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Abstract

. In a optical system, there are many parameters that will affect the optical system performance. Some of the parameters are very sensitive that the performance, by adjusting a small amount of the parameter, will change a lot. Others are insensitive that the performance, by adjusting a small amount of the parameter, will not affect the entire system performance. Furthermore, if a tolerance is set too tight for the current technology to manufacture, the cost will increase dramatically. On the other hand, if the tolerance is set too lose for a precision application, the product will be usable.  For the reason, we know tolerance is key to a successful product In this report, I will introduce the procedure to tolerance an optical system, technique to tolerance, standard tolerance, and a case study. 

How to tolerance an optical system
1. Assign viable tolerances to all optical & mechanical components



The first candidate set of tolerances should be reasonably achievable at rational price. In order to do this, the designer needs to first specify what level of performance is required for this design. If the performance requirement is low, then tolerance of optical system as well as mechanical component can be loosed. However, if the performance requirement is high, then the tolerance needs to be tight. As the tolerance is set tighter and tighter, the cost also increases higher and higher.  
2 Use the lens design computer program to generate performance degradation sensitivities for all tolerance parameters within the system.
This includes the process starting from fabrication, assembly, to alignment, each component performance needs to be evaluated and sensitivities need to be determined.

The tolerance form includes radius, power fit to test plate, surface irregularity, element thickness, airspace, element wedge, tilt, decentrati, refractive index, abbe number, and glass inhomogeneity.

3. Select appropriate parameters or adjusting parameters

After assembly, the design always needs some adjustment since some error may occur during fabrication and assembly. Therefore, we need to appropriate select parameters or adjusting parameters for our final adjustment. Back focus is the most common adjusting parameter used for final assembly. 


4. Generate performance sensitivities
we now generate the performance sensitivities for this initial set of candidate tolerances. Thus, if our performance criteria were the MTF at line pair/mm, we would determine the drop in MTF at this spatial frequency for each toleranceable parameter within the system
5. Evaluate performance to see if any should be changed
At this stage, each tolerance is carefully examined from manufacturing and assembly point of view. It is important at this stage to discuss with machine shop as well as mechanical engineers to reach a mutual agreement of the optical components and the mechanical design with respect to the anticipated levels of tolerances.

6. Add any other effect that not model by program

Computer program has tried best to constraint as many parameters as possible to evaluate the optical performance with respect to the specified tolerance. However, not all the parameter is evaluated or some parameters that were over emphasized while it doesn’t affect the performance much. For example, the atmospheric turbulence , surface irregularity that may not have been model  in computer program.

7. Predict overall system performance & generate error budget 
8. Tighten sensitive parameters loosen insensitive parameters and predict performance


In this stage, the sensitive and insensitive parameters are found and then tighten the sensitive one and loose the insensitive parameters. By doing this, we can improve the performance a lot by slightly adjusting the sensitive parameters and reduces the cost by loose the insensitive one. Normally, in a optical system, only a small subset is sensitive so we can loose most of the element to reduce the cost.
9. Repeat previous step until performance is met at reasonable cost

The above process is repeated again until the performance requirement is met at reasonable cost. Sometimes, the cost is very high in order to met the performance requirement. Then the designer may need to redesign the whole system.
Tolerance Flow Chart
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Analysis Option
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In set up tab, Zemax has 5 modes to calculate tolerance; each of them is sensitivities, inverse limit, inverse increment, skip sensitivity and monte carlo analysis. It is important to know the characteristic of each mode for the user to select appropriate mode for his/her application.

Sensitivity analysis 
It considers each defined tolerance independently. Parameters are adjusted to the limit of the tolerance range, and then the optimum value of each compensator is determined.  
Inverse limit

It computes the values of each tolerance that will yield a criterion equal to the value specified by the limit parameter on the criterion tab. Inverse mode will change min and max value of the tolerance operands. 

Inverse Increment
 It compute the value of each tolerance that will yield a change in the criterion equal to the value specified by the increment parameter on the criterion tab.

Skip Sensitivity

This will bypass the sensitivity and inverse sensitivity analysis and go directly to Monte Carlo Method
Monte Carlo Method
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It is a very powerful and useful since all parameters are considered. Random systems are generated using defined tolerance. Every parameter is randomly perturbed using appropriate statistical model (we use normal distribution in this case) to simulate the real situation. It is assumed that each parameter varies about the mid point between its allowed plus and minus limit according to a truncated Gaussian distribution. Number of run and save file name can also be chosen as shown in the figure.
The Tolerancing Cache
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In running zmax simulation, sometimes it could be a quite consuming process. We can reduce the time a lot by proper select the caches for our application. For this reason, it is important to know the meaning of “Recomute All”, “Recompute changed” and “use Polynomial”.

Recompute All
If the cache setting is set to recomputed all for the next tolerancing run, the criterion values are once again calculated for each tolerance operand as usual. It could be quite time consuming process.

Recompute Changed
If the cache is setting to “recomputed changed”, the criterion values are only computed for the tolerance that have been changed or added since the last tolerancing run. This can greatly speed up the tolerancing process.
Use Polynomial

Cache can be set to “Use Polynomial” to make use of the polynomial fit to speed up the process.
Tolerancing Criterion
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Most of the optical software provides several methods of tolerancing function for different application. In zemax,. the method are RMS spot size, RMS wavefront, Merit function, Diffraction MTF, Boresight error or from user defined. Here, I will brief explain when to use each of those method.

RMS Spot Radius

It is generally used in low quality optics

RMS Wavefront Error

Its application is generally used in super quality optics

MTF

It application is generally used in photographic or moderate quality optics

Merit Function

For custom requirement.
	 
	


Boresight

This application requires the image show distortion below some limit. These errors are a change in direction of the chief ray with change in each of the component in the lens.
Introduction of Operand
	Operand 
	Function

	TRAD 
	 Tolerance on radius

	TTHI
	Tolerance on thickness

	TCON
	Tolerance on conic

	TEDX, TEDY
	Tolerance on element decenter 

	TETX, TETY
	Tolerance on element tilt

	TSDX, TSDY
	Tolerance on surface decenter

	TSTX, TSTY
	Tolerance on surface tilt in degree

	TIRX, TIRY
	Tolerance on total indicator runout in lens units

	TIRR
	Tolerance on standard surface irrgularity

	TIND
	Tolerance on index

	TPAR
	Tolerance on parameters and extra data values

	TUDX, TUDY
	Tolerance on coordinate break decenter

	TUTX, TUTY
	Tolerance on coordinate break tilt

	TEZI
	Tolerance for RMS surface error


How Image Degradation from Different Tolerance Are summed

In an optical system, there are many elements. Each element has different tolerance. How can we add those tolerances that ideally can be represented the predicted level of performance for a manufacturing system? How can we use these net data to predict the net result of assembling a large number of systems?


One common method of adding those tolerances is RSS, root sum square. To illustrate RSS addition, let’s assume we have a stack of penny and each penny has thickness T+.1mm. If we have 100 pennys, the predicted thickness of the stack of 100 pennies is 100*T+10mm worst case or 100*T+/- 1mm for a 95% confidence based on RSS addition since (.1^2*100)^.5=1 . In this case, the degradation are all the same type-they are all thickness errors.


In a lens, there are many different types of element caused system degradation. For example , in a lens, degradation caused by center thickness and airspace are will likely introduce defocus and spherical aberration on axis. Can we calculate the RSS as we did previously? The answer is  yes.  But the result is not always correct or meaningful. Fortunately there is another method of adding degradation caused by different element; it is Monte Caro simulation. We will introduce it later section.
Adjusting Parameters
Adjusting parameters, also called compensators, are those parameters used to optimize the optical performance in the laboratory or on the assembly line at some time during the final lens assembly and testing. The most common adjusting parameter is refocusing during final assembly and testing procedure.



Example of Tolerance Analysis
Here, I will use a tessar lens as my case study. I will introduce  you step by step of how to do tolerance analysis. The following is the Zmax LDE and layout.
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Step 1

To open tolerancing window, go to Editors-> Tolerance Data as shown below
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Step 2
After window show up, enter the desired operand, as shown below
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In operands 2 through 8, TFRN specifies a tolerance of lens surface curvature expressed in fringes. The value in the int 1 column is the surface number. Although these errors could have been expressed directly as changes in curvature or in radius of curvature, using fringes is more convenient when the surfaces are checked by the optician with test plates and Newton’s ring in the usual double pass configuration  This test gives the departure or sag error of the lens surface relative to the test plate surface. The amount of error allowed ins specified in the Min and Max columns and is +/- 2 double pass fringes.
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In operand9 through 15, TTHI specifies a tolerance on air or glass thickness. The surface number is given in the INT1 column The amount of error allowed is +/-.5mm. Recall that in the computer, each surface location is given relative to the previous surface by local, not global, coordinates. Consequently according to this model, an error in one of the thicknesses displaces all subsequent surfaces by the amount of the error.
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In operatnd16 through 27, the decenter and tilt tolerances on the elements and groups of elements bounded by the surface numbers given in the Int1 and Int2 columns. TEDX and TEDY are the decenter operand for the transverse displacement in the X and Y direction respectively. The amount of decenter error is +/-.05mm. TETX and TETY are the tilt operands for rotations about the X andY axes, respectively. These rotation axes pass through the vertex of the surfaced in the Int 1 column. The amount of tilt error is +/-.05.
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In operand 28 through 35, TIRX and TIRY specify tolerances on single surface

Tilt erros, which produce element wedge. These tilt are given by surface sag erros along the X and Y directions. The sagsare measured by TIR around the edge of the lens. The surface number is given in the Int 1 column. The sense of TIRX and TIRY is opposite that of TETX and TETY. 
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In operand 36 through 42, TIRR specifies a tolerance on surface figure error or irregularity. That is, the departure of a surface from the ideal shape. In Zemax, TIRR is half spherical aberration error and half astigmatism error. As with surface power, test plate would normally be used to monitor irregularity, and thus TIRR is given in fringes. The value in the Int 1 column is the surface number.
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In operand 43 through 46, TIND specifies a tolerance on glass indices of refraction which are assumed to be equally shifted for all wavelength. The surface number is given in the Int 1 column. The allowed error here is +/- .0005, which correspoinds to schott grade3. 
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Finally, the first operand in listing B7.2 specifies that defocus is a compensator. A compensator is a system parameter that can be adjusted during manufacture to partially correct or control fabrication error. As a compensator, refocus is very effective and is nearly always used. 

Step 3

After entering those operands, go to “Tools-> Tolerancing-> Tolerancing to select options as shown in the following figure.
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Choose proper mode
There are sensitivity, inverse sensitivity, inverse limit, inverse increment, and skip sensitivity. We had explained the characteristic of each function. Here, we want to see how the perturbation of each element affects the image performance so that the most sensitive element can be found.  For this reason, sensitivity mode is selected as shown in the following chart
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The Tolerancing Cache
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Criterion Selection:
In criterion, there are RMS spot radius, RMS wavefront, merit function, MTF, and boresight error options. We had also explained how to selected each criterion for different application. Here, in the manufacturing, they use test plate to see how many wavefront the lens deviates. For this reason, I choose “RMS wavefront”.
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Choose Compensator:
The most common compensator is defocus which is by changing the image plan. For this reason, paraxial focus is selected.
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Monte Carlo:

The more number of the monte carlo is assigned, the more accurate the result will be. However, more time will take to run the simulation, too. We can also select the desire statistic format. It is common to use normal distribution since most of the event will occurred in the center and only a few events will drop down on the two extreme side. Depending on the application, uniform statistic may also be used. 
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Display:
The number of the worst case can be shown. It is recommend to shown the worst 10. After worst, the optical performance will not change as much as the first 10 by adjusting the tolerance.
The output file can also be save automatically by giving a name as shown below
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Step 4 Run the result
In the following table, Zmax has separate the max and min change of each operand. Sensitivity can be obtained by amount of change divided by value. The largest change is then defined the most sensitive element. On the other hand, the less amount of change is defined as the insensitive element. This is avery valuable information. From this, we can moderately loose the tolerance in the insensitive element to decrease the cost and increase the production rate. To put in cautionary is that even though we can loose those insensitive elements, it is still not recommended to loose the tolerance dramatically. For those sensitive elements, we know those are the elements that affect the image quality mostly. It is important for us to tighten the tolerance particularly on those elements to maintain our image quality.
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The following table shows the worst offenders which are also the most sensitive elements. We need to tighten our tolerance particularly on those elements to maintain our image quality.
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Monte Carlo Analysis:

The following chart shows the Monte Carlo statistical analysis of the Tessar lens using the same tolerances and performance criterion as following

In the analysis,  the RMS wavefront error, weighted and averaged over the field of view, is estimated to have changed from .172 to .2282. From the following chart, we noticed right away that Monte Carlo contain much deeper information. 
The standard deviation is .0366147. The two extreme value is .163 and .3009 occurred at trial 12 and 10, respectively.
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How to use TEZI to tolerance for Manufacturing related surface

Goal

· How to use TEZI operand to tolerance for surface defects

· How the spatial frequency of the irregularity as well as the RMS amplitude affect the transmitted wavefront

Tolerancing using TEZI

Tolerance surface irregularity is not easy since it is not deterministic. Often time the RMS surface error introduced on an optic during manufacturing is specified by the lens supplier by taking the average of RMS surface error for a single sample. It is common to hear that a surface is flat to λ/10 or λ/20. As we shall see, the spatial frequency of irregularity is also important. At the end, I have tried to introduce how to analyze the surface irregularity through the “TEZI” operand. Theoretically, the wavefront error should increases as my polynomial number increases. However, my result shows no change on the performance. I don’t know the reason, too. The following is the step is to the simulation.

Step 1

Go to Editors-> Tolerance Data
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Step 2

Select “TEZI” as operand.

Select the examine surface. I choose 4 for my examination.

Enter proper MAX# and MAX#. This is to enter the number of Zernike terms.  Generally speaking, if the lower term is used, the irregularity will be of low frequency with few bumps. If higher order term is used, there will be higher frequency irregularity, with more bumps across the surface.
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Step 3

Run the tolerance simulation by selecting Tools->Toleracing->tolerancing
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Step 4 

Go to check the surface irregularity by Analysis->Surface->Surface Sag
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Step 5

Change surface to the examined surface. In this case it is 4.

Change show as to “False Color”
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Step 6
Check the result
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Step 7
We want to see how higher order term affect the surface irregularity

Doing the same thing as step 2 but change Max# and Min # to 50 and 20 respectively.
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Step 8
Run the step as 3, 4 and 5 to obtain the result
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Step 9  Compare the result

I see no change in my surface irregularity. I have spend hours in this but in vain. I can’t figure this out, too. Theoretically, this shall works. I think you gain some feeling of how it work.

Conclusion
Tolerance is a key to determine the success of a project. A well designed project has an optimized tolerance for lower cost and higher efficiency. For this reason, I have introduced the procedure to determine tolerance. After that, I explained all the characteristics as well as its application of the tolerancing function. Furthmore, I give a case study to show how to actually run a simulation and how to select operand. The method of how to analyze performance through the sensitivity analysis is also introduced. I also provide some insight in the Monte Carlo simulation. At the end, I have tried to introduce how to analyze the surface irregularity through the “TEZI” operand. Theoretically, the wavefront error should increases as my polynomial number increases. However, my result shows no change on the performance. I don’t know the reason, too. I hope this will be a good tutorial for every one who has read it.

Appendix
Rule of thumb for assembly, lens, and glass tolerances
Table 1 optical assembly tolerance
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Table 2 lens tolerance
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Table 3 glass tolerance
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