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Figure 1 shows a typical opto-mechanical design for athermalizing a lens system using two metals with dissimilar CTE’s. However, with the vast numbers of glasses to choose from, an athermal technique using only one metal as the metering structure is presented. A look-up table is provided for choosing the glass combinations that yield lens = metal. 
Introduction

In designing a lens system, it is common to start with a known design form and to use familiar glass types. After the optical design evolves to a mature stage, then the mechanical structures are “wrapped around” the prescribed optics. Different opto-mechanical athermal techniques have been developed for this serial approach. However, the mechanical design is strongly influenced by the near-finished lens prescription. For example, Figure 1 shows the opto-mechanical designs suitable for athermalizing some already prescribed lens systems. In order to maintain focus over some temperature fluctuations, two structural materials with dissimilar CTE’s and lengths are chosen to match the change in the focal length. The complexity in this opto-mechanical design adds volume, different materials, additional parts, handling, and assembling to the overall optical system. 
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Figure 1: Athermalizing a triplet and a doublet by matching (1L1 ± 2L2) of the metering structure to the dF/dT of the lens systems.

Ideally, one would like to use only one structural material, aluminum for example, for both mounting and athermalizing the optical system. A systematic approach for designing such lens system is presented here. Specifically, the emphasis is placed on the doublet, triplet, and their variations (doubling the doublets and triplets) are presented. The lens design principles, athermal criteria, and practical manufacturing issues are considered simultaneously. With the vast numbers of glasses to choose from, Schott and Ohara glass catalogs for example, it is possible to athermalize and achromatize the lens system with only one structural material. A look-up table is attached, and the user can input different criteria to select different glasses/metal combinations and satisfy the system requirements.

Opto-thermal expansion coefficient  of glasses
Opto-thermal expansion coefficient is a property of the glass material, and it does not depend on the focal length or shape factor of the individual optics. This coefficient has been derived in many different references1,2, and it is summarized here.
 = 1/F = (nrel-1)(1/R1 – 1/R2)

d/dT 
= (dnrel/dT)(1/R1 – 1/R2) + (nrel-1)[(dR1/dT)(-1/R12) – (dR2/dT)(-1/R22)]
= (dnrel/dT)(1/R1 – 1/R2) + (nrel-1)[(glassR1)(-1/R12) – (glassR2)(-1/R22)]

= (dnrel/dT)(1/R1 – 1/R2) - (glass)(nrel-1)(1/R1 – 1/R2)

= (nrel-1)(1/R1 – 1/R2)[(dn/dT)/(nrel-1) - glass]

= (1/F) [(dn/dT)/(nrel-1) - glass] 
= ()(-), 
lens = glass + (dn/dT)/(nrel-1)
dsystem/dT = -systems(i/system)(i)



(1/F)(dF/dT) = (n/system)(n) = lens system


Eq (1)
Glass manufacturers such as Schott and Ohara always provide the dispersion constants/formula for calculating the refractive index nrel (within the glass’ transmission band). dn/dT and glass are sometimes provided in a tabulated form and sometimes in the functional form. From these material properties,  can be calculated. See the attached spread sheet.
Athermal Singlet

Most glasses have positive  values; positive  makes the focal length shorter for +T (follow Vukobratovich’s sign convention), where as metals always expands for +T. Therefore, for most glass/metal combinations, the net effect is an “additive” change in focal length over T. However, a few glasses exhibit –, and they closely match the CTE of some common metals. When this is the case, the singlet is athermalized. Table 1 shows examples of athermalized signlets. 

Metal

metal (ppm/C)

Glass

-(ppm/C)
Aluminum
22-26


N-FK51
24.8





N-PK51
25.0






P-PK53
23.2






S-FPL53
24.9

Steel

8-12


N-FK5

11.5

Titanium



N-LAK12
8.5
Beryllium



N-SF10
8.1






N-SF14
8.7





N-SF4

8.3






S-BSL7
10.6






S-BAL11
9.2






S-BAL12
10.5






S-LAM66
8.3

Invar

0-2


BK7

1.7

F2

1.9





F5

1.1






LAK12
1.5






SF5

0.5





S-BSM10
0.5






S-NSL3
0.1






S-LAH65
1.0

Table 1: Glasses that match the CTE of some common structural metals
Potential applications for an athermal singlet are laser collimators, a landscape (Wollaston meniscus) lens, and a Periscope lens (doubling of the landscape lens). The performance of a singlet is reasonable for an optical system with a slow F/15 speed. The classical landscape and Periscope lenses can also benefit from such athermal property. However, the improvements may not be significant given the large amount of other aberrations already presented in the designs.

Athermal AND Achromatic Doublet
Frequently, the achromatic doublet is designed separately from its mount, metering structure, and the detector. If athermal condition is required, this often leads to an opto-mechanical design similar to Figure 1b. However, we can combine the achromatic conditions with Eq (1) to yield an integrated optical system. Let’s start by stating the achromatic conditions for a doublet.
system = 1 + 2
1/1 + 2/2 = 0, or 

1/system = 1/(1-2)




Eq (2)
2/system = -2/(1-2)



Eq (3)
From Eq (2) and (3), it can be seen that the fractional powers in the individual lenses are functions of the Abbe numbers only. By substituting Eq (2) and (3) into Eq (1), the opto-thermal expansion coefficient of the doublet doublet can be calculated solely from the material properties of the chosen glasses, i and i(glass, nrel, dn/dT). From all the different glasses combinations, IF/AND/OR logic can be used to search for the glass combinations that yields a doublet equals to the CTE of a desirable metal. In addition, constraint on the Abbe difference  is placed in the search criteria; two glasses that have relatively large  (old doublets with Crown in-front or new doublet with Flint in-front) minimize the powers in the individual lenses. A system matrix is setup for finding such athermal-achromatic doublets. A partial table is given in Table 2, and the full matrix can be found in the attached spread sheet. Since the matrix is symmetric about the diagonal, the bottom half of the data is omitted. 
For example, (K7 + KZFSN5) and (N-BAK2 + KZFSN5) are two different sets of achromatic glasses (high lighted in yellow), and each set is athermalized with respect to aluminum. Therefore, using only aluminum, the opto-mechanical design of the lens cell and the metering structure are greatly simplified. The same method can be used to search for achromatic glass combinations that are also athermalized with respect to steel/titanium/beryllium (high lighted in green). The attached spread sheet allows the user to specify the desirable CTE of the structural material, and the desirable  for the glass combinations. Upon a closer look at the spread sheet, it is evident that there are abundant choices of glass sets that yield both realistic achromatic and athermal specifications. 

	Glass
	 
	 
	K7
	KZFSN5
	BK7
	N-BAK2
	SF6
	SF11

	 
	d
	
	60.4
	39.6
	64.1
	59.7
	25.4
	25.7

	 
	
	doublet
	5.63
	-3.97
	1.70
	5.22
	-4.21
	-9.03

	K7
	60.4
	5.63
	-
	24
	6
	41
	13
	17

	KZFSN5
	39.6
	-3.97
	 
	-
	11
	23
	-4
	5

	N-BK7
	64.1
	1.70
	 
	
	-
	-45
	6
	9

	N-BAK2
	59.7
	5.22
	 
	
	
	-
	12
	16

	SF6
	25.4
	-4.21
	 
	
	
	
	-
	-387

	SF11
	25.7
	-9.03
	 
	 
	 
	 
	 
	-


Table 2: Glass combinations (high lighted cells) for achromatic doublets that are also athermalized to the CTE of aluminum or steel/titanium/beryllium; in addition, > 20.  
An achromatic doublet can work over an F/8 speed and still yield good spot sizes over a reasonable FOV. By doubling the doublet about its stop location, one obtains the Rapid rectilinear landscape lens and the Petzval portrait lens. See Figure 2. However, in order to correct/balance all the 3rd order aberrations simultaneously, the cemented surface often needs to be broken into air-gap surfaces. If the distances between the lens elements become relatively large and the rays are no longer paraxial, the athermal prescriptions shown above will not be exact. Therefore, it serves as a starting point for optimization of a more complicated optical system. 
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Figure 2: Rapid rectilinear landscape lens and Petzval Portrait lens, both can be athermalized by the proper choice of glass materials. 
Athermal AND Apochromatic Triplet
The same procedure is used for designing an athermal apochromatic triplet. In order to be apochromatic, three conditions must be satisfied simultaneously:

1 + 2 +3 = total 



Power
1/1 + 2/2 +3/3 = 0


Achromatism

P11/1) + P22/2) +P33/3) = 0

P is the partial dispersion 

of the secondary spectrum
or
1/system = 1(P2 - P3)/E’



Eq (4)

2/system = 2(P3 - P1)/E’



Eq (5)

3/system = 3(P1 - P2)/E’



Eq (6)


E’ = 1(P2 - P3) + 2(P3 - P1) + 3(P1 - P2)
Eq (7)
From Eq (4) - (6), it can be seen that the fractional powers in the individual lenses are functions of the Abbe numbers and partial dispersions. By substituting Eq (4) - (6) into Eq (1), the opto-thermal expansion coefficient of the triplet triplet can be calculated solely from the material properties of the glasses, i, Pi, and i(glass, nrel, dn/dT). From all the different glasses combinations, IF/AND/OR logic can be used to search for glass combinations that yield a triplet equals to the CTE of a desirable metal. Unlike the doublet, the matrix for the triplet is a 3D cube, and a spread sheet is not suitable for implementing such look-up table. 
A Matlab routine is written do such task. First, a database is established using the Excel spread sheet. This simple database contains all the essentail material properties of the glasses. See Table 3. This database is imported into Matlab as column vectors. A for-loop is written to calculate all possible combinations (for i,j,k = 1 to N) of triplet,i,j,k = n = i,j,k)(n/system)(n). The fractional power term n/system is defined by Eq (4) – (6). Once all the triplet,i,j,k are tabulated, a search function can be used to sort out the glass combinations that yield a triplet that matches the CTE of a desirable metal. Alternative, a 3D plot may show the possible solutions in the (i,j,k) coordinates. In addition, constraint on the parameter E’ is placed in the search criteria. E’ in the apochromatic triplet has the same utility as the  in the achromatic doublet. E = E’/(P1 – P3) is the sag in the P- diagram. See Figure 3. A large E’ value minimizes the powers in the individual lens elements. This can be obtained by selecting three points on the P- diagram that has a large sag value E, or by selecting E > 0.04 as a criteria in the Matlab reach routine. 

	Index
	Name
	nd
	
	PdC
	dn/dT
	
	

	1
	N-BK7
	1.5168
	64.17
	0.30742
	2.79E-06
	7.1E-06
	1.70E-06

	2
	KZFSN5 
	1.6541
	39.63
	0.29761
	5.54E-06
	4.5E-06
	-3.97E-06

	3
	 SF6 
	1.8052
	25.43
	0.28690
	9.91E-06
	8.1E-06
	-4.21E-06



Table 3: A database of the material properties of the glasses
[image: image5.emf]
Figure 3: P- diagram
An added benefit of such 3D matrix cube is the “extra” information regarding the athermal Cooke triplet and the athermal double Gauss. A Cooke triplet has a “new” Flint in the middle and two identical “new Crown” on both sides. A double Gauss is symmetric about the stop, and it has two identical “new Crown” for the outer elements. See Figure 4. Therefore, to look for an athermal Cooke triplet solution, the search function can further constrain the 3D matrix cube to find Cooke,i,j,k where i = k (or within the glass type of i and k). To look for an athermal double Gauss, search for Double Gauss,i,j,k where j = k. Alternatively, one can specified the range of n and  for each of the glasses. Still, there are other combinations of glasses that do not conform to these classical forms, yet they are achromatized and athermalized with respect to one metal. Again, final system optimization (optical and thermal-mechanical) needs to be done in a ray trace program. 
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Figure 4: a Cooke Triplet (left) and a Double Gauss (right)

Conclusion:

A systematic design/search method for athermalize a lens system with only one metal is presented. It is shown that the achromatic conditions can also be used to athermalize the lens system with the proper choice of the glass materials. The key lies in recognizing the relationships between the fractional lens power for the achromatic conditions and the opto-thermal expansion coefficient . All possible glass combinations are “mindlessly” considered, and the corresponding system are calculated. Then search criteria are placed on these system values for sorting and matching to the CTE of a desirable metal metering structure, aluminum for example. 
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