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1. Introduction
The Adaptive Optics system is located on the Nasmyth platform of the Keck telescope at the f/15 focus. The purpose of this note is to describe the design and specification of the optics between the telescope and the science instrument.  

The optical design includes the Keck telescope primary and secondary mirrors, two identical off-axis parabolas (OAPs), a fold mirror representing the deformable mirror (DM), a beamsplitter representing the IR transmitting/visible reflecting dichroic, an IR atmospheric dispersion corrector (ADC) and the NIRC-2 window.

2. Requirements
The science path design requirements are as follows:

A) The output f/# should be identical to the telescope's f/#.

B) The final exit pupil location should be the same as the telescopes', with respect to the 

image plane. 

C) The DM should be conjugate to the telescope's primary mirror.

   
D) The 10.949 m primary mirror should correspond to 136.25 mm on the DM.  

Note that this mapping was chosen to produce 16 subapertures across the 9 m 

inscribed circle as shown in Figure 1; 562.5 mm subapertures on the primary 

correspond to the 7 mm Xinetic's DM actuator spacing. 

E) The transmitted field of view should be 120 arcsec in diameter on the sky.

F) Good image quality over a focal plane perpendicular to the optical axis (see the image 

quality requirements below).

There are two error budget terms relevant to the specification of the science path optics. The calibration error term of 30 nm rms wavefront and the internal error term of 20 nm rms wavefront.

The DM can be used to remove some science path optics errors as long as they can be calibrated and are low enough spatial frequency to be corrected by the DM and are not field dependent.

NIRC-2 is planned to have three plate scales (0.01, 0.02 and 0.04 arcsec/pixel) and a 1024x1024 pixel InSb array. NIRSPEC will also use a 1024 InSb array with at most a 0.1 arcsec slit and 0.05 arcsec pixels with its second AO generation camera.

Field aberrations must be minimized since the deformable mirror cannot correct them. The allowable rms wavefront errors, corresponding to the radii of the three NIRC-2 fields, are 22 nm at 7 arcsec,  44 nm at 14 arcsec, and 88 nm at 29 arcsec; these three rms wavefront error requirements correspond to Strehl ratios of 0.98, 0.93 and 0.74, respectively. The aberrations can be larger at field angles >30 arcsec since this field is only used for tilt guide stars. These numbers correspond to approximately one-half the rms wavefront error caused by isoplanatism under the best atmospheric conditions.

The optical quality of the optics will be /20 peak-to-valley surface at 632.8 nm (~20 nm rms wavefront). This will insure good performance at the IR imaging wavelengths, and adequate performance for the visible systems.

3. Optical Design
The science path optical design is developed in the following sections, beginning with the telescope optical design and performance. The science path is constructed as the following items are added to the telescope: (i) OAPs and DM, (ii) IR dichroic, (iii) IR ADC, and (iv) NIRC-2 window. For each new addition, a first-order design and analysis is made first and then the Zemax optical design is presented. The flat mirrors in the science path (3 image rotator mirrors, fast tip/tilt mirror, and a fold mirror when NIRSPEC is used) have not been included in this analysis since they do not affect the optical design.

3.1 Keck F/15 Telescope
The f/15 focus of the Keck telescope is a Ritchey-Chrétien design. It is well corrected for both spherical aberration and coma, and the performance is limited by field curvature and astigmatism.  The plate scale is 0.725 mm/arcsec. Because of the hexagonal nature of the primary, the f/# of the telescope ranges from f/13.66 for the circumscribed diameter (10.949 m) to f/16.62 for the inscribed diameter (9.0 m). The exit pupil of the telescope (i.e., the image of the primary as seen from the focal plane) is 19.948 meters in front (i.e., toward the telescope) of the focal plane. The Zemax optical prescription for the telescope is attached as Appendix A; the telescope optical prescription was taken from KOTN 163.
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The rms wavefront error as a function of field position is plotted in Figure 2(a) for best focus on-axis using the full 10.949 m telescope aperture. The average error across the field or the error at some field radius can be minimized, as shown in Figure 2(b), by shifting the focal plane. The  first plot was made for a 72-arcsec half field of view and the second for 36 arcsec (36 arcsec, or 0.1 degrees, was picked simply to ensure that the x-axis numeric labels corresponded to the actual coordinate since Zemax rounds off the labels). One wave equals 1 μm.

3.2 First-Order Science Path Design
The first-order design approach which satisfies the requirements defined in section 2 can be described as follows:

1. Figure 3 is a reproduction of a figure from Korsch (Reflective Optics, 1991, p. 177), showing two approaches using a collimated beam between two identical OAPs, which minimizes the third order aberrations. We have chosen the off-centered pupil approach in Figure 3(a), to satisfy goal F, since the off-centered field approach produces a tilted focal plane. This approach also produces a unit magnification (m = 1) which satisfies goal A. The result is 

f = s1 = s2', 

where f is the focal length of the OAPs, s1 is the distance from the telescope focal plane to the first OAP, and s2' is the distance from the second OAP to the output focal plane.

Mirrors were used instead of transmissive optics to eliminate the chromatic aberrations (in response to goal F), and to reduce the emissivity.

2. The first OAP is positioned the appropriate distance after the telescope focus to achieve the desired pupil size on the DM (i.e., goal D). The result is 

s1 = (dDM/dPM)fTEL = 1.861 m, 

where dDM = 136.25 mm is the deformable mirror diameter, dPM = 10.949 m is the primary mirror diameter, and fTEL = 149.583 m is the telescope focal length.

3. The OAP diameter is chosen to accept the pupil and field diameter, to satisfy goals D and E,

dOAP = (dDM' + φFOV*PS)f/t + φFOV*PS = 231.3 mm,

where the field of view diameter is φFOV = 120 arcsec, the plate scale is PS = 0.725 mm/arcsec, t = 19948 mm is the distance from the telescope exit pupil to the telescope focus, and dDM' = 1460 mm is the exit pupil diameter.

4. The DM is positioned to be conjugate to the primary mirror to satisfy goal C. The separation of the DM from the first OAP is

tOAP1,DM = [-1/(t+f) + 1/f]-1 = 2.035 m.

5. The second OAP is positioned to produce the desired exit pupil location to satisfy goal B. The distance from the DM to the second OAP is

tDM,OAP2 = [1/(t-f)+1/f]-1 = 1.687 m.

The third-order aberrations resulting from the first-order design are calculated in Appendix B.

3.3 Optical Design - Telescope, OAPs and DM
The basic optical design includes the telescope primary and secondary mirrors, and a relay consisting of an OAP to collimate the light, a fold for the DM at an angle of 10 degrees, and a second identical OAP to reconverge the light. The optical prescription from the Zemax file SCI_SYS.ZMX is attached as Appendix C. A complete schematic of the layout is shown in Figure 4(a) and Figure 4(b) shows the layout beginning at the telescope focal plane. Note that these layouts are slightly distorted in these figures; the final image plane, for example, is not tilted.
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This design is reviewed below from the perspective of the section 2 requirements:

A. The image space f/# = 13.6618 is identical to the telescope image space f/#.

B. The exit pupil should be located 19948 mm in front of the image surface. The exit pupil position recorded in the prescription data is the paraxial position with respect to the image surface (-16296.1 mm) which is only valid for centered systems. A simple check that the pupil is at the correct position is to insert a paraxial (i.e., perfect) lens at the image plane. The various field rays should cross at the pupil image. This is illustrated in Figure 5, using an f = 200 mm paraxial lens located at the image plane. The middle surface in the figure is located 202.026 mm from the paraxial lens (i.e., conjugate to a plane -19948 mm in front of the focal surface); the other two surfaces are located 10 mm before and after this surface. The rays are from the on-axis and ± 0.01 degree fields.  The reimaged exit pupil in the figure appears to be exactly where it was supposed to be,  however, the sensitivity is poor; we can probably say that the reimaged pupil is at 202.026±0.03 mm from the figure which would only guarantee the exit pupil location at the ±1.5% level. The pupil plane is observed to be tilted by about 6.0 degrees. Note that the rays are traveling from right to left in this figure.  
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C. The DM should be conjugate to the primary mirror. The DM is shown in Figure 6 as the bottom left surface. The on-axis and ±0.05( off-axis rays from the first OAP enter from the top right and exit toward the second OAP at the bottom right.  

D. The 10.949 m primary mirror corresponds to 136.25mm on the DM. Zemax calculates a diameter at the DM of 136.30 mm when only the on-axis field is considered. Since the DM is tilted at 10( the diameter in the x-direction (out of the page) is 0.985 times the y-direction diameter.

E. The transmitted field of view should be 120 arcsec in diameter on the sky. The diameter of the two OAPs is chosen to accommodate this field.
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F. Good image quality. Figure 7 shows the rms wavefront error versus field position for a field of 0.02(; the performance is quite comparable to that of the telescopes' (Fig. 2). The spot diagrams and optical path difference (OPD) plots as a function of field position are shown in Figures 8 and 9, respectively. These plots indicate that the peak-to-valley error is less than 20 nm, and the geometrical spot size is less than 2.2 μm, out to a radius of 20 arcsec, without refocussing. This is considerably better than the requirement of < 22 nm rms at 7 arcsec, and the diffraction-limited spot size of 15 μm at 1 μm wavelength. 

3.4 Dichroic
The IR transmitting / visible reflecting dichroic is located just after the second OAP. The 20-mm thick plane parallel plate is tilted at an angle of 15( to the optical axis in order to reflect the visible wavelength light to the wavefront and tilt sensors.

The dichroic must accommodate a 60-arcsec diameter field of view in transmission and a 120-arcsec (87 mm) diameter field in reflection. The required dichroic clear aperture diameter, ddich, is a function of the field diameter, dfield, the pupil diameter, dpupil = 1460 mm (corresponding to the 10.949 m primary), the distance of the pupil from the image plane, tpupil = 19948 mm, the distance of the dichroic from the image plane, tdich = 1410 mm, and the tilt of the dichroic, αi = 15(:

ddich = [dfield + (tdich/tpupil)(dpupil-dfield)] / cosαi 
= 149 mm for a 60 arcsec field

= 191 mm for a 120 arcsec field

In order to maintain a reasonable aspect ratio (diameter/thickness < 10) the dichroic must be at least 15 mm thick for the 60-arcsec field, or 20 mm for the 120-arcsec field.

A plane parallel plate will introduce a longitudinal displacement that is a function of wavelength (i.e., longitudinal chromatic aberration),

Δz(λ) = [(n-1)/n] t .

A tilted plane parallel plate will introduce lateral displacement that is also a function of wavelength (i.e., dispersion).  The output rays will be parallel to the input rays but will be translated in the direction of the tilt by 

Δy(λ) = t{sinαi - cosαi tan[sin-1(sinαi/n)]}.

The results are summarized in the following table as a function of wavelength for a plane parallel plate of calcium fluoride of thickness t = 20 mm at a tilt of αi  = 15(, where n is the index of refraction. The first two wavelengths correspond to the extreme ends of the J science band and the second two wavelengths to the K-band extremes. The maximum longitudinal chromatic aberration at best focus corresponds to insignificant image blurs of 0.6 μm across the J-band and 0.9 μm across the K-band at f/15. The maximum dispersions are more significant: 5 μm or 0.007 arcsec across the J-band, and 7 μm or 0.010 arcsec across the K-band. In addition, the optical axis after the dichroic will be shifted transversely by 1.61 mm which corresponds to 2.2 arcsec on the sky.

	Lateral & Longitudinal Displacement

	λ (μm)
	1.06
	1.44
	1.96
	2.44

	n
	1.4285
	1.42654
	1.42406
	1.42146

	Δy (mm)
	1.617
	1.612
	1.606
	1.599

	Δz (mm)
	5.999
	5.98
	5.956
	5.93


The third-order wavefront aberrations for a tilted plate (t = 20 mm, αi  = 15() in an f/15 beam are

Spherical aberration
ΔWsph  = -[t/(f/#)4][(n2-1)/(128n3)] = -1 nm

Coma


ΔWcoma  = -[(tαi)/(f/#)3][(n2-1)/(16n3)] = -35 nm

Astigmatism

ΔWastig  = -[(tαi2)/(f/#)2][(n2-1)/(8n3)] = -272 nm

The lateral dispersion and coma could be corrected with a second plate of the same thickness tilted in the opposite direction.  However, the longitudinal dispersion, spherical aberration and astigmatism would be doubled. A second plate tilted in the orthogonal direction could correct for the dominant astigmatism error, but the dispersions and other aberrations would be increased.

All of the aberrations will be linearly decreased if a thinner plate can be used, and the lateral dispersion, coma and astigmatism will also be decreased if the tilt is reduced.  The best practical case for our scenario would be t = 15 mm and αi  = 13(; in this case:

Longitudinal chromatic image blur =

0.5 μm for J-band

Lateral chromatic aberration =

3.3 μm for J-band

Coma =




-23 nm

Astigmatism =



-153 nm

Note that the astigmatism could be significantly corrected with the DM, and that the ADC could be used to compensate for the lateral dispersion. The NIRC-2 window could be used to compensate for the astigmatism (if tilted in the orthogonal direction to the dichroic tilt) at the cost of introducing more dispersion (or vice versa).

The design approach that has been taken is to add a Zernike surface to the second surface of the dichroic to compensate for the aberrations and to add a wedge to the second surface to compensate for the lateral chromatic aberration. The wedge will tilt the focal plane slightly, but the resultant image blur across the detector is insignificant. 

The wedge is designed to overlap the image from each wavelength by the time they reach the image plane.  The distance from the second surface of the dichroic to the image plane is z = 1297 mm. The lateral displacement between the λ1 = 1.06 and λ2 = 1.44 μm wavelengths is Δy = 0.005 mm for a dichroic tilt of α = 15(. The second surface of the dichroic is tilted at α+Δα, where the wedge is

Δα =  sin-1{(Δy/z) / [(n12-sin2α)½ - (n22-sin2α)½]} = 0.111(.

IR reflective dichroic
An IR reflective / visible transmitting dichroic was considered. This option was rejected primarily as a result of an LLNL vendor trade study indicating that an IR transmitting dichroic meeting our transmission and reflection requirements would be manufacturable, but that an IR reflecting dichroic would likely not meet our requirements.  

A significant advantage of an IR transmissive dichroic is that for an error on the first surface, Δt, the transmitted wavefront errors are (n-1)Δt/n, whereas the reflected wavefront errors are 2Δt. Assuming that the second dichroic surface also contributes the same magnitude errors to the transmitted wavefront, then the ratio of the reflected to transmitted wavefront errors is 3.4:1if the surface errors add linearly (4.8:1 if they add in quadrature) for a calcium fluoride dichroic.

Assuming the same IR/visible performance, then emissivity and ghosts are equal concerns for the IR transmissive and IR reflective options.  For example,

Reflective dichroic:
R1 = IR reflectivity of first surface = 0.9

T1 = IR transmission of first surface = 1-R1
R2 = IR reflectivity of second surface = 0.02

T2 = IR transmission of second surface = 1- R2
Emissivity (i.e., source seen through dichroic) ~ T2T1 = 0.098

Ghost ~ R2T1 = 0.002 with respect to direct beam

Transmissive dich.:
T1 = 0.9, R1 = 1-T1
R2 = 0.02, T2 = 1- R2
Emissivity (i.e., source reflected in dichroic) ~ R2+T2R1T2= 0.11

Ghost ~ R2R1 = 0.002

Note that for the IR transmissive case the ghost to the science instrument will have two extra passes through the dichroic (12 mm path difference gives a defocus spot size of 1arcsec), and it will be displaced by twice the wedge angle (0.26(of tilt, 1.3 m from focal plane, will shift the ghost by 8 arcsec on the sky).

3.5 Optical Design - Telescope, OAPs, DM and Dichroic
The case of a simple tilted dichroic is shown in Figures 10(a) to (d).  For Figures 10(b) to (d) the focal plane was shifted slightly (by - 0.155 mm) from the position in the prescription. The rms wavefront error is quite large, at the 65 nm level, and is constant across the field. The OPD plot and spot diagrams are for particular science wavelength bands. The J-band peak-to-valley OPD is 0.4 waves ( 360 nm and, as expected, is dominated by astigmatism.  Dispersion causes the science images to be shifted by ~ 3.5 mm in the direction of the dichroic's tilt and causes the short and long 

wavelengths of a science band to be spread by ~ 6 μm. 
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The optical prescription incorporating the dichroic with a Zernike surface is attached as Appendix D. Figures 11(a) and (b) show the rms wavefront error for the J and K science bands.  Figure 12 is the OPD plot for the L science band. Figures 11(c) and (d) are the OPD and spot diagrams for the J-band, respectively.  Figures 11(e) and (f) are the K-band and L-band spot diagrams, respectively.
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The Zernike surface consists of a wedge (Z2 = ρsinφ) and an astigmatic term (Z4 = ρ2cos2φ).  The listed coefficients for these terms are A2 = 0.29680 mm and A4 = 0.0042183 mm for a radius of 150 mm.  The wedge angle is Δα = A2/(150 mm) = 0.001979 rad or 0.1134(. The required amount of astigmatism across the 43-mm radius pupil (corresponding to the 10 m primary) is A4(43mm) = A4(150mm)(43/150)2 = 347 nm. The peak-to-valley OPD introduced by this amount of astigmatism is 2OPD(43mm) = 2[(n-1)/n]A4(43mm) = 206 nm.
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3.6 NIRC-2 Window
The NIRC-2 window is a 7.6-mm-thick plane parallel plate made of calcium fluoride. It could be tilted, if desired, in order to partially compensate for some of the aberrations introduced by the tilted dichroic. The equations presented in section 3.4 would all be valid. The window is only 0.36 the thickness of the dichroic and would, therefore, have to be tilted significantly more that -15( to cancel the astigmatism (or the thickness would need to be increased). The required window clear aperture diameter would be 61 mm, assuming a 60-arcsec diameter field and that the first surface of the window is 254 mm in front of the focal plane. The required clear aperture for a tilted window will be increased by a factor of 1/cosα where α is the tilt angle.

4. Optical Specification and Tolerancing
4.1 Error Budget
The error budget for optical design, fabrication and alignment is presented in the following table.  The optical design terms are from section 3. The fabrication errors and their implication on the OAP, dichroic and IR ADC tolerances will be discussed in sections 4.2 to 4.3. The alignment errors are discussed elsewhere.

	Category
	Item
	RMS wavefront error (nm)

	Optical Design
	Science path without IR ADC
	10

	
	Science path with IR ADC
	10

	Fabrication
	Image Rotator
	28

	
	Tip/tilt Mirror
	25

	
	OAP1
	25

	
	DM
	25

	
	OAP2
	25

	
	Dichroic
	20

	
	IR ADC
	12

	Alignment
	To Telescope
	10

	
	OAPs
	20

	
	Dichroic
	5

	
	IR ADC
	10

	TOTAL
	without IR ADC
	69

	
	with IR ADC
	69


Providing that the above errors are low spatial frequency they can be corrected with the DM; this must be taken into account in specifying the optical components. The expectation is that the total of 69 nm above can be reduced by a factor of 3.5 to achieve the design requirement of < 20 nm rms wavefront for internal AO system errors. This is a very tight requirement, perhaps unnecessarily tight when compared to the other error terms, which was chosen to make its contribution negligible. A more realistic design requirement would be 30 (or even 40) nm.  

4.2 Off-axis Parabolas
The OAPs are specified by their radius of curvature or focal length, off-axis distance or angle, clear aperture and diameter, rms or peak-to-valley surface error, a smoothness specification (to limit the high spatial frequency errors), cosmetic (scratch/dig) quality, thickness and substrate.  The tolerances on the first two parameters are calculated in sections 4.2.1 and 4.2.2. The specifications are summarized in the following table:

	Off-axis Parabolas - Specifications

	Parameter
	Specification
	Tolerance

	Focal length (mm)
	1773.7
	± 5

	Off-axis angle (degrees)
	25
	± 0.025 of each other

± 0.05 of 25

	RMS surface error (nm)
	< 20
	

	Smoothness (nm)
	< 10 (peak) over 20 mm
	

	Clear aperture (mm)
	> 232
	

	Diameter (mm)
	254
	± 2

	Thickness (mm)
	 > 40 (as needed)
	

	Substrate
	Zerodur
	

	Cosmetic quality
	60 scratch, 40 dig
	


4.2.1 Focal length tolerance
Impact of an error in radius of curvature or focal length, f' = f + Δf = f(1+Δf/f).

A. Identical error for both OAPs
First consider the case of an identical error for both OAPs.  The first-order solution to minimizing the impact is to move the components to compensate for this error:

1. The first OAP will need to be located a distance Δf farther from the telescope focal plane.  

2. The collimated beam diameter will be increased by dDM'/dDM = 1+Δf/f .  

3. The DM will be moved to be conjugate to the new pupil location; the change in separation of the DM from the first OAP is 

tOAP1,DM'/tOAP1,DM 
= [-1/(t+f') + 1/f']-1/[-1/(t+f) + 1/f]-1 = (1+Δf/f )(1+Δf/(t+f)) 

( (1+Δf/f ).

4. The second OAP will be moved to provide the desired exit pupil location with respect to the final image plane. The distance from the DM to the second OAP is

tDM,OAP2'/tDM,OAP2 
= [1/(t-f')+1/f']-1/ [1/(t-f)+1/f]-1 = (1+Δf/f )(1+Δf/(t-f))

( (1+Δf/f ).

5. The exit pupil change in size is given by

dEXIT'/dEXIT = (t-f')/(t-f) (tDM,OAP2/tDM,OAP2') (dDM'/dDM) = (1-Δf/(t-f))/(1+Δf/(t+f)).

6. The output f/# is identical to the telescope's f/#.

7. The science instrument and DM should not need to move significantly since the Δf moves are made by the OAPs themselves. 

B. OAP1 error only
Now consider the case if only the first OAP had an error. Again we move the components to compensate. Steps 1 to 3 above are still valid.

4. The second OAP will be located at the same distance from the DM.

5. The exit pupil change in size is given by

dEXIT'/dEXIT = dDM'/dDM = 1+Δf/f.

6. The ratio of the output focal ratio to the input focal ratio is

f/#OUT/f/#TEL = (f/dDM')/[(f+Δf)/dDM'] = (1+Δf/f)-1.

7. The DM, second OAP, and science instrument do not need to move significantly.

C. OAP2 error only
Now consider the case if the first OAP is perfect and the second OAP is in error. In this case, steps 1 to 3 are not required since there is no change in the position of the first OAP, the collimated beam diameter, or the separation of the DM from the first OAP. Step 4 in A is valid.

5. The exit pupil change in size is given by

dEXIT'/dEXIT = (t-f')/(t-f) (tDM,OAP2/tDM,OAP2') = (1-Δf/(t-f))/[(1+Δf/(t+f))(1+Δf/f)].

6. The ratio of the output focal ratio to the input focal ratio is

f/#OUT/f/#TEL = [(f+Δf)/dDM)]/(f/dDM) = (1+Δf/f).

7. The science instrument does not need to move significantly since the Δf move is taken up by the second OAP.

Summary
The above equations are used in the following table to calculate the impact of a 1% error in focal length (Δf/f = +0.01, f = 1.88 m, t = 19.95 m):

	Off-axis Parabolas - Impact of a +1% focal length error

	OAP with error
	OAP1 and 2
	OAP1 only
	OAP2 only

	Shift in OAP1 position (mm)
	19
	19
	0

	Ratio of new to old pupil size at DM
	1.01
	1.01
	0

	Shift in DM distance from OAP1 (mm)
	19
	19
	0

	Shift in OAP2 distance from DM (mm)
	19
	0
	19

	Ratio of new to old exit pupil size
	0.998
	1
	0.988

	Ratio of output focal ratio to telescopes'
	1
	0.99
	1.01


4.2.2 Off-axis Angle Tolerance
Impact of an error in off-axis distance or angle, θ; angular error, Δθ.

A. Identical error for both OAPs
First consider the case of an identical error for both OAPs.  The first-order solution to minimizing the impact is to move the components to compensate for this error:

1. Ideally want to maintain the input and output beam directions.  This requires that the first and second OAPs be tilted to the new angle with respect to these beams (i.e., OAP tilt = θ+Δθ).

This is a tight constraint and somewhat unnecessary. We do have some freedom, but not much, to change the input and output beam direction via the tip/tilt mirror and science instrument location.  2. The DM must then be moved to the intersection of the beams from the two OAPs; it will be at the same angle with respect to both beams. It will need to be displaced 

Δx = tOAP1,DMcosθ - tOAP1,DM'cos(θ+Δθ)  and

Δy = tOAP1,DMsinθ - tOAP1,DM'sin(θ+Δθ) ,

where positive Δx and Δy are defined to be to the right and up, respectively, on Figure 4 (note that this is not the normal coordinate system definition for this figure).

3. The separation between the first OAP and the DM will now be

tOAP1,DM' = tOAP1,DM + Δθ(tDM,OAP2-tOAP1,DMcosα)/sinα,

where α is the angle the center of the two OAPs subtend at the DM.

4. The separation between the DM and the second OAP will now be

tDM,OAP2' = [tOAP1,DM'sin(θ+Δθ)-tOAP1,DMsinθ+tDM,OAP2sin(θ-α)]/sin(θ-α+Δθ)

5. The pupil is located a distance tOAP1,DM' - tOAP1,DM in front of the DM (i.e., toward OAP1). The change in distance from the pupil location to OAP2 is 

Δs2 =  tDM,OAP2 - tDM,OAP2' + tOAP1,DM - tOAP1,DM'

The distance from the focal plane to the exit pupil is

t' = [1/(-tDM,OAP2+Δs2)+1/f]-1 - f

6. The DM is no longer conjugate to the primary mirror; what is it now conjugate to? The DM is located a distance ΔtOAP1,DM = tOAP1,DM-tOAP1,DM' after the primary mirror conjugate plane. As viewed by OAP1 the DM will be reimaged at a distance of 

sOAP1' = [-1/(tOAP1,DM+ΔtOAP1,DM)+1/fOAP1]-1 from OAP1.

The secondary mirror will in turn reimage this DM image at a distance of 

sSEC' = [1/(sOAP1'-tSEC,OAP1)+1/fSEC]-1 from the secondary mirror.

As ΔtOAP1,DM increases, both sOAP1' and sSEC' decrease. In general, we would, therefore, prefer for the DM to be at or in front of the reimaged primary mirror since it would then be conjugate to a layer at or above the primary. If (sOAP1'-tSEC,OAP1) is negative, then a virtual image of the DM is produced.

Note that tSEC,OAP1 = 19.756 m and fSEC = 2.369 m.

B. OAP1 error only
Now consider the case of just the first OAP having an off-axis error.

1. We want to maintain the input and output beam directions.  This requires that the first OAP be tilted to the new angle with respect to these beams (i.e., OAP tilt = θ+Δθ); while the second OAP is tilted to the nominal angle.

2. The DM must be moved to the intersection of the beams from the two OAPs; it moves along the line toward the second OAP by the amount tDM,OAP2-tDM,OAP2'; the equations in A.2. above are still valid.

3. The separation between the first OAP and the DM will now be

tOAP1,DM' = tOAP1,DM sinα/sin(α+Δθ).

4. The separation between the DM and the second OAP will now be

tDM,OAP2' = [tOAP1,DM'sin(θ+Δθ)-tOAP1,DMsinθ+tDM,OAP2sin(θ-α)]/sin(θ-α)

C. OAP2 error only
Now consider the case of just the second OAP having an off-axis error.

1. We want to maintain the input and output beam directions.  This requires that the second OAP be tilted to the new angle with respect to these beams (i.e., OAP tilt = θ+Δθ); while the first OAP is tilted to the nominal angle.

2. The DM must be moved to the intersection of the beams from the two OAPs; it moves along the line to the first OAP by the amount tOAP1,DM-tOAP1,DM'; the equations in A.2 above are still valid.

3. The separation between the first OAP and the DM will now be

tOAP1,DM' = tOAP1,DM + tDM,OAP2Δθ/sin(α-Δθ).

4. The separation between the DM and the second OAP will now be

tDM,OAP2' = [tOAP1,DM'sinθ-tOAP1,DMsinθ+tDM,OAP2sin(θ-α)]/sin(θ-α+Δθ)

Summary
Using the first-order design values (tOAP1,DM = 2.06 m, tDM,OAP2 = 1.70 m, θ = 25.0 deg., α = 20 deg.):

	Off-axis Parabolas - Impact of a +0.1% error in off-axis angle

	OAP with error
	OAP1 and 2
	OAP1 only
	OAP2 only

	Ratio of new/old OAP1 to DM distance
	0.9999
	0.9988
	1.004

	Ratio of new/old DM to OAP2 distance
	0.9997
	0.9985
	1.006

	x-shift of DM (mm)
	0.7
	2.6
	‑7.5

	y-shift of DM (mm)
	‑0.7
	0.2
	‑4.3

	Angle between OAP1 and OAP2 at DM
	α
	α+Δθ
	α‑Δθ

	Distance from DM to pupil (mm)
	0.3
	2.5
	‑8.2

	New/old exit pupil distance from focus
	0.996
	0.973
	1.11

	DM image wrt primary (+ = above) (m)
	2.2
	232
	‑13.2


	Off-axis Parabolas - Impact of a +1% error in off-axis angle

	OAP with error
	OAP1 and 2
	OAP1 only
	OAP2 only

	Ratio of new/old OAP1 to DM distance
	0.997
	0.988
	1.011

	Ratio of new/old DM to OAP2 distance
	0.988
	0.984
	1.014

	x-shift of DM (mm)
	9.4
	26.2
	‑8.2

	y-shift of DM (mm)
	‑5.5
	2.4
	‑17.8

	Angle between OAP1 and OAP2 at DM
	α
	α+Δθ
	α‑Δθ

	Distance from DM to pupil (mm)
	6.2
	24.7
	‑22.7

	New/old exit pupil distance from focus
	0.871
	0.776
	1.348

	DM image wrt primary (+ = above) (m)
	‑31.1
	‑19.7
	‑15.8


Oversized OAPs
The simplest solution to the above problem is to oversize the OAPs so that they could be used off-center.  This would require that the OAP clear aperture be increased by

Δd = f[sin(θ+Δθ)-sin(θ-Δθ)].

For a 1% off-axis angle error this would require Δd = 15 mm; for a 0.1% off-axis angle error this would require Δd = 1.5 mm. The required clear aperture from the first-order design was 225 mm.  

There are two problems with this approach:  (i) there is not much space to move OAP-2 in one direction, and (ii) the OAP mount would be used off its axis which would mean that tilt and decenter moves would no longer be decoupled.

4.3 Dichroic
[image: image21.wmf]
The dichroic is primarily specified by its substrate and coatings (dichroic on one surface and anti-reflection on the second surface). The following additional specifications are also required: wavefront quality of transmitted beam (rms surface error and glass homogeneity), wavefront quality of reflected beam (rms surface error), wedge angle, thickness and cosmetic quality (scratch/dig and bubbles).

Many of the specifications for the dichroic are to be determined in consultation with potential vendors.  For the purpose of the analysis, a calcium fluoride substrate was assumed.

	IR Transmissive Dichroic - Specifications

	Parameter
	Specification
	Tolerance

	Tilt angle, α (deg)
	15
	±0.1

	Transmission (% at λ(nm))
	tbd
	 

	Reflection from 1st surface
	tbd
	 

	Reflection from 2nd surface 
	tbd
	

	Glass
	tbd
	

	RMS transmitted wavefront error (nm)
	< 20
	

	Clear aperture (mm)
	> 191
	

	Diameter (mm)
	254 mm
	

	Thickness (mm)
	20 mm
	

	Wedge, Δα (arcmin)
	6.8
	±1.3

	Wedge direction
	opens in +y direction
	

	2nd surface astigmatism
	1.87E-7r(mm)2cos2θ
	

	Direction of astigmatism
	θ = 0 on +x-axis
	

	Cosmetic quality
	60 scratch, 40 dig
	


4.3.1 Wedge tolerance
The purpose of the wedge is to overlap the different wavelength images at the focal plane. If we want this overlap to be good to within 1 μm (0.0014 arcsec), then we can use the equation from section 3.4 with Δy = 0.006 mm to compute the new wedge, Δα =  0.133(, versus 0.111( for Δy = 0.005 mm. This gives an acceptable wedge error of 0.022( or 1.3 arcmin. 

A wedge will deviate the transmitted beam axis with respect to the input beam axis and hence the tilt of the focal plane. The final beam direction is a function of the wedge angle and the index of refraction of the glass,

α-αf = α-sin-1[n sin(αn-Δα)] = -0.164( 
where αn = sin-1(sinαi/n),

α = 15( is the tilt of the dichroic and Δα = 0.113( is the wedge angle. The image blur from the center to the edge (d = 3.7 mm for the highest resolution NIRC-2 field) of the focal plane due to the focus error introduced by an image plane tilt is simply d(αi-αf)/(f/#) = 0.7 μm or 0.001(.

Appendix A.  Keck Telescope Zemax Optical Prescription

File : C:\PETER\ZEMAX.BAK\AO\F13KECK.ZMX

Title: F/13.66 Keck Telescope

Date : WED MAY 29 1996

GENERAL LENS DATA:

Surfaces        :           4

Stop            :           1

System Aperture :Entrance Pupil Diameter

Ray aiming      : Off

Apodization     :Uniform, factor =     0.000000

Eff. Focal Len. :      149583 (in air)

Eff. Focal Len. :      149583 (in image space)

Total Track     :       17895

Image Space F/# :     13.6618

Para. Wrkng F/# :     13.6618

Working F/#     :     13.6619

Obj. Space N.A. : 5.4745e‑007

Stop Radius     :      5474.5

Parax. Ima. Hgt.:     52.2143

Parax. Mag.     :           0

Entr. Pup. Dia. :       10949

Entr. Pup. Pos. :           0

Exit Pupil Dia. :     1460.13

Exit Pupil Pos. :      ‑19948

Field Type      : Angle in degrees

Maximum Field   :        0.02

Primary Wave    :    1.000000

Lens Units      : Millimeters

Angular Mag.    :     7.49863

Fields          : 2

Field Type: Angle in degrees

#        X‑Value        Y‑Value         Weight

1       0.000000       0.000000      40.000000

2       0.000000       0.020000       5.000000

Wavelengths     : 1

Units: Microns

#          Value         Weight

1       1.000000       1.000000

SURFACE DATA SUMMARY:

Surf     Type         Comment       Radius    Thickness        Glass     Diameter       Conic

 OBJ STANDARD                     Infinity     Infinity                         0           0

 STO STANDARD                       ‑34974    ‑15394.99       MIRROR        10949   ‑1.003683

   2 STANDARD                    ‑4737.916     15394.99       MIRROR     1325.088   ‑1.644326

   3 STANDARD                     Infinity     2500.019                  274.4786           0

 IMA STANDARD                     Infinity            0                   104.482           0

SURFACE DATA DETAIL:

Surface OBJ     : STANDARD

Surface STO     : STANDARD

 Aperture       : Circular Aperture

 Minimum Radius :          1000

 Maximum Radius :        1e+010

Surface   2     : STANDARD

Surface   3     : STANDARD

Surface IMA     : STANDARD

SOLVE AND VARIABLE DATA:

Semi Diam   1      : Fixed

Thickness of   2   : Solve, pick up value from 1, scaled by ‑1.00000

Thickness of   3   : Solve, marginal ray height = 0.00000

F/# DATA:

F/# calculations consider vignetting factors and ignore surface apertures.

             Wavelength:        1.000000    

 #                Field        Tan       Sag

 1           0.0000 deg:   13.6619   13.6619

 2           0.0200 deg:   13.6614   13.6615

GLOBAL VERTEX COORDINATES AND DIRECTIONS:

Surf      X coord       Y coord       Z coord   X direc   Y direc   Z direc

  1      0.000000      0.000000      0.000000  0.000000  0.000000  1.000000

  2      0.000000      0.000000 ‑15394.985000  0.000000  0.000000  1.000000

  3      0.000000      0.000000      0.000000  0.000000  0.000000  1.000000

  4      0.000000      0.000000   2500.019428  0.000000  0.000000  1.000000

Appendix B.  Third-Order Aberrations for Two Identical OAPs
The equations for the third-order aberrations for a collimated beam between two identical parabolas used in this section are also provided by Korsch.

initial object and final image inverse distances
v1 = -v2' = 1/f
(note: v1+ v1' = 1/f)

initial image and final object inverse distances
v1' = v2 = 0

primary Cartesian deviation



Δδ1 = Δδ2 = 0

Spherical Aberration,  A = τ1-4/8 (v13Δδ1-v2'3Δδ2) = 0.

Coma, 

B = τ1t1A + τ1-2/4 [v12-v2'2-(d1/2)v2'3Δδ2] = 0.

Astigmatism, 

C = -2τ12t1 (t1+τ1d1)A + 2τ1t1(2t1+τ1d1)B - (d1/2)(v12+v2'2) + v1 - v2'

= v1 - v2' - (d1/2)(v12+v2'2) = (1/f)(2 - d1/f)

= 0 

for mirror separation d1 = 2f 

= -0.0041 m-1 
for d1 = 2.007f (our case)

Field Curvature, 
D = (C - v1 + v2') = -d1/f2 

= -2/f

for d1 = 2f

= -1.13 m-1
for d1 = 2.007f (our case)

Distortion, 

E = τ13t12 (t1+τ1d1)A - τ12t1(3t1+2τ1d1)B 

+ (τ1/2)(2t1+τ1d1)C + τ1t1D - (τ12d1/4)(d1v2'2+2v1+2v2')

= τ1 [(t1+τ1d1/2)C + t1D - τ1d12/(4f2)]

= t12/f2 - 1
for d1 = 2f, where τ1 = 1-t1/f

= 0 

for entrance pupil distance t1 = ±f 

= 0.15

for d1 = 2.007f and t1 = -1.089f (our case)

Ray displacement:

For φx = 30 arcsec = 0.000145 rad & φy = 0  -->

ΔΦx 
= C(xφx+yφy)φx + Dxφ2 - Eφ2φx ( Dxφx2 

= -1.54 nrad

for ray at x-edge of pupil

Δξ'
= (f-t1)ΔΦx = 6 nm 
(i.e., negligible)

ΔΦy 
= C(xφx+yφy)φy + Dyφ2 - Eφ2φy = Dyφx2

= -1.54 nrad

for ray at y-edge of pupil

Parameters used for the above calculations:

f = 1.773 m, t1' = 19.948 + f = -21.721 m --> t1 = -1.931 m

t2' = -19.948 m --> t2 = 1.628 m  --> d1 = 3.559 m

entrance pupil radius r = (x2+y2)1/2 = 0.065 m

Appendix C.  Keck Telescope + OAPS + DM Zemax Optical Prescription

File : C:\PETER\ZEMAX.BAK\AO\SCI_SYS$.ZMX

Title: F/13 KECK + 2 OAPs; 2 arcmin FOV

Date : MON JUN 3 1996

GENERAL LENS DATA:

Surfaces        :          16

Stop            :           1

System Aperture :Entrance Pupil Diameter

Ray aiming      : Off

Apodization     :Uniform, factor =     0.000000

Eff. Focal Len. :     ‑149583 (in air)

Eff. Focal Len. :     ‑149583 (in image space)

Total Track     :     19668.6

Image Space F/# :     13.6618

Para. Wrkng F/# :     13.6679

Working F/#     :     13.6619

Obj. Space N.A. : 5.4745e‑007

Stop Radius     :      5474.5

Parax. Ima. Hgt.:     52.2142

Parax. Mag.     :           0

Entr. Pup. Dia. :       10949

Entr. Pup. Pos. :           0

Exit Pupil Dia. :     1205.59

Exit Pupil Pos. :    ‑16296.1

Field Type      : Angle in degrees

Maximum Field   :        0.02

Primary Wave    :    1.000000

Lens Units      : Millimeters

Angular Mag.    :    ‑9.08186

Fields          : 2

Field Type: Angle in degrees

#        X‑Value        Y‑Value         Weight

1       0.000000       0.000000      40.000000

2       0.000000       0.020000       5.000000

Wavelengths     : 1

Units: Microns

#          Value         Weight

1       1.000000       1.000000

SURFACE DATA SUMMARY:

Surf     Type         Comment       Radius    Thickness        Glass     Diameter       Conic

 OBJ STANDARD                     Infinity     Infinity                         0           0

 STO STANDARD    KECK PRIMARY       ‑34974    ‑15394.99       MIRROR      10949.3   ‑1.003683

   2 STANDARD  KECK SECONDARY    ‑4737.916     15394.99       MIRROR     1325.088   ‑1.644326

   3 STANDARD KECK FOCAL PLANE     Infinity         2500                  274.4786           0

   4 STANDARD   MINOR REFOCUS     Infinity  ‑0.01267924                  104.4804           0

   5 COORDBRK                     ‑‑‑‑‑‑‑‑     1773.672                         0     ‑‑‑‑‑‑‑‑

   6 STANDARD          OAP #1    ‑3547.319    ‑87.17391       MIRROR     1709.659          ‑1

   7 COORDBRK       OAP #1 CB     ‑‑‑‑‑‑‑‑    ‑2034.405                         0     ‑‑‑‑‑‑‑‑

   8 COORDBRK    DM TILT CB 1     ‑‑‑‑‑‑‑‑            0                         0     ‑‑‑‑‑‑‑‑

   9 STANDARD              DM     Infinity            0       MIRROR     138.9721           0

  10 COORDBRK    DM TILT CB 2     ‑‑‑‑‑‑‑‑     1687.269                         0     ‑‑‑‑‑‑‑‑

  11 COORDBRK                     ‑‑‑‑‑‑‑‑      87.1739                         0     ‑‑‑‑‑‑‑‑

  12 STANDARD          OAP #2    ‑3547.319     ‑87.1739       MIRROR     1802.012          ‑1

  13 COORDBRK                     ‑‑‑‑‑‑‑‑            0                         0     ‑‑‑‑‑‑‑‑

  14 STANDARD                     Infinity    ‑1860.886                  229.1492           0

  15 COORDBRK                     ‑‑‑‑‑‑‑‑            0                         0     ‑‑‑‑‑‑‑‑

 IMA STANDARD                     Infinity            0                  105.7492           0

SURFACE DATA DETAIL:

Surface OBJ     : STANDARD

Surface STO     : STANDARD

 Comment        : KECK PRIMARY

 Aperture       : Circular Aperture

 Minimum Radius :          1000

 Maximum Radius :        1e+010

Surface   2     : STANDARD

 Comment        : KECK SECONDARY

Surface   3     : STANDARD

 Comment        : KECK FOCAL PLANE

Surface   4     : STANDARD

 Comment        : MINOR REFOCUS

Surface   5     : COORDBRK

 Decenter X     :             0

 Decenter Y     :             0

 Tilt About X   :           ‑25

 Tilt About Y   :             0

 Tilt About Z   :             0

Surface   6     : STANDARD

 Comment        : OAP #1

Surface   7     : COORDBRK

 Comment        : OAP #1 CB

 Decenter X     :             0

 Decenter Y     :     ‑786.4269

 Tilt About X   :  0.0001623095

 Tilt About Y   :             0

 Tilt About Z   :             0

Surface   8     : COORDBRK

 Comment        : DM TILT CB 1

 Decenter X     :             0

 Decenter Y     :             0

 Tilt About X   :            10

 Tilt About Y   :             0

 Tilt About Z   :             0

Surface   9     : STANDARD

 Comment        : DM

Surface  10     : COORDBRK

 Comment        : DM TILT CB 2

 Decenter X     :             0

 Decenter Y     :             0

 Tilt About X   :            10

 Tilt About Y   :             0

 Tilt About Z   :             0

Surface  11     : COORDBRK

 Decenter X     :             0

 Decenter Y     :      786.4269

 Tilt About X   :             0

 Tilt About Y   :             0

 Tilt About Z   :             0

Surface  12     : STANDARD

 Comment        : OAP #2

Surface  13     : COORDBRK

 Decenter X     :             0

 Decenter Y     :     ‑786.4269

 Tilt About X   :            25

 Tilt About Y   :             0

 Tilt About Z   :             0

Surface  14     : STANDARD

Surface  15     : COORDBRK

 Decenter X     :             0

 Decenter Y     :             0

 Tilt About X   :   0.002510334

 Tilt About Y   :             0

 Tilt About Z   :             0

Surface IMA     : STANDARD

SOLVE AND VARIABLE DATA:

Thickness of   2   : Solve, pick up value from 1, scaled by ‑1.00000

Thickness of  10   : Variable

Parameter  3 Surf  10: Pickup from 8 times 1.000000

Parameter  2 Surf  11: Pickup from 7 times ‑1.000000

Curvature of  12   : Solve, pick up value from 6, scaled by 1.00000

Thickness of  12   : Solve, pick up value from 11, scaled by ‑1.00000

Parameter  2 Surf  13: Pickup from 7 times 1.000000

Thickness of  14   : Variable

Parameter  3 Surf  15: Variable

F/# DATA:

F/# calculations consider vignetting factors and ignore surface apertures.

             Wavelength:        1.000000    

 #                Field        Tan       Sag

 1   0.0000, 0.0000 deg:   13.6618   13.6619

 2   0.0000, 0.0200 deg:   14.0055   13.6615

GLOBAL VERTEX COORDINATES AND DIRECTIONS:

Surf      X coord       Y coord       Z coord   X direc   Y direc   Z direc

  1      0.000000      0.000000      0.000000  0.000000  0.000000  1.000000

  2      0.000000      0.000000 ‑15394.985000  0.000000  0.000000  1.000000

  3      0.000000      0.000000      0.000000  0.000000  0.000000  1.000000

  4      0.000000      0.000000   2500.000000  0.000000  0.000000  1.000000

  5      0.000000      0.000000   2499.987321  0.000000  0.422618  0.906308

  6      0.000000    749.586093   4107.479884  0.000000  0.422618  0.906308

  7      0.000000      0.000000   4360.831857  0.000000  0.422616  0.906309

  8      0.000000   ‑859.771509   2517.032270  0.000000  0.258816  0.965927

  9      0.000000   ‑859.771509   2517.032270  0.000000  0.258816  0.965927

 10      0.000000   ‑859.771509   2517.032270  0.000000  0.087153  0.996195

 11      0.000000     70.713401   4129.341745  0.000000  0.087153  0.996195

 12      0.000000     78.310861   4216.183943  0.000000  0.087153  0.996195

 13      0.000000   ‑712.721085   4197.881145  0.000000 ‑0.342023  0.939692

 14      0.000000   ‑712.721085   4197.881145  0.000000 ‑0.342023  0.939692

 15      0.000000    ‑76.255799   2449.222555  0.000000 ‑0.342064  0.939677

 16      0.000000    ‑76.255799   2449.222555  0.000000 ‑0.342064  0.939677

Appendix D.  Keck Telescope+OAPS+DM+Dichroic Zemax Optical Prescription
File : C:\PETER\ZEMAX.BAK\AO\SCI_BS4.ZMX

Title: F/13 KECK + OAPs + Dichroic: 36 arcsec HFOV

Date : SAT JUN 15 1996

GENERAL LENS DATA:

Surfaces        :          21

Stop            :           1

System Aperture :Entrance Pupil Diameter

Ray aiming      : Off

Apodization     :Uniform, factor =     0.000000

Eff. Focal Len. :     1.17945 (in air)

Eff. Focal Len. :     1.17945 (in image space)

Total Track     :     19668.6

Image Space F/# : 0.000107723

Para. Wrkng F/# :     13.6632

Working F/#     :     13.6592

Obj. Space N.A. : 5.4745e‑007

Stop Radius     :      5474.5

Parax. Ima. Hgt.:     27.0443

Parax. Mag.     :           0

Entr. Pup. Dia. :       10949

Entr. Pup. Pos. :           0

Exit Pupil Dia. :      2.2581

Exit Pupil Pos. :     1330.26

Field Type      : Angle in degrees

Maximum Field   :        0.01

Primary Wave    :    1.060000

Lens Units      : Millimeters

Angular Mag.    :    ‑4.22703

Fields          : 2

Field Type: Angle in degrees

#        X‑Value        Y‑Value         Weight

1       0.000000       0.000000       1.000000

2       0.000000       0.010000       1.000000

Vignetting Factors

#       VDX       VDY       VCX       VCY

1  0.000000 ‑0.000000  0.000000  0.000000

2  0.000000  0.000000  0.000000  0.000000

Wavelengths     : 2

Units: Microns

#          Value         Weight

1       1.060000       1.000000

2       1.440000       1.000000

SURFACE DATA SUMMARY:

Surf     Type         Comment       Radius    Thickness        Glass     Diameter       Conic

 OBJ STANDARD                     Infinity     Infinity                         0           0

 STO STANDARD    KECK PRIMARY       ‑34974    ‑15394.99       MIRROR     10949.15   ‑1.003683

   2 STANDARD  KECK SECONDARY    ‑4737.916     15394.99       MIRROR     1319.573   ‑1.644326

   3 STANDARD KECK FOCAL PLANE     Infinity         2500                  228.8082           0

   4 STANDARD   MINOR REFOCUS     Infinity  ‑0.01267924                   52.2263           0

   5 COORDBRK                     ‑‑‑‑‑‑‑‑     1773.672                         0     ‑‑‑‑‑‑‑‑

   6 STANDARD          OAP #1    ‑3547.319    ‑87.17391       MIRROR     1709.659          ‑1

   7 COORDBRK       OAP #1 CB     ‑‑‑‑‑‑‑‑    ‑2034.405                         0     ‑‑‑‑‑‑‑‑

   8 COORDBRK    DM TILT CB 1     ‑‑‑‑‑‑‑‑            0                         0     ‑‑‑‑‑‑‑‑

   9 STANDARD              DM     Infinity            0       MIRROR     138.9181           0

  10 COORDBRK    DM TILT CB 2     ‑‑‑‑‑‑‑‑     1687.872                         0     ‑‑‑‑‑‑‑‑

  11 COORDBRK                     ‑‑‑‑‑‑‑‑      87.1739                         0     ‑‑‑‑‑‑‑‑

  12 STANDARD          OAP #2    ‑3547.319     ‑87.1739       MIRROR     1755.537          ‑1

  13 COORDBRK                     ‑‑‑‑‑‑‑‑         ‑550                         0     ‑‑‑‑‑‑‑‑

  14 COORDBRK                     ‑‑‑‑‑‑‑‑            0                         0     ‑‑‑‑‑‑‑‑

  15 STANDARD                     Infinity          ‑20         CAF2     147.6731           0

  16 ZERNSURF                     Infinity            0                  154.1018           0

  17 COORDBRK                     ‑‑‑‑‑‑‑‑            0                         0     ‑‑‑‑‑‑‑‑

  18 COORDBRK                     ‑‑‑‑‑‑‑‑            0                         0     ‑‑‑‑‑‑‑‑

  19 STANDARD                     Infinity    ‑1297.306                   143.029           0

  20 COORDBRK                     ‑‑‑‑‑‑‑‑            0                         0     ‑‑‑‑‑‑‑‑

 IMA STANDARD                     Infinity            0                  52.53925           0

SURFACE DATA DETAIL:

Surface OBJ     : STANDARD

Surface STO     : STANDARD

 Comment        : KECK PRIMARY

 Aperture       : Circular Aperture

 Minimum Radius :          1000

 Maximum Radius :        1e+010

Surface   2     : STANDARD

 Comment        : KECK SECONDARY

Surface   3     : STANDARD

 Comment        : KECK FOCAL PLANE

Surface   4     : STANDARD

 Comment        : MINOR REFOCUS

Surface   5     : COORDBRK

 Decenter X     :             0

 Decenter Y     :             0

 Tilt About X   :           ‑25

 Tilt About Y   :             0

 Tilt About Z   :             0

Surface   6     : STANDARD

 Comment        : OAP #1

Surface   7     : COORDBRK

 Comment        : OAP #1 CB

 Decenter X     :             0

 Decenter Y     :     ‑786.4269

 Tilt About X   :  0.0001623095

 Tilt About Y   :             0

 Tilt About Z   :             0

Surface   8     : COORDBRK

 Comment        : DM TILT CB 1

 Decenter X     :             0

 Decenter Y     :             0

 Tilt About X   :            10

 Tilt About Y   :             0

 Tilt About Z   :             0

Surface   9     : STANDARD

 Comment        : DM

Surface  10     : COORDBRK

 Comment        : DM TILT CB 2

 Decenter X     :             0

 Decenter Y     :             0

 Tilt About X   :            10

 Tilt About Y   :             0

 Tilt About Z   :             0

Surface  11     : COORDBRK

 Decenter X     :             0

 Decenter Y     :      786.4269

 Tilt About X   :             0

 Tilt About Y   :             0

 Tilt About Z   :             0

Surface  12     : STANDARD

 Comment        : OAP #2

Surface  13     : COORDBRK

 Decenter X     :             0

 Decenter Y     :     ‑786.4269

 Tilt About X   :            25

 Tilt About Y   :             0

 Tilt About Z   :             0

Surface  14     : COORDBRK

 Decenter X     :             0

 Decenter Y     :             0

 Tilt About X   :            15

 Tilt About Y   :             0

 Tilt About Z   :             0

Surface  15     : STANDARD

Surface  16     : ZERNSURF

 Coeff on r  2  :             0

 Coeff on r  4  :             0

 Coeff on r  6  :             0

 Coeff on r  8  :             0

 Coeff on r 10  :             0

 Coeff on r 12  :             0

 Coeff on r 14  :             0

 Coeff on r 16  :             0

 Number of terms:             8

 Maximum rad ap :           150

 Zernike Term  0:             0

 Zernike Term  1:             0

 Zernike Term  2:     0.2967976

 Zernike Term  3:             0

 Zernike Term  4:   0.004218279

 Zernike Term  5:             0

 Zernike Term  6:             0

 Zernike Term  7:             0

Surface  17     : COORDBRK

 Decenter X     :             0

 Decenter Y     :             0

 Tilt About X   :           ‑15

 Tilt About Y   :             0

 Tilt About Z   :             0

Surface  18     : COORDBRK

 Decenter X     :             0

 Decenter Y     :     ‑3.556029

 Tilt About X   :   ‑0.05142394

 Tilt About Y   :             0

 Tilt About Z   :             0

Surface  19     : STANDARD

Surface  20     : COORDBRK

 Decenter X     :             0

 Decenter Y     :             0

 Tilt About X   :    0.06200375

 Tilt About Y   :             0

 Tilt About Z   :             0

Surface IMA     : STANDARD

MULTI‑CONFIGURATION DATA:

 Configuration   1:

 Thickness  19 :     ‑1297.306 Variable

 Wavelength  1 :          1.06 

 Wavelength  2 :          1.44 

 X‑field     2 :             0 

 Y‑field     2 :          0.01 

 X‑field     3 :             0 

 Y‑field     3 :             0 

 X‑field     4 :             0 

 Y‑field     4 :             0 

 Configuration   2:

 Thickness  19 :     ‑1297.349 Variable

 Wavelength  1 :           1.1 

 Wavelength  2 :           2.4 

 X‑field     2 :        0.0035 

 Y‑field     2 :        0.0035 

 X‑field     3 :        0.0071 

 Y‑field     3 :        0.0071 

 X‑field     4 :        0.0071 

 Y‑field     4 :       ‑0.0071 

 Configuration   3:

 Thickness  19 :     ‑1297.182 Variable

 Wavelength  1 :          1.96 

 Wavelength  2 :          2.44 

 X‑field     2 :        0.0028 

 Y‑field     2 :        0.0028 

 X‑field     3 :        0.0056 

 Y‑field     3 :        0.0056 

 X‑field     4 :        0.0056 

 Y‑field     4 :       ‑0.0056 

 Configuration   4:

 Thickness  19 :     ‑1296.769 Variable

 Wavelength  1 :          3.05 

 Wavelength  2 :          3.75 

 X‑field     2 :        0.0028 

 Y‑field     2 :        0.0028 

 X‑field     3 :        0.0056 

 Y‑field     3 :        0.0056 

 X‑field     4 :        0.0056 

 Y‑field     4 :       ‑0.0056 

SOLVE AND VARIABLE DATA:

Thickness of   2   : Solve, pick up value from 1, scaled by ‑1.00000

Thickness of  10   : Variable

Parameter  3 Surf  10: Pickup from 8 times 1.000000

Parameter  2 Surf  11: Pickup from 7 times ‑1.000000

Curvature of  12   : Solve, pick up value from 6, scaled by 1.00000

Thickness of  12   : Solve, pick up value from 11, scaled by ‑1.00000

Parameter  2 Surf  13: Pickup from 7 times 1.000000

Parameter  3 Surf  17: Pickup from 14 times ‑1.000000

Parameter  2 Surf  18: Variable

Parameter  3 Surf  18: Variable

Parameter  3 Surf  20: Variable

INDEX OF REFRACTION DATA:

Surf     Glass      1.060000    1.440000

   0              1.00000000  1.00000000

   1    MIRROR    1.00000000  1.00000000

   2    MIRROR    1.00000000  1.00000000

   3              1.00000000  1.00000000

   4              1.00000000  1.00000000

   5              1.00000000  1.00000000

   6    MIRROR    1.00000000  1.00000000

   7              1.00000000  1.00000000

   8              1.00000000  1.00000000

   9    MIRROR    1.00000000  1.00000000

  10              1.00000000  1.00000000

  11              1.00000000  1.00000000

  12    MIRROR    1.00000000  1.00000000

  13              1.00000000  1.00000000

  14              1.00000000  1.00000000

  15      CAF2    1.42850199  1.42653946

  16              1.00000000  1.00000000

  17              1.00000000  1.00000000

  18              1.00000000  1.00000000

  19              1.00000000  1.00000000

  20              1.00000000  1.00000000

  21              1.00000000  1.00000000

F/# DATA:

F/# calculations consider vignetting factors and ignore surface apertures.

             Wavelength:        1.060000            1.440000    

 #                Field        Tan       Sag       Tan       Sag

 1   0.0000, 0.0000 deg:   13.6594   13.6589   13.6594   13.6590

 2   0.0000, 0.0100 deg:   13.8300   13.6589   13.8300   13.6589

GLOBAL VERTEX COORDINATES AND DIRECTIONS:

Surf      X coord       Y coord       Z coord   X direc   Y direc   Z direc

  1      0.000000      0.000000      0.000000  0.000000  0.000000  1.000000

  2      0.000000      0.000000 ‑15394.985000  0.000000  0.000000  1.000000

  3      0.000000      0.000000      0.000000  0.000000  0.000000  1.000000

  4      0.000000      0.000000   2500.000000  0.000000  0.000000  1.000000

  5      0.000000      0.000000   2499.987321  0.000000  0.422618  0.906308

  6      0.000000    749.586093   4107.479884  0.000000  0.422618  0.906308

  7      0.000000      0.000000   4360.831857  0.000000  0.422616  0.906309

  8      0.000000   ‑859.771509   2517.032270  0.000000  0.258816  0.965927

  9      0.000000   ‑859.771509   2517.032270  0.000000  0.258816  0.965927

 10      0.000000   ‑859.771509   2517.032270  0.000000  0.087153  0.996195

 11      0.000000     70.765993   4129.942894  0.000000  0.087153  0.996195

 12      0.000000     78.363453   4216.785093  0.000000  0.087153  0.996195

 13      0.000000   ‑712.668493   4198.482294  0.000000 ‑0.342023  0.939692

 14      0.000000   ‑524.555950   3681.651885  0.000000 ‑0.573579  0.819150

 15      0.000000   ‑524.555950   3681.651885  0.000000 ‑0.573579  0.819150

 16      0.000000   ‑513.084375   3665.268877  0.000000 ‑0.573579  0.819150

 17      0.000000   ‑513.084375   3665.268877  0.000000 ‑0.342023  0.939692

 18      0.000000   ‑516.425946   3664.052634  0.000000 ‑0.341179  0.939998

 19      0.000000   ‑516.425946   3664.052634  0.000000 ‑0.341179  0.939998

 20      0.000000    ‑73.811950   2444.587074  0.000000 ‑0.342196  0.939628

 21      0.000000    ‑73.811950   2444.587074  0.000000 ‑0.342196  0.939628
Appendix E. Alternate Dichroic Substrates
A calcium fluoride dichroic substrate of thickness t = 20 mm at a tilt of 15 deg. is defined and evaluated in sections 3.4 and 4.3 of this document.  The science path Zemax prescription, including this dichroic is described in section 3.5 and listed in Appendix D.

The purpose of this Appendix is to define and evaluate some alternative dichroic substrate materials.  These include fused silica (which was used for the first dichroic fabricated for us by Barr), zinc sulfide and zinc selenide.

The longitudinal (longitudinal chromatic aberration) and lateral (dispersion) displacement introduced by a plane parallel plate are given by,

Δz(λ) = [(n-1)/n] t 

Δy(λ) = t {sinαi - cosαi tan[sin-1(sinαi/n]}.

The second surface of the dichroic can be tilted at an angle of αi +Δαi in order to overlap the images from two different wavelengths at the focal plane.  The wedge angle is given by

Δαi = sin-1 {(Δy/z) / [(n12-sin2αi)1/2 - (n22-sin2αi)1/2]},

where z = 1297 mm is the distance to the focal plane.  The wedge tolerance is simply the difference between the above wedge angle and the angle to increase Δy by 1 μm.

The third-order aberrations for a tilted plate are

Spherical aberration
ΔWsph = -[t/(f/#)4][(n2-1)/(128n3)]

Coma


ΔWcoma = -[tαi/(f/#)3][(n2-1)/(16n3)]

Astigmatism

ΔWastig = -[tαi2/(f/#)2][(n2-1)/(8n3)]

To a significant extent these aberrations should be removable by the deformable mirror since they are not very field dependent.

The results are summarized below for the three substrates being considered.

Fused Silica
	Lateral and Longitudinal Displacement for fused silica

	λ (μm)
	1.06
	1.44
	1.96
	2.44

	n
	1.4497
	1.4453
	1.4387
	1.4309

	Δy (mm)
	1.671
	1.660
	1.643
	1.623

	Δz (mm)
	6.204
	6.162
	6.099
	6.023

	Δαi (arcmin)
	6.5
	6.7


From the above table, the image blur at best focus due to longitudinal chromatic aberration can be seen to be small; it is 1.4 μm (0.075λ/D) across the J-band and 0.7 μm across the K-band.  The maximum dispersion is 11 μm or 0.015 arcsec (0.59λ/D) across the J-band and 20 μm or 0.028 arcsec (0.61λ/D) across the K-band.  The wedge angle to cancel the dispersion is 6.5 arcmin for the J-band and 6.7 arcmin for the K-band.

The third order aberrations (f/# = 15, t = 20mm, n = 1.44) are:

ΔWsph = - 1 nm

ΔWcoma = - 35 nm

ΔWastig = - 274 nm

Zinc Sulfide

	Lateral and Longitudinal Displacement for ZnS

	λ (μm)
	1.06
	1.44
	1.96
	2.44

	n
	2.2793
	2.2651
	2.2569
	2.2528

	Δy (mm)
	2.968
	2.954
	2.946
	2.942

	Δz (mm)
	11.225
	11.170
	11.138
	11.122

	Δαi (arcmin)
	2.6
	2.6


From the above table, the image blur at best focus due to longitudinal chromatic aberration can be seen to be essentially negligible; it is 1.8 μm (0.096λ/D) across the J-band and 0.53 μm across the K-band.  The maximum dispersion is 14 μm or 0.019 arcsec (0.75λ/D) across the J-band and 4 μm or 0.0055 arcsec (0.12λ/D) across the K-band.  The wedge angle to cancel the dispersion is 2.6 arcmin for the J-band and K-bands.  The wedge tolerance (Δαi  = 2.8 arcmin for Δy = 0.015mm) is about 0.2 arcmin.

ZnS_broad was used instead of CaF in the Zemax model in Appendix D and the Zernike coefficients on the second surface of the dichroic were reoptimized.  The resultant wedge coefficient was A2 = 0.10875 mm, and the astigmatic coefficient was A4 = 0.0012568 mm for a radius of 150 mm.  The wedge angle is Δαi  = A2/150mm = 0.000725 rad or 2.5 arcmin.

The specification on wedge angle should be 2.5 ± 0.2 arcmin.  The orientation of the wedge is indicated in the figure in section 4.3.

The third-order aberrations (f/# = 15, t = 20mm, n = 2.26) are:

ΔWsph = -1 nm

ΔWcoma = -35 nm

ΔWastig = -271 nm

Zinc Selenide
	Lateral and Longitudinal Displacement for ZnSe

	λ (μm)
	1.06
	1.44
	1.96
	2.44

	n
	2.4827
	2.4594
	2.4469
	2.4414

	Δy (mm)
	3.151
	3.132
	3.121
	3.117

	Δz (mm)
	11.944
	11.868
	11.826
	11.808

	Δαi (arcmin)
	1.8
	1.9


From the above table, the image blur at best focus due to longitudinal chromatic aberration can be seen to be small; it is 2.5 μm (0.13λ/D) across the J-band and 0.60 μm across the K-band.  The maximum dispersion is 19 μm or 0.026 arcsec (1.0λ/D) across the J-band and 4 μm or 0.0055 arcsec (0.12λ/D) across the K-band.  The wedge angle to cancel the dispersion is 1.8 to 1.9 arcmin for the J-band and K-bands.

The third order aberrations (f/# = 15, t = 20mm, n = 2.45) are:

ΔWsph = -1 nm

ΔWcoma = -33 nm

ΔWastig = -259 nm

Infrared Transmissive Dichroic Beamsplitters
December 10, 1997

Introduction
CARA has need of dichroic beamsplitters for its adaptive optics facilities.  The primary need is for a dichroic with good transmission from ~ 1.0 to 5.0 μm wavelength (we want to solve this first).  The secondary need is for transmission from ~ 1.4 to 14 μm.  The reflection at visible wavelengths, ~ 0.5 to 1.0 μm, should be good in both cases.  

[image: image22.wmf]
Substrate Requirements
Substrate material:
ZnS

Diameter:

~ 200 mm

Thickness:

~ 20 mm

Optical Fabrication Requirements
Note that the dichroic is used at an α = 15 deg incidence angle which introduces aberrations.  A wedge, Δα, has been added the dichroic's second surface to compensate for lateral chromatic aberration.

Clear Aperture:

190 mm

First surface flatness:

< 15 nm rms (uncoated) 

Wedge (Δα):


2.5 ± 0.2 arcmin; 

opens in +y direction

Transmitted wavefront error:
< 10 nm rms (uncoated)

Smoothness (both surfaces):
< 10 nm peak-to-valley for any 2 points separated by < 20 mm

Scratch/dig both surfaces:
60/40

Bevel:



2 mm at 45 deg, both surfaces

Coating Requirements
Incidence angle (α):

15 ± 0.1 deg.

Transmission:


> 90% over transmission range desired (1-5 or 1.4-14 μm)

1st surface reflection:

> 90% from 0.5 to 1.0 μm desired

2nd surface reflection:
< 1% from 0.5 to max IR wavelength desired

Note:



In order to minimize the distortion, caused by the materials stress,

both surfaces should be coated evenly.

Transmitted wavefront error:
< 20 nm rms goal after coating

Environmental Concerns
The dichroic will used both in the lab (room temperature and conditions) and at the telescope.  The telescope is located at 14,000 ft elevation on the summit of Mauna Kea.  The normal temperatures at the telescope are in the range of -5 to +5 C, the atmospheric pressure is 60% of the sea level pressure.
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