations of the remotely-controlled steering mirrors should be determined using the measured steering matrices. Apply the required changes in the orientations of the steering mirrors. The thermal lens should then be centered on the center of the HWS coordinate system as shown in the right hand side of Figure 8.

4. Measure the position on the P-DET3 to verify the beam is retro-reflected (note: explain this).

Appendix: Alignment precision analysis (paraxial)

The 1D alignment precision of P-DET1 and P-DET2 is analyzed here. We wish to determine the precision that we can resolve the input location and angle, yin and (in, respectively. The i-th detector is placed a distance, Li, after a lens. The ABCD matrix for position on the detector is given by:
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The sensing matrix, Msens, is:
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The input axis (yin, (in) is given by:


[image: image3.wmf]  

y

in

a

in

æ 

è 

ç 

ö 

ø 

÷ 

=

M

sens

-

1

y

1

y

2

æ 

è 

ç 

ö 

ø 

÷ 

.

(note: what are the parameters y1 and y2?) Optimizing the sensing matrix is achieved by solving for minimum (wrt L1 and L2) in the uncertainty in the input position. The uncertainty in the positions, yi, are the same and set by the detector. For a Thorlabs PDP90A, this is approximately 2.2 (m.

If we substitute in the common mode length, X = (L1 + L2)/2 and the differential mode length, x  = (L1 - L2)/2, (note: into which equation are these substituted, and for which parameters?) we find that the uncertainty in 
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 is minimized if X = f, in other words, the two detectors are equal distances from the foci on opposite sides of the foci.

Lastly, we need only optimize the distance each detector is from the focus. The position sensitivity is improved as this is increased. However, the beam sizes become larger the further the detectors are from the focus. The Thorlabs PDP90A can sense the locations of beams of diameter 0.2mm to 7mm. If we specify that the Gaussian beam diameter of a beam can be no more than 1/3 the maximum diameter (= 2.3mm), we know the input sizes of the probe and alignment beams (= 17.4mm and 0.86mm, respectively), we assume that, to first order, the beams are collimated and we assume that f = 200mm, then we find that x ( 27mm (note: what is this new variable x?).

T1000179-v13
2  Imaging Solutions (for ITM+CP probe beams)

p.6

Taking into account all the requirements, the allowed regions in f1-f2 parameter space for H1, H2, and L1 HWSX and HWSY were calculated. Both +ve and –ve magnifications were examined in all cases but those shown are the ones that were judged to be more convenient; see sections 2.2 to 2.5.

In each case the selected point in parameter space was chosen to be in a region of minimal temperature-induced defocus of the imaging system (reviewer’s note: explain how this was done) and such that the mirror focal lengths were rounded to the nearest half meter.

2.2  H1/L1: HWSX (nominal)
A search was conducted of the parameter space constrained by the imaging, magnification and defocus requirements. A solution that used conventional readily available radii of curvature mirrors and lying near the defocus minimum was chosen.

HWS PO Beams: The alignment optics HWSY PO M1, HWSX PO M1 and HWS PO M2, in Figure 9, and the beams that result from them are discussed in more detail in [T1100149 - Initial Alignment of the ITM+CP Hartmann sensor].

p.13
HWS Dichroic optics: The alignment optics HWSX STEER M1-M2 and HWSY STEER M1-M2 are all dichroic beam splitters that reflect  > 99%  500-900 nm and transmit > 99% of 1064 nm light. The transmission is dumped onto black glass beam dumps (see AOS document [T1100445 - AOS SLC: Signal Recycling Cavity Baffles Final Design] for a description of these baffles). This attenuates the 1064nm beam by > 104 ( before the beam exits the vacuum system.
Figure 11: HWSX imaging optics on the exterior table. (note: remove this description from the title; it is already in the following text. The beam propagates from the LIGHT SOURCE through the polarizer and HWP. The mostly s-polarized beam is reflected off a 50/50 beam splitter and then off a polarizing beam splitter (PBS). It can be blocked by a FLIPPER MIRROR after this if necessary. From here the probe beam passes through a delay that is used to adjust the F2-HWS distance and then is incident on HPX_F2 at close to normal incidence. It passes through another delay line that adjusts the F1-F2 LENGTH and then is injected into the vacuum system. The beam reflects off another imaging optic inside the vacuum and then is injected into the cavity off the wedged AR surface of the BS and then is retro-reflected off the ITM. The retro-reflection from the ITM is transmitted back to the HWS onto the HWS.
The backward-propagating HWS ITMX probe beam (magenta) propagates from the vacuum system (from the left) and, via the UPPER AND LOWER PERISCOPE MIRRORS (see Section 4.11), down to the height of the in-air optical table. It is steered through a delay line made from mirrors HWSX STEER M5 and HWSX STEER M6 (this is discussed in more detail in Section 4.1). From here the beam is steered to and reflected off the second curved mirror in the imaging system, HPX_F2. Two of the mirrors around HPX_F2 (note: please label these mirrors in the figure) will be motorized pico-motor beam steering mirrors – see Section 4.12.1. The beam is steered by several mirrors through another delay line (formed by HWSX STEER M10 and HWSX STEER M11). 

The beam is steered by mirrors HWSX STEER M12 through M14 onto a polarizing beam splitter (PBS). [Note, the flipper mirror in this region is intended to block the forward-propagating beam when the flipper is raised – see Section 4.9]. The reflection of the backward-propagating beam from the PBS is then transmitted through the 50/50 beamsplitter (BS) – see Section 4.10-, a band-pass filter (note: please label this in the figure) (HWSX BAND PASS – see Section 4.7) and onto the HWS. The HWS is at a conjugate plane of the ITM (see Section 4.2).

The forward-propagating beam, in Figure 11, originates from the end of an optical fiber (LIGHT SOURCE) and is sent through a polarizer (HWS POLARIZER) and half-wave plate (HWP) – see Section 4.4. The HWP is arranged rotated such that the probe beam is almost entirely s-polarization. The forward-propagating beam is then reflected off the main beam splitter BS. The HWS probe beam is reflected off the PBS. The small amount of p-polarization on the forward-propagating beam will be transmitted through the PBS to create the Secondary/Reference Beam (see Section 6 for a discussion of the Secondary Beam). 

The alignment laser beam (red), optics, opto-mechanics and electronics on the exterior table are discussed in more detail in T1100149 Initial Alignment of the ITM+CP Hartmann sensor.
Figure 12 shows the in-air optics for the HWS ITMY probe beam. (note: please label the components described in the text on the figure) There are two main differences between the X & Y setups:

3.2 Folded H2 optical layouts (HAM10 & HAM11) interferometer – ITM+CP
4.1  Delay line paths.
(note: move paragraph before figure)

Where possible, delay lines (consisting of two beam steering mirrors that reflect the beam through 180 degrees) have been added between all focusing optics. By moving the mirrors as a set longitudinally along the beam axis these allow fine-tuning of the imaging and magnification with minimal impact on the alignment.

Table 6: Astigmatism due to the in-air telescope mirrors. Angle of incidence, actual radius of curvature (vertical) and apparent radius of curvature (horizontal) for each optic. The resulting magnifications in the horizontal and vertical directions are also shown.

	Optic
	AOI
	cos2(()
	Apparent RoC (mm)
	(z3 (mm)
	Mag.

[h]
	Mag.

[v]

	H1/L1:HWSX F1
	2.0( [h]
	99.87%
	4993.73 [h]
	0
	-17.67
	-17.50

	H1/L1:HWSY F2
	2.3( [v]
	99.83%
	+2995.0 [v]
	-8.4
	17.74
	17.55

	H2:HWSX F2
	3.81( [v]
	99.56%
	+2986.8 [v]
	-24
	18.15
	17.65

	H2:HWSY F2
	1.77( [h]
	99.90%
	4995.2 [h]
	0
	-17.62
	-17.50


(note: what is the conclusion of this section? Additionally, the perturbations to the focal lengths of the imaging optics will shift the conjugate plane of the ITM. We move the HWS along the optical axis by (z3 to compensate.)
4.14  Beam Tubes
As far as possible, the Hartmann beams should be enclosed in beam tubes to reduce the effect of air currents on the wavefront. 

The HWS enclosures [D1102033 - aLIGO TCS H1-L1 Viewport and Table Enclosure Assembly] should serve to sufficiently reduce the integrate air-currents over the HWS beam (when the HEPA filters on the enclosure are not running (note: please explain that you apparently must turn off the HEPA filters when you make a wavefront measurement?).

p.27

For reference, a 
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. The maximum spurious defocus that can be tolerated in the HWS is ~7.4 x 10-4 m-1. Therefore, the maximum displacement that can be tolerated between the HAM chambers, without requiring any compensation of this effect in the Hartmann sensor analysis, is approximately 390 (m (see T1000715). The maximum motion expected from HEPI is of the order of 1mm (note: how much change in length of the signal recycling cavity is allowed by ISC?). As a result, we will need to incorporate the signals from HEPI and ISI into the analysis of the Hartmann sensor signal.

6.2  Secondary beam telescope sensitivity

The purpose of having a secondary beam telescope is to be sensitive to variations in the displacement between the two HAM chambers. This can be used to estimate the added defocus error in probe beam. By the time of the FDR, this is now unnecessary in order to keep the defocus error below the minimum level of 7.4E-4 m-1 (which corresponds to a change in the distance between the HAM chambers of 350(m), as described in [T1100536 - Hartmann Wavefront System: Defocus error budget].
However, the residual systematic defocus error introduced by HAM-displacement-changes can be further reduced by the secondary beam. The level that this can be reduced to can be determined by determining the sensitivity of the secondary beam those displacement changes (note: confusing sentence). This is shown in Figure 21. If there is no temperature stabilization of the Hartmann sensor (upper figure), then this is dominated by the thermal expansion of the Hartmann sensor. If the Hartmann sensor is temperature stabilized to 0.05K (lower figure), then the displacement can be sensed to roughly 13(m. Therefore, the residual error in the defocus of the Hartmann sensor should be reduced to (13(m)/(350(m)*7.4E-4 m-1 = 2.7E-5 m-1, which is more than order of magnitude improvement.
T1100536-v1
3.1  Photo-electron shot noise

In 1D, the gradient measured at a single location on the Hartmann sensor, 
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 is the pixel size, 
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 is the displacement of the spot (in pixels) and L is the lever arm distance between the Hartmann plate and the CCD (=11mm). The uncertainty in the displacement of the spot is approximately given by 
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 where N is the maximum number of photo-electrons stored in a pixel per measurement (~160,000 e- for the Dalsa 1M60 cameras used in the HWS). The error in the gradient is then:
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The HWS measures the gradient of any wavefront change, 
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 in 1D. A purely quadratic wavefront change then has a gradient:
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We find that if we have a set of measurements of the gradient that are equally noisy, are uniformly distributed across an aperture of diameter, d, and separated by a pitch p then the standard error in a fit to S is approximately (note: where does the factor sqr 12 come from?):

3.3  Thermal expansion of the imaging telescope

If the HWS imaging telescope thermally defocuses, a real defocus will be introduced into the probe beam. This is, however, a systematic error in the measurement of the defocus in the ITM. If the entire telescope is considered (including thermal expansion in the fused silica optics), the change in defocus with respect to temperature at the HWS is (note: show the terms that comprise this equation):
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4  Results

A low frequency temperature spectrum was taken from LHO using 12 months of temperature data. This was used to determine the temperature dependent contributions to defocus. The total defocus error is determined from the quadrature sum of the shot-noise defocus with the linear sum of the temperature dependent defocus effects.

The defocus at the ITM is the defocus at the HWS divided by the magnification (17.5() squared.

The results are presented in Figure 1. In addition to the errors, the defocus expected from 4mW absorption, 400mW absorption and also the maximum tolerable defocus limit calculated in T1000722. (note: state the conclusion of figure 1)
4.1  Secondary beam and temperature stabilization of the HWS

A second analysis was performed assuming that the temperature of the HWS is stabilized by a factor of 5x and the secondary probe beam is used to reduce the systematic error from the telescope defocus by a factor of 5x.

The results are shown in Figure 2. (note: state the conclusion of the improvement over figure 1, as shown in figure 2.)
T1000718-v3

p.6

The beam sizes for the four different HWS imaging configurations (H1/L1:X, H2:X, H1/L1:Y and H2:Y) are shown in Figure 3, plotted from the SR2 AR surface for those beams injected through SR2 and the PO mirror for those beams reflected off the BS_AR surface. Reviewer’s comment, MRS; Please label the mirror locations on this figure.

p.9

There are at least four types of coatings required for the optics in Table 1:

· Super-broadband coating 500-1100nm for s- and p-polarizations from 0-45( specify the coating for each mirror
· Partially transmitting, R ~ 10% at 543nm and highly reflective at 700-1100nm at close to normal incidence which mirror?
· Dichroic mirrors. Front surface: T > 99.5% for 1064nm at 45(, R > 95% for s- and p- polarization at 45(. Rear surface: AR coating for 1064nm at 45( specify AR coating
· Dichroic mirrors. Front surface: T > 99.5% for 1064nm at ~4(, R > 95% for s- and p- polarization at ~4(. Rear surface: AR coating for 1064nm at ~4( specify AR coating
3.1.2  H1, L1: Y & H2: X

The in-vacuum optics for H1, L1:Y and H2:X are listed below in Table 3. specify the coating for each mirror

p.12

The extra-vacuum optics for H1, L1:X are listed below in Table 5. specify the coating for each mirror

p.15

The extra-vacuum optics for H1, L1:Y are listed below in Table 7. specify the coating for each mirror
4.3  Unresolved issues

· Periscope design – will be LIGO design describe the function and location
· Fiber-free space collimators (invar) – LIGO design? Look for source explain this in more detail
· In-vacuum optics manufacturers – most will be custom

· Gouy phase adjustment for remote steering? – want Gouy phase difference to be ~90 deg explain this in more detail
· Extra-vacuum optics curved mirror manufacturers

Collimating lens for fiber. – need to choose one to produce correct mode explain this in more detail
T1100549-v1
Figure 1: The H1/L1 Hartman probe beams are injected into the interferometer to measure the thermal lenses in the compensation plates and ITMs. The layout is conceptually the same for H2. Reviewer’s note: show the ITM Elliptical Baffle in fig. 1.
3  Diffraction

The limiting aperture, the BS baffle (ITM Elliptical Baffle), in the optical system is elliptical and is narrower in the horizontal direction. Therefore, the analysis below examines the central horizontal cross-section of the HWS beam

3.2  BS_AR reflected probe beams (H1/L1 HWSX and H2 HWSY)

As described in Section 2.1, there are two limiting apertures at different planes along the optical axis for the probe beams reflected off the BS_AR surface. The first is the BS baffle (ITM Elliptical Baffle) and the second is one edge of the SR3 mirror. There are several options for reducing the effect of diffraction:

4  Conclusion

There are two main points to note:
1. The presence of diffraction does reduce the sensitivity of the HWS when operated in a differential mode. However, the sensitivity of the HWS is reduced by a factor of ~ 2.5x over a small fraction of the measured aperture. The original requirement for the HWS was that the sensitivity should be 10x smaller than the required correction ((/47 ~ 13.5nm) to allow for some headroom in the sensitivity. Therefore, the decrease in the sensitivity to ~4nm over a small fraction of the sensor should not reduce the ability of the TCS to correct to better than 13.5nm.

2. The aperture of H1:HWSX has been reduced by the displacement of the Hartmann probe beam on the SR3 mirror. The resulting ellipse spans a region of X: [-105mm, 83.5mm], Y: [-105mm, 105mm]. The total percentage of interferometer TEM00 power outside this region is 0.2%. If we interpolate the OPD a further +7.5mm in the +X-direction outside the HWS aperture, this is reduced to the target level of 0.1% (see T0600968 - Estimate of TCS sensor requirements).

T1000717-v4

4.1 Thermal defocus

The residual thermal defocus at the HWS is approximately 3.5E-4 m-1 K-1. This is below to the acceptable limit of thermally induced defocus is S = 7.4E-4 m-1, where S is defined implicitly in the expression for a quadratic wavefront distortion, W = 0.5 S r2. However, approximately 90% (note: how is this calculated?) of this thermal defocus comes from the thermal expansion of the Transmon telescope. The secondary beam will be able to measure this effect and it can be subtracted off the probe beam measurement for increased accuracy.
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