Opto-Mechanical Image Quality Degradation of Single Point Diamond Turned Plastics

Victor Villavicencio

Introduction

Textbooks usually provide first order optical equations to determine image quality.  This paper complements those equations by using opto-mechanical formulas which also affect optical performance. This article discusses how to calculate optical scatter using the “optical roughness” (), tilts, and thermal effects.  A major section will be informing the reader on optical scatter limitations.  The equations will finally be applied to a diamond turned plastic singlet example.   

Approximations to Image Quality

In a laboratory environment where high power microwave or laser sources are used, scatter calculations are used to determine irradiance.  Irradiance values are required to properly select protection requirements for personnel and equipment. Classes and professional textbooks provide equations to calculate forward scatter from a diffraction-limited optical or microwave forward scatter at approximately 2.  Sigma or is the root mean square (RMS) wavefront error. As shown in the figure below, the forward scatter assumes a diffraction limited system (Strehl Ratio > 0.8).  The Strehl ratio is defined for a uniform intensity light or microwave wave entering a circular aperture.
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Figure 1:  Scatter for a Diffraction limited System.  OPTI521 Fall Class notes.
In many applications, such as a plastic opto-mechanical system operating over a wide temperature range, diffraction limited performance (Wrms < 0.07 wave(length)) is not achieved.  Thus, when exceeding this limit, (Wrms > 1 wave(length))  how far can the forward scatter approximation be extended?

Scatter  limitations and Measurement Instruments.

When the average lateral extension of the microroughness, becomes much larger than, approximation equations for total integrated (back)scatter TISb and total forward scatter TISf (for transparent materials) are provided as [1a, 1b]:

TISb()  = (s / ( (s + (r) = 1 – e –(4   (cos(i/)  (  
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where  is laser source wavelength in microns

n is the refractive index of the transparent or reflective material under test.

(i is the angle of incidence on sample

is the total effective rms surface roughness, in microns, over frequencies from 0 to 1/. 

(s, (r is the scattered and  reflectance power.
S2(f)   is the 2 Dimensional surface power spectral density  PSD (um4). It is a unit of measure obtained from optical profilers instruments.

	As shown in Figure 2, the approximate TIS is good for σ < ~λ/25. That is, for )/ > 0.04, the approximation underestimates the exact exponential form TIS [1a]. 

Equations 1 and 2 are normalized to the specularly reflected beam (not the incident beam), so TIS can be greater than 1.

This will be shown in the Plastic system example. Note scaling laws for wavelengths other than  are provided in references 1a and 1b.
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Figure 2: Comparison of the exponentially exact and

 approximate forms of the TIS backscatter Equations [1a]


The total effective rms roughness  is defined by [1a]
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From the PSD, the rms can be calculated by integrating the PSD over the bandwidth and taking the square root.  If the measurement area is a gaussian beam with a 6 mm diameter, then spatial periods that are larger than 6 mm can not be measured.  In other words, periods smaller than the measurement aperture will be affected because of the finite size of the measurement window or laser probe.  
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Figure 3: Nomarski micrographs of different surface structures [2].

	As shown in Figure 3, the scatter approximations of an optic depends not only on the height of periodic defects, but also on the relative size of the defects.  Figure 4  shows the different equipment used to measure PSDs.

In Figure 4, horizontal bars give the spatial wavelength ranges and the parentheses give the range of roughness heights that can be measured. [2]
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discussion of the surface statistics.

Figure 5: Instruments and techniques used to measure surface topography of optical surfaces. The horizontal bars give
the spatial wavelength ranges and the numbers in parentheses give the range of roughness heights that can be measured.

Figure 5 shows some of the instruments that can be used to obtain information about surface topography and/or surface
For each instrument or technique there is a range of surface spatial wavelengths that the roughness
‘measurement includes. For all types except total integrated scattering, information is obtained as a function of spatial

statistics.
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Figure 4: Instruments used to measure surface topography. 


Background on the PSD

The Power Spectral Density (PSD) is a function that describes the amount of error in a surface a particular spatial frequency.  As an example for those who are not familiar with Fourier transforms, consider a sheet of sand paper with sand grains that are 100 m wide.  We can represent the sandpaper as a sum of sine waves with differing periods and magnitudes.  The most dominant sine wave would be the one with a period that is roughly the size of the sand grain or 100 m.  The frequency of this sign wave is 1 divided by the period so the frequency peak would be f = 0.01 m-1. 

The lower order frequencies for optical components are typically specified using Seidel Aberrations, Zernike polynomial or some other polynomial fitting. It is usually the size of the part that determines the cutoff for this region. 

The high spatial frequency region is typically the region where surface roughness will cause scattering of the lightwave or microwave.  At 1.07 microns, high spatial frequencies are any spatial period less than 120 m. This gives a high frequency cutoff of about 120 λ.  However, different instruments make measurements encompassing different image sizes to obtain the complete S2(f) , or PSD plot. 

	Figure 5 shows a measured PSD for a real surface that includes segments that have been measured with four different instruments.

The overlap agreement is quite good, although the actual PSD values measured with the optical profiler/white light interferometer (WLI) and the AFM differ by over 100 times at the high spatial frequency end of the WLI curve. 

This curve emphasizes again why there is no one value of the rms roughness for a given surface. It depends on the bandlimited spatial wavelength (or spatial frequency) range of the particular instrument.
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on the curve is proportional to the square of the rms surface roughness in that region, it s clear why different instruments
give different values for the rms roughness of the same surface. Figure 6 is a curve for an ideal surface. Figure 7 shows
ameasured PSD for a real surface that includes segments that have been measured with four different instruments. The
agreement is quite good in the region of overlap, although the actual PSD values measured with the white light
interferometer (WLI) and the AFM differ by over 100 times at the high spatial frequency end of the WLI curve. This

curve emphasizes again why there is no one value of the rms roughness for a given surface. It depends on the band-
limited spatial wavelength (or spatial frequency) range of the particular instrument. Much more information about PSDs

is given in Ref. 5, Chapter 4D.

- 12
h s novamess1s anea noen ol 1
ol e s .
1
! A
B! | ™
Sl 2 e |
gy 2 |
g |1 € 4r
B | i 5 ol I
§ ool e ronn—— | |
ol ™ : . oF
H [JR S ——— I I
Sl i -+ ATowe Fonce wéoscops s+ 2k | |
H b d 4 Ll wls il L
B T B TR 0001 001 01 1 10 100 1000

‘SPATIAL FREQUENCY (um)

Figure 6: Idealized PSD plotted versus spatial
frequency, both on log scales. The vertical
bands correspond to spatial frequency ranges
that can be measured with different
instruments o techniques. [From Ref. 5]
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Figure 7: PSD plotted versus spatial frequency, both on log scales,
for an electroplated gold sample obtained from measurements
with a Talystep mechanical profiler — (solid line), atomic force
microscope (AFM) ~ long-dashed line, white light interferometer
(WLI) — (short-dashed line), and angle-resolved scattering.
(dash-dot line). [From Ref. 6]
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Figure 5: PSD for an electroplated gold sample obtained from measurements with a Talystep mechanical profiler, atomic force microscope (AFM), white light interferometer (WLI) and angle resolved scattering (ARS). [2]


Regardless, the calculated scattered powers from equations 1 and 2 can be reabsorbed by optics and mounts causing thermal effects.
Single Point Diamond Turned (SPDT) Plastic Example

Scatter approximations and measurement tools were reviewed since high power microwave or lightwave scatter can create thermal effects. Combining scatter calculations and opto-mechanical calculation, irradiance values can be calculated to properly select laser goggle optical density and determine image quality degradation due to thermal effects.

 In this example, the author is attempting to measure a close-to diffraction limited spot size of a Single Point Diamond Turned (SPDT) Plastic Singlet over a 40( C temperature range.  The goal is to measure the minimum spot size by a knife edge method, with the following parameters:

10 mm diameter, f = 25 mm plastic singlet, the F-number is 2.5, 

monochromatic source at  = 1 micron, CW power = 100 Watt.

From an optical Profiler, it is provided that Sq  ~  ( = 1064 nm) = 5 nm.

1) Select either the Styron or Radel Plastic:  From Table 1 Styron is selected since it is cheaper to prototype.
	Properties
	Radel
	Styron
	3M 2216
	Aluminum - 6061
	Invar 36

	Operating Temp. Range, Celsius
	< 180
	82
	-55 to 150
	< 900
	< 900

	Transmission - micron
	0.4 thru 2.0
	0.4 thru 2.0
	opaque

	Density - gram/cm^3
	1.2
	1.05
	1.33
	2.68
	8

	Thermal Expansion Coefficient  - 10^-6 K-1
	50
	60
	134
	24
	1

	Thermal coefficient of refractive index dn/dT  10^-6
	-5
	-10
	NA
	 
	 

	Refractive Index at 1 um
	1.65
	1.53
	 
	 
	 

	Poisson Ratio
	??
	0.34
	0.43
	 
	 

	Surface roughness nm rms (excluding Haze)
	< 5
	??
	??
	 
	 

	Flexural Modulus 10^9 N/m^2
	2.9
	2.5
	0.24
	 
	 

	Thermo-Optic Coefficient, 
	-57.69
	-78.87
	NA
	 
	 


Table 1 – Material Properties under consideration for Best Form Singlet.

2) Calculate diffraction limited depth of focus: +/- 2  (F-number^2) = +/- 13 microns

3) Design Best form singlet: using n = 1.53, the radius of curvatures for the singlet were found to be R = 15.58 and R2 = -162.3
4) Select Mounting Style [3]
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a) Edge-mounted               b)  Surface-centered          c) Cell-mounted

Figure 6:Various Mounting Techniques [3]

5) Calculate Optical Adhesive Gap [4, 200]. 
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The optimum adhesive thickness (gap) at room temperature is calculated to be hr = 0.7 mm. That is, the optimum spacing is  2* hr =  inner mount diameter - outer lens diameter.

6) Calculate Tilt [3]
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Figure 6 Accounting for “roll” of 2 edge mounted element

4.2 Surface-centered
Susface-centered refers to a class of mechanical mounts that utilize only the optical surfaces of the lens clement to hold
the elements orientation and position. Ideally, when an clement is mounted in this method, it will sclf-align, such that
the centers of curvature for the two susfaces lic on a line that is normal and concentric fo the lens seats. This method can
work well with lenses that have strong and opposed curvatures; ideally the lens would have almost a spherical shape
Lens clements that have surfaces that are nearly concentrie do not fair well with this technique.

4.2.1 Judging if an element will self-center
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Figure 7 Accounting for tilt of a edge mounted element [3]

Using a semidiameter (SD) of 5 mm, R = 162 mm and a gap of 0.7 mm , a tilt of 2 degrees was calculated.  This tilt value is used to determine effects on image quality using Zemax.
7) Calculate the change in focal length [5]

The focal length expands, due to the t = 40 C temperature rise, by

	f = -( + housing) f T

 Where  is the plastic thermo-optics coefficient

,  is the CTE, f is the focal length, and T is the temperature range.

From Table 2, 27 microns exceeds the 13 microns and therefore is outside the diffraction limits (See Figure 2). Thus, the forward scatter calculation underestimates the scatter. Since the Wrms is > 0.04 . adding actual surface roughness will only further increase the  value. 
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Table 2 – Plastic Singlet Dimensional 

Changes due to 40 C temperature rise.


8) Simulate Image Quality Degradation

Go to Zemax and apply elevated temperature values from Table 2 and the 2 degree tilt into the optical design software.  The results for the knife-edge method is shown below. The figure below shows the focused spot has shifted from the mechanical center axis by approximately 100 microns.
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Figure 8 – Elevated Temperature effects of Styron Singlet with a 2 degree tilt.

The effects above do not include radial temperature gradients.

9) Radial Temperature Gradient effects on Optical Path Difference [6, 799]

When a lens in air is subject to a radial gradient in which the glass near the rim is warmer than near the axis by an amount T, the OPD is

OPD = (nplastic – 1) tc p T = 0.58 * 0.005 meter * 60 x 10^-6* 40 = 7.5 um   = 6 waves at 1 um

Conclusion is the lens should be at thermal equilibrium before making a knife edge measurement.

10) Calculate Straylight
Note: when Calculating Back Scatter, using isotropic materials, such as plastics, the use of a one dimensional instead of two dimensional PSD is acceptable.  As shown in Figure 3, Untreated SPDT creates a one dimensional PSD, and therefore, a PSD calculated radially may be used.

 ( Powerreflected )* Eq. 1 = (100 * 0.053) * (4 Pi 0.08)^2 =  5.35 Watts backwards scattered.

(Powertransmitted) * Eq. 2 = (100* .9) * (0.091) = 8.1 Watts forward scattered.

Calculations have been shown to underestimate scatter with diamond turned plastics. That is, as shown in Figure 2, for )/ > 0.1, the approximation severly underestimates the exponential form TIS. A rough equation is being developed for )/ > 0.1, but not readily available [7]. Regardless, the calculated scattered powers can be reabsorbed by optics and mounts causing thermal effects.
Final Remarks

A thorough lens design tolerancing can be done only after a opto-mechanical layout is established.  The knife edge method, centered on the mechanical axis, may not provide the correct spot size diameter since the spot could be off by 100 um. 

To reduce this 100 um offset, a doublet design will reduce this angular deviation, which then requires first order element pointing stability calculations [8],  besides another iteration of using the opto-mechanical equations.
This paper has provided image quality effects due to tilt, scatter, and temperature effects.  Programs such as Zemax or TracePro offer built in opto-mechanical assumptions. Those assumptions can now be compared with the opto-mechanical equations provided and referenced.
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Tutorial_Table 

		Properties		Radel		Styron		3M 2216		Aluminum - 6061		Invar 36

		Operating Temp. Range, Celsius		< 180		82		-55 to 150		< 900		< 900

		Transmission - micron		0.4 thru 2.0		0.4 thru 2.0		opaque

		Density - gram/cm^3		1.2		1.05		1.33		2.68		8

				50		60		134		24		1

		Thermal coefficient of refractive index dn/dT  10^-6		-5		-10		NA

		Refractive Index at 1 um		1.65		1.53

		Poisson Ratio		??		0.34		0.43

		Surface roughness nm rms (excluding Haze)		< 5		??		??

		Flexural Modulus 10^9 N/m^2		2.9		2.5		0.24

		Thermo-Optic Coefficient, n		-57.69		-78.87		NA

				9.65

						-15.71

		System Focal Length - mm		25		25

		Diameter + Max. Tolerance - mm		10		10

		Parameters		at Initial Temp.

		Temp. Celsius		0		40

		Lens Element A

		Radius R1 - mm		15.582		15.613

		Sag for Radius 1				0.822

		Radius R2 (mm)		-162.300		-162.625

		Sag for Radius 2				-325.172

		Thickness- mm , t		5		5.01

		Refractive Index		1.572		1.574

		Aluminum Spacing between Element B and detector (mm)		27.770		27.797

		Aluminum Spacing between Element A and B (mm)		2		2.00192

		Optimum Radial Distance of the elastomer - mm		0.7

		Calculated Tilt- radians		0.0422235385

		Calculated Tilt- Degrees		2.4196870228



3dcdesign:
Depth of Focus change as a function of temperature range



HW9_1Table

		Properties		GasIR				Germanium		ZnSe		Aluminum		Invar 36

		Transmission - micron		0.8 thru 16		.1 - 9		1.8 - 16		0.6 - 16

		Density - gram/cm^3		4.4		3.18		5.32		5.3		2.68		8

		Range of Use - Celsius		240				70

				17		19		5.9		7.5		24		1

		Thermal coefficient of refractive index dn/dT  10^-6		55		-10		396		61

		Refractive Index at 5 um		2.507		1.39		4		2.5

		Surface roughness nm rms		< 10		??		< 5 for diamond turned aspheres

		Thermo-Optic Coefficient, T		19.50		-44.64		126.10		33.17

				293.93

						625.84

		Parameters		Initial Temp. (Celsius)

				T= 0 C		50

		Lens Element A

		Radius R1 - mm		300		300.255

		Radius R2 (mm)		325		325.27625

		Thickness- mm , t		4		4.0034

		Refractive Index		2.507		2.50785

		Lens Element B

		Radius R1 (mm)		290		290.2465

		Radius R2 (mm)		450		450.3825

		Thickness- mm , t		4		4.0038

		Refractive Index		1.39		1.3895

		Invar 36 Spacing between Element B and detector (mm)		200		200.01

		Aluminum Spacing between Element A and B (mm)		2		2.0024





HW9_TMinSpherical

		

		R1 (mm)		R2 (mm)		n		Material		Center Thickness, t (mm)		Thick Lens Power		Thick Lens Focal Length (mm)		F- Number		Linear Blur Spot Size - millimeters		Angular Blur Spot in Radians		Thin Lens Power		Thin Lens Focal Length

		9.94		16.64		3.46		Silicon		0.146		0.1011922287		9.88		4		0.0016219638		0.0000410325		0.099648371		10.0352869797

						4.025		Germanium						45.00		2		0.0121112115		0.0010765521

		100		145		2.5087		GASIR		5		0.0049950389		200.20		4		0.0539735935		0.0002696002

		300		325		2.5087		GASIR		5		0.000433375		2307.47

		290		450		1.399		CaF2		5		0.0004935554		2026.11

		290		450		1.399		CaF2		3		0.0004918114		2033.30

		14		900		1.57		Styron		5		0.0401630725		24.90

		15.6821352432		-162.2522362269		1.572								25		1		1.3892183762



Sign Convention



HW9 -2 Struct. Material Proper)

		Materials		Outstanding property		Young's Modulus, MPa, E								Thermal Conductivity Watt/(m K),   K		rms Surface Roughness - nanometers		Thermal Strain Point C		Compressive Strength  MPa				Special Difficulties with this material		Name an Optical Application.

		Aluminum (6061-T6)		Economical mounting material for Room Temperature applications		68		2.68		2.55		23		170		20								compared to other metals, easily dented		Optical Mounting posts

		Steel (1010 mild steel - carbon)		Most Common steel in marketplace		205,000		7.7				15		50										magnetic, rusts		Magnetic Table Tops

		Stainless Steel (17-4 CRES)		high heat conduction		235		7.7				11		26 thru 30										magnetic, rusts		Micromounts for micro-optics

		Beryllium		High Specific Stiffness		289		1.85		15 thru 16		11.3		220		< 8  (uncoated)								Only one vendor, Brush Wellman		Optical table top for Space Instruments

		Titanium		Easy to weld		114,000		4.51				9		22				1550								(1) Titanium is more than just biocompatible. Bone will grow onto and adhere to a Ti implant so that the titanium becomes permanently integrated with living bone. (2) Nitinol, a Ni-Ti alloy has shape memory. Bend it when it's cold. Heat it, and the origin

		Copper		Very Heat conductive		115,000		8.94		1.31		17		390										soft		Heat Sinks

		Lead				14,000		11.3				30		33						18				ductile		Dope Glass to change refractive index

		Invar		thermally stable than aluminum		141,000		8				-0.6 to 3 from 150 Kelvin to 400Kevin		10.5						480				dimensionally unstable, creeps 11 um / (m K) with a 100 day time constant, highly magnetic, difficult to weld		MEMS application, where the dimension stability requirement is very high over a wide temperature range

		Graphite Epoxy		High modulus vs. weight.		30, 000 thru 265,000		1.4 thru 1.78		5		-1 thru 57		10 thru 370						70				brittle, static cling to optical surfaces if uncoated		Truss Members

		Silicon Carbide SiC  (CVD)		, Black it has excellent thermal conductivity and low thermal expansion, consequently it displays good thermal shock resistance. In addition, the high hardness, corrosion resistance and stiffness lead to a wide range of applications where wear and corrosi		410,000		3.1		10 thru 13		4		156-202		< 2		1,650		3,900		2,800		Diamond is the only abrasive that can be used to polish, microporous thus, must be coated.		10 um size optical polishing abrasive or < 1.25 meter diameter mirror blanks

		Molybdenum		Low thermal distortion, very dense		318		10.2		3.12		5		138						580				Expensive, silvery white in color, fairly soft, and has one of the highest melting points		Heatsinking of 980 Laser diode stacked bars





HW9 -2 Opt. Material Properties

		Materials		Outstanding property		Young's Modulus, MPa, E								Thermal Conductivity Watt/(m K) , K		Thermal Strain Point C		Stress Optic Coeffiicient  K (10-12 Pa-1)		Elastic Limit F (PSI)				rms Surface Roughness - namometers		Young's Modulus, MPa, E								Thermal Conductivity Watt/(m K) , K				Special Difficulties with this material		Thermal Stability Celsius/ Hour		Knoop Hardness kgf /mm^2		Name 1 application.

		BK7		Low cost to polish and cut, does not stain easily compared to other   glasses.		82,000		2.51				8				600		2.77		50,000,000		3				82,000		2.51				8						Visible and IR peak damage threshold is ~250 MW/cm^2				600		Prisms

		Lak10 Lanthanum Borate		hardness, excellent chemical durability		111,000		3.81				6										5				111,000		3.81				6										720		relatively low melting point and large isomorphic capacity to rate earth content can make it a lasing material

		SF57		Very Little Stress Birefrigence		54,000		5.51				8		0.62		402		0.02				6				54,000		5.51				8		0.62								350		polarization senstive Optical Coherence Tomography

				UV transmission, Radiation resistant		73.6		2.21		3.33		0.6		1.35		> 1900						8.1		< 1 uncoated		73.6		2.21				0.6		1.35				Specific Heat Capacity 728 J/(kg deg C)				820		Laser Cavity, since its peak damage threshold is 1 GW/cm^2

		(Methyacrylate) Acrylic, Plexiglass, Lucite, Polycast		Easy to polish and injection molding, High Abbe number, index decreases with temperature		3,300		1.19				60		0.19		120						-100		< 10		3,300		1.19				60		0.19				deforms at 80C , scratches easily, birefringent				22		High F number cellphone camera lenses or sensors

		Sapphire		Birefringent		460,000 per, 420,000 para		3.98				3 to 5		25						100,000		8 to 12 o, 10 to 14 e				460,000 per, 420,000 para		3.98				3 to 5		25				birefringent, slight soluble in water, 98 x 10^-6 g/100cm^2		168 +/- 8		1800		Can be doped with Chromium or Titanium to make mode locked lasers.

		CaF2 -Calcium Flouride		Large Transmission (0.19 to 9 um)		146,000		3.18				18		9.71				2.15				-10				146,000		3.18				18		9.71				soluble in water 0.0016 g/cm^2		20 +/- 2		140		UV Lithography

		ZnSe CVD		low cost to polish, large diameters > 2 inch available		70,000		5.27				7.6		16				-1.6		8,000		60				70,000		5.27				7.6		16				soluble in acids		57 +/- 7		130		Coaligning Visible alignment beam with IR Source in R& D projects.

		KRS5 (thallium bromoiodide)		Inorganic crystal can not be ar coated		31,000		7.37				6		0.54		Visible to 33 um transmission				5,000		-235				31,000		7.37				6		0.54				soluble in acids, 0.05 g/cm^3 soluble in water						Astronomical Gratings

		Magnesium Flouride		Soluble in Acids and Water, Birefringent, MgF2 is an anisotropic material, with a CTE that depends on directions.		170,000 perd. To C, 80,000 parallel to C		3.18				7  perd to c,  14  II to C										0.4 parall. To c, 1 perd. To c				170,000 perd. To C, 80,000 parallel to C		3.18				7  perd to c,  14  II to C						soluble in acids				500		Hard Thin Film coating

		ULE (Corning 7972)  titanium silicate glass				67,600		2.21		3.08		0.000		1.31		890		4.15 nm/cm/kg/cm^3)  or 0.292 nm/cm psi				11		< 1		67,600		2.21				0.000		1.31								460 kg/mm^2		For diffraction limited , wide temperature reflective curved mirror substrates

		Schott Zerodur		Chemical Properties Hydrolytic Resistance, (ISO 719) HGB 1 , Alkali resistance , Acid Resistance  (ISO 8424) Class 1.0		91,000		2.53		3.6		0.05		1.64		650						14				91,000		2.53		36		0.05		1.64										Diffraction Limited , > 1 meter diameter , optical powered mirrors.

		Borofloat Borosilicate (Schott) or Pyrex from Corning - 7740				62,000		2.23		2.7		3.2		1.2												62,000		2.23				3.2		1.2								480		Kitchen Ovens, since transformation temp. is 530 C



excellent chemical durability, high refractive
index, relatively low melting point and large isomorphic capacity to rate earth content [1-4]. Therefore these glasses may be
promising laser materials. Opportunity of glass modification as well as determination of maximum rare earth content



HW5_B Doublet_Tolerance

		

		1. Sensitivities -- Find these by analysis		"_                                     From analysis

		Parameters to be Varied		Value		Wrms (waves)		Wrms (waves)

		Surface Radii of Curvature 0.1 %Tolerance - mm		0.075		0.002052		0.002052

		Lens Thickness Tolerance- mm		0.05		0.0019927		0.0019927

		Wedge - Degree		0.032		0.01481		0.01481

		Refractive Index Error		0.0005		0.001418		0.001418

				0.05		0.0103		0.0103

		Refractive Index variation (inhomogeneity) - H4 Glass hand calculation		5.00E-07		0.0081		0.0081

		RSS				0.02		0.02

		Simply scale the effects

		2. Scale to see effect of changing tolerances

		Parameters to be Varied		Tolerance		scale factor		Wrms (waves)		Wrms (waves)

		Surface Radii of Curvature 1%		0.75		10.000		0.02052		0.02052

		Lens Thickness - millimeter		0.05		1.000		0.0019927		0.0019927

				0.032		1.000		0.01481		0.01481

		Refractive Index Error		0.0005		1.000		0.001418		0.001418

		Surface Irregularity - hand Calculation		0.05		1.000		0.0103		0.0103

		Refractive Index variation (inhomogeneity) - H2 Glass hand calculation		2.50E-06		5.000		0.00709		0.00709

		Tilt (+/- 0.1 degree) - degree		1.00E-01						0.01754

		Decenter (+/- 0.1 mm)  - millimeters		0.1						0.0186

		RSS - HW4b and 5b								0.04

		RSS - HW 4b ONLY						0.03



&LH4-B VIllavicencio&Rpage &P  of &N

Enter new tolerance value

Excel calculates scale factor and applies it



Original HW4 Doublet

		#		#		Type		Comment		Curvature - mm^-1				Thickness - mm		Glass		Semi-Diameter

		0		0.00000		STANDARD				0.00000				10000000000.00000				0.00000

		1		1.00000		STANDARD				0.00000				0.00000				0.00000

		2		2.00000		STANDARD		Front Lens Convex		0.01369		73.07000		5.00000		BK7		13.00000

		3		3.00000		STANDARD		Front Concave		-0.00416		-240.20000		1.50000				13.00000

		4		4.00000		STANDARD		Back Lens		-0.00964		-103.73000		5.00000		BK7		12.00000

		5		5.00000		STANDARD		Back Lens		-0.00569		-175.73000		132.81392				13.00000

		6		6.00000		STANDARD				0.00000				0.00000				0.00040





HW4_B Doublet_Tolerance

		Line of Sight Slide 9

		1. Sensitivities -- Find these by analysis		"_                                     From analysis

				Value		Beam #1 (µm)		Beam #2 (µm)

		B) Lateral translation of beamslitter cube (µm)		20		0		0

		C)  Rotation of the beamsplitter cube about point A (µrad)		3		0.09		0

		D)  Lateral translation of the focusing lens of (µm)		0.1		0.1		0.1

		E) Rotation of focusing lens about point B of (µrad)		20		0.1		0.1

		F) Lateral translation of the fiber (µm)		0.1		0.1		0.1

		RSS				0.20		0.17

		Simply scale the effects

		2. Scale to see effect of changing tolerances

				Tolerance		scale factor		Beam #1 (µm)		Beam #2 (µm)

		B) Lateral translation of beamslitter cube (µm)		20		1.000		0		0

		C)  Rotation of the beamsplitter cube about point A (µrad)		3		1.000		0.09		0

		D)  Lateral translation of the focusing lens of (µm)		0.1		1.000		0.1		0.1

		E) Rotation of focusing lens about point B of (µrad)		20		1.000		0.1		0.1

		F) Lateral translation of the fiber (µm)		0.1		1.000		0.1		0.1

		RSS						0.20		0.17



&LH4-B VIllavicencio&Rpage &P  of &N

Enter new tolerance value

Excel calculates scale factor and applies it



Mtrices (2)

		X Rotation

		Angle (Degree)		60		M1		1		0		0						1		0		0

								0		0.5		-0.8660254038				= >		0		0.5		-0.866

								0		0.8660254038		0.5						0		0.866		0.5

		Angle (Degree)		-90		m2		1		0		0

								0		6.1257422745431E-17		1

								0		-1		6.1257422745431E-17

		Angle (Degree)		450		M3		1		0		0						1		0		0

								0		3.06287113727155E-16		-1				= >		0		0		-1

								0		1		3.06287113727155E-16						0		1		0

						m3 * m2 =		1.00		0.00		0.00						1		0		0

								0.00		1.00		0.00						0		1		0

								0.00		-0.00		1.00						0		0		1

						M3* m2 * M1 =		1		0		0

								0		0.5		-0.866

								0		0.866		0.5



&Lhw3VILLAVICENCIO PART 2_ B



Tol_example

		1. Sensitivities -- Find these by analysis		"_                                     From analysis

				Value		Beam #1 (µm)		Beam #2 (µm)

		B) Lateral translation of beamslitter cube (µm)		20		0		0

		C)  Rotation of the beamsplitter cube about point A (µrad)		3		0.09		0

		D)  Lateral translation of the focusing lens of (µm)		0.1		0.1		0.1

		E) Rotation of focusing lens about point B of (µrad)		20		0.1		0.1

		F) Lateral translation of the fiber (µm)		0.1		0.1		0.1

		RSS				0.20		0.17

		Simply scale the effects

		2. Scale to see effect of changing tolerances

				Tolerance		scale factor		Beam #1 (µm)		Beam #2 (µm)

		B) Lateral translation of beamslitter cube (µm)		20		1.000		0		0

		C)  Rotation of the beamsplitter cube about point A (µrad)		3		1.000		0.09		0

		D)  Lateral translation of the focusing lens of (µm)		0.1		1.000		0.1		0.1

		E) Rotation of focusing lens about point B of (µrad)		20		1.000		0.1		0.1

		F) Lateral translation of the fiber (µm)		0.1		1.000		0.1		0.1

		RSS						0.20		0.17



Enter new tolerance value

Excel calculates scale factor and applies it



HW6_ Number 9

		Victor Villavicencio HW6 Number 9

				[C] =		0.408		-0.408		0				[r] =		-1800

						-0.408		-0.408		0.408						0

						-0.816		-0.816		-0.816						0

				Determinant:		0.543338496

				[Cinv] =		1.2254901961		-0.612745098		-0.306372549				[Tension D-B] =		-2205.88		Kg

						-1.2254901961		-0.612745098		-0.306372549				Tension D- A		2205.88		Kg

						0		1.2254901961		-0.612745098				Tension D-C		0.00		Kg





Original Mtrices

		X Rotation

		Angle (Degree)		10		M1		1		0		0

								0		0.984807753		-0.1736481777

								0		0.1736481777		0.984807753

		Y Rotation

		Angle (Degree)		1		M2		0.9998476952		0		0.0174524064

								0		1		0

								-0.0174524064		0		0.9998476952

		Z Rotation

		Angle (Degree)		1		M3		0.9998476952		-0.0174524064		0

								0.0174524064		0.9998476952		0

								0		0		1



In Zemax, A clockwise rotation is a postive angle. So to Tilt the optical axis Z, the Y - Z plane, you need to rotate about the X-axis.
Therefore, you use the X rotation matrix..
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