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ABSTRACT

An experiment was performed to measure the change in optical 

figure of the flat surface of a two-inch diameter, half-inch thick 

cylindrical aluminum mirror caused by a heat differential across the 

mirror. The differential was caused by heating the circumference of 

the mirror with electrical resistance wire and cooling the rear face 

to 77bK. The change in the surface was measured by observing Fizeau 

fringes between the mirror and a quartz test plate laid on top of the 

mirror.

A thermal deformation model was employed to approximate 

deformation in the mirror and test plate. Temperature measurements were 

made by instrumenting an aluminum and quartz simulator of the test 

pieces. The temperature changes measured in the simulator were used in 

the thermal deformation model. The resulting calculated figure change 

agreed with the observed changes in the actual test system within 

experimental error.



CHAPTER 1

INTRODUCTION

A high thermal' conductivity material, when used as a mirror sub

strate, will yield a mirror which will have high isothermality when 

under a heat load. Such a mirror should therefore not deform excessively 

when subjected to irregular heatingo Spawr Optical Company of Corona, 

California, provided an electroless nickel coated aluminum mirror to be 

tested for isothermality, in conjunction with possible use in a high 

energy situation. The objective of this study was to provide information 

about optical figure changes of a mirror while under heat stress.

The aluminum mirror in this test was a thin cylinder, two inches 

in diameter, one half-inch thick, with one face flat and polished. The 

mirror was heated by electrical resistance wire would around the circum

ference. The mirror was cooled by contact along the bottom face with 

an aluminum block immersed in liquid nitrogen. Change in the optical 

figure was measured by observing Fizeau fringes between the upper mirror 

surface and a quartz test plate laid in contact on top of the mirror.

The test plate was aluminized to 30% reflectance to* enhance fringe 

contrast.

In order to non-destructively measure the internal temperature 

changes in the mirror and test plate, a thermal simulator .consisting 

of an aluminum mirror blank and a quartz plate was instrumented with
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thermal sensors implanted radially along both faces at even inter

vals <,



CHAPTER 2

...THE PROBLEM

The problem'as proposed for this experiment was to obtain 

information concerning optical figure change of a cooled, Kanigen-coated 

aluminum mirror in a high energy situation» The testing of an aluminum 

mirror was proposed by Walter Spawr (of Spawr Optical Company to demon

strate the stability of a cooled mirror.

To confirm the ability of a cooled metal substrate not to warp, 

a mathematical model was used to predict the figure change in a small 

mirror* The mathematical model must be scaleable in size without 

encountering any physical non-realities. Validity of the prediction of 

this model was to be verified by experimental data.

Changes were made from the desire high energy situation because 

of a lack of high energy systems and facilities to handle liquid helium 

for coolant. The heat input was not on the face Of the mirror, but 

around the circumference. This was done to allow constant monitoring of 

the surface figure (Figure 1).

Cooling of the mirror was not by circulating liquid, but by 

contact of the rear surface with an aluminum heat sink kept at the 

boiling point of nitrogen. The temperature of this sink was maintained 

by evaporation of a reservoir of liquid nitrogen.
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Quartz test plate

Aluminum test sample 
with heating wires

HEAT SINK

Figure 1. Mirror, with heater wires, and test plate 
used to measure deformation of the mirror



To simulate a high energy situation,, a steady state temperature 

differential, and thus a heat flow, was created in the test mirror. 

Temperature measurements were made at various points in the mirror. 

Knowing the temperature distribution and thermal conductivity of the 

mirror substrate, the heat flux could be calculated.

To. measure the figure change induced by the heat flux, the 

optical figure was monitored in real time to determine when a steady 

state condition had been achieved, Fizeau interference fringes were 

observed by placing a fused quartz test flat in contact with the top of 

the mirror. Physical contact was used to ensure alignment when at low 

temperatures. Fringe contrast was enhanced by a 30% reflecting coating 

on the flat. The fringes were photographed through a window, necessary 

to isolate the system at low temperature.

The substrate of the test mirror was 2014 alloy aluminum with a 

Kanigen coating. The mirror was two inches in diameter and 3/8 inch 

thick. • The test plate was General Electric Type 125 fused quartz, 2=1/8 

inch diameter, 1/2 inch thick.

The depth of the Kanigen coating was measured across the face

of the mirror to determine if it would cause deformation of the surface

due to stress caused by differential thermal contraction. Measurement

of the depth was made by a calibrated Demitron nondestructive thickness
-3tester. Average thickness was 1.7 x 10 inches. The, deformation 

caused by this thickness, at liquid nitrogen temperatures„ was 0.5 

fringe spherical curvature, seen as convex power.



The heat sink was an aluminum block 2 x 2*5 x 5 inches, with 

one face fine-ground flat for better thermal contact with the rear 

surface of the mirror. The heat sink is approximately three quarters 

immersed in liquid nitrogen, the level of nitrogen varying during the 

experiment due to evaporation.



CHAPTER 3

TEST SETUP

The mirror was heated by looping; a nichrome wire around the 

circumference three times, and heating the wire electrically. To 

prevent zonal heating on the mirror or short circuiting, the heater 

wire, it was encased in a woven glass fiber sheath and cemented to the 

mirror with General Electric 7031 shellac. The heat input was thus a 

combination of radiation and conduction. Heat input was 25 watts; the 

wattage controlled by changing the electrical current in the heater 

wire.* Higher heat input causes local hotspots on the wire, burning the 

shellac, without noticeably greater deformation of the mirror.

Cooling was achieved by laying the mirror onto an aluminum 

block kept at the boiling point of nitrogen--77°K, Cooling was thus 

solely by conduction. A layer of silicone heat sink compound was 

applied between the mirror and aluminum heat sink in an attempt to 

increase conduction from the mirror but was removed because it created 

severe deformation of the mirror due to differential thermal contraction.

Data of the observed deformation of the mirror were photos of 

the Fizeau fringes on the test plate. To simultaneously illuminate and 

observe the test plate vertically, an extended mercury arc source was 

used in conjunction with a beamsplitter. The fringes were viewed through 

a window in the test chamber (Figure 2).

7
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Polaroid
Camera

Light
Diffusers

Hg arc
Beamsplitter

lamp

Electrical 
Input to 
Heater \Test plate 

Test mirror
Liquid N7 level

6 inches

Figure 2. Test apparatus used to photograph 
Fizeau fringes.
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The Fizeau fringes measure the separation of the mirror and the 

flat test plate above it. The fringes represent zones of constant 

separation. Difference in separation distance between fringes was 

0,273 micrometers,

Interferogram photographs were taken after stabilization had

been achieved in the test pieces, as determined by the temperature

sensors, ' Measurement of the fringe deformation was made by measuring 

the distance from the highest point on the fringe to a baseline drawn 

between the lowest points (Figure 3 and Figure 4),

This simplified reduction was possible because the fringes were 

second order curves, indicating a spherically deformed surface. In 

calculating the deformation of the surface, the 0,546-micrometer line 

of mercury was used.

The direction of power on the surface was found at room tempera

ture, and curvature was monitored visually for any sign change while

the temperature was being lowered.

To approximate thermally induced figure changes in the test
o

plate alone, a control interferometer was made using two fused quartz 

flats, with no heating element. When they stabilized at liquid nitrogen 

temperature, the figure change observed between the plates was twice 

the change in the test plate alone. The mathematical model employed 

for calculation of deformation in the mirror has been applied to the test 

plate also, and confirmed the measured test plate change.

The test pieces and control interferometer are shown in place for 

a test in Fig, 5. The test mirror and test plate are shown separately 

in Fig, 6,



Figure 3. Fizeau fringes before application of heat.
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Figure 4. Fizeau fringes after application of heat.



Figure 5. Control interferometer and test pieces



Figure 6. Test plate and test mirror.



CHAPTER 4

TEMPERATURE MEASUREMENT

The mirror deformation shown by the Fize.au fringes was correlated 

with calculated deformations based on temperature data in Table 2 (p.. 20). 

The deformation calculation was performed using temperature measurements 

and a theoretical model of deformation for various temperature dis

tributions .

A theoretical heat flow analysis was utilized, due to uncertain

ties in the exact heat input to the body of the mirror and in the amount 

of contact between the mirror back and the heat sink. An experimental 

solution was utilized to solve the problem of finding internal heat 

distribution. A mockup system was instrumented, employing a 6061 alloy 

aluminum mirror blank, a fised quartz test pldte, and the same heat 

sink utilized in the test system. The faces of the mockup test pieces 

were fine gound for better thermal contact, bu the contacting faces of 

the aluminum mirror blank and quartz plate were not polished.

It was understood at first that the alloy of the mirror was pro

prietary.. Therefore, we chose 6061 alloy aluminum as a suitable approxi

mation for the mockup system. After the mockup system was completed, 

it was learned that the mirror alloy was 2014 aluminum. Fortunately, 

the physical properties of 2014 and 6061 are similar at the test 

conditions, as shown below in Table 1.

14
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Table 1. Properties of aluminum alloys.

Alloy
6061

Alloy
2014

Poisson's ratio 0.35 0.35

Modulus of elasticity 10.0 x 106 psi 10.6 x 10^ psi

Coefficient of thermal
conductivity 1.55-1.72 W/cm°K 1.55-1.93 W/cm°K

Dimensions of the mockup mirror and test plate were matched to 

the test pieces. Cooling and heating systems were identical. The 

amount of heat introduced to the mirror was the same in the mockup and 

primary systems. The voltage into the heater was adjusted to account 

for a change' in resistance of the heater wire.

The temperature sensors in the mockup system were chrome1- 

constantan thermocouples. Thermocouples were implanted internally, to 

measure the temperature distribution along each thermal interface 

(Figure 7), Three points were measured along each face, evenly spaced 

radially, from the center of each piece. Holes were drilled in the mock- 

up pieces laterally in from the side of the mirror mockup and vertically 

in the test plate to implant the sensors. Holes in the mirror were 

overshot 1 mm, to place the sensors and a section of the leads in an 

equal temperature region. The holes were. 2 mm in diameter. The three 

sensors.in each face were at. 90° to the holes drilled to implant 

sensors in an adjacent face. Disruption of thermal flow caused by the 

holes for the sensors is then less likely to effect adjacent sensors.
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Heater Wires

Holes for 
Thermocouples Heating Wrapping

Holes Aluminum

(a)

Quartz

(b)

Figure 7. Location of holes drilled.

(a) Holes drilled in the mockup test 
mirror.

(b) Vertical holes drilled in quartz 
to implant termperature sensors.
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Sensors were attached to the mockup by shellac. To determine

if the shellac would provide enough thermal insulation to cause

erroneous temperature readings, the delay in response, of the sensor

given a small heat differential across the cement was calculated. A

thickness of 1 mm of shellac was assumed separating the sensor and the

test piece. The temperature differential was assumed to be 0.1°K. Time

delay is calculated by dividing the heat capacity of the sensor by the

heat transfer across the shellac. Using a contact area for the sensor 
2of a 4 mm , the time delay for the thermocouple to rise 0.l°k was 10 

seconds. This was short compared to the time constants of the pieces 

in the mockup, which are calculated to be from 70 to 100 seconds. There-1 

fore, given a temperature change, the sensor will stabilize sooner than 

the test pieces. This eliminates any time lag in thermal response caused 

by the sensors.

Reference junctions for the thermocouples were immersed in boil^ 

ing liquid nitrogen to give a stable reference temperature and to provide 

maximum sensitivity.

Temperature sensors were installed on the test mirror and test 

flat, to verify surface temperature correlation of test pieces to the 

mockup pieces and show equivalency* of mockup and test pieces. At. the
' i

start of the test, the temperature sensors were 5000 ohm carbon resistors, 

two attached to the mirror at diametrically opposite points on the cir

cumference, and one attached to the top surface of the test plate, near 

the edge. Actual temperature of the resistors was uncertain due to the 

uneven cooling effect of the surrounding atmosphere on the' exposed
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surface to the resistors. This, plus the lack of calibration curves for 

the resistors, and a relatively long thermal time constant due to the 

large mass of the resistor, led to the use of platinum resistance 

thermometers (PRT's)» Rosemount Model 146BB PRTf s were used. One was 

cemented into a screw-hole in the side of the mirror with shellac. The 

sensor was protected from contact with the atmosphere or the heating 

element. The PRT8 s are provided with calibrated temperature vs resis

tance curves.

The second PRT was attached to the center of the top surface of 

the test plate. Calculations of the thermal, delay in the sensors due to 

insulation of the shellac had been calculated previously. Applying these 

calculations to the PRT's, a time constant of 20 seconds was found. This 

was small compared to the time constant of the test pieces, which were 

from 60 to 90 seconds.

Temperature data of the mirror and test plate were tabular 

records of resistance of the PRT8s with time. Temperature data from 

the mockup was a set of tabular records of voltage changes with time.

The thermocouples have a voltage change of 28 t-Volts/°K at 77°K. 

(Temperature measurements were made when the system had'stabilized at 

77°K, while heat was being applied to the mirrors, and after the heat 

was removed and the pieces returned to an equilibrium condition.) This 

procedure eliminated biasing caused by a rise in the ambient temperature 

of the test pieces.
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For temperatures close to the equilibrium temperature, final 

temperature in a given heating cycle can be determined by extrapolation 

Of three temperature readings, spaced equally in time- (Gordon and 

Condon, 1963).

(T -T ) (T -T )
T  =  4-F 2 ( T ^ ^ )  - (T3-T2)

where is the earliest reading, the second, the last and is 

the final temperature»

The thermal time constants (T) of the test pieces were measured 

using the temperature readings employed in the extrapolation of 

(Gordon and London, ).

. ■ ~ ( R )

where h is the time interval between temperature measurements.

If a test piece with a large T were in contact with a test piece 

with a small T, it would create erroneous readings of temperature 

change with time by continuing to heat or cool the smaller piece after 

it would otherwise have changed. If this were the case, then the 

early portion of a temperture-vs-time graph will be correct for the small 

T piece, but near T^> heat transfer from the large T piece would alter 

the curve. Measured time constants were less than 1.5 minutes for all
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pieceso Since the interval between temperature readings was 5 to 6 

minutes, it is at least greater than four time constants„ From this, 

the alteration of temperature curves for the test pieces can be concluded 

to be negligible.

Table 2 reflects steady state temperature distribution of the 

mockup system when under heat load. Temperatures are relative to 

reference junctions, which is at 77°K.

Table 2o Temperature distribution.

Differential Differential
Test Plate Temperatures (°K) Mirror Temperatures (°K) 
Center 0.5 Zone Edge . Center 0.5 Zone Edge

Top Face 22.8° 24.2° 23.9° 24.1° 24.5° 25.4°

Bottom Face 22.3° 24.4° 31.0° 23.7° 24.5° 27.3°



CHAPTER 5

DEFORMATION MODEL

A mathematical model was used to predict figure change, 

utilizing measured temperature data. This model is called dynamic 

relaxation (Malvick, 1970). Calculations utilizing this model were 

performed using an existing Optical Sciences Center, University of 

Arizona, computer program under the direction of A. J. Malvick*

The mirror was divided into a number of small segments, 

designated by polar coordinates, and a temperature was assigned to 

each segment. Temperatures were extrapolated from measured data in 

the mockup system (Figure 8).

Measured Temperature Points

Rotational
Axis

Figure 8. Grid division of mirror for temperature 
calculation.

21



22
The dynamic relaxation model describes force equilibrium 

equations for each segment. To determine the effect of thermal stress, 

the equilibrium equations for each segment are set equal to the thermal 

Stresses as determined by the extrapolated temperature distribution.

Each segment is given an arbitrary velocity, and after a small time 

interval, new velocities and displacements are calculated, and equilib

rium equations are reapplied. This cycle of calculations is repeated 

with a damping factor added,, until the velocities reach a pre

determined small value and the calculations are terminated. The final 

static displacements of each segment describe the (bulk) body expansion 

of the test piece. Displacement of the top surface gives the surface 

change, and thus the optical figure change.

Boundary conditions for the test piece are accounted for by 

defining the stress normal to the surface on a boundary point to be equal 

and opposite to the point immediately inside it. Shear stress is set 

to zero. Thus, the boundaries are defined as having zero total stress, 

a ̂ condition acceptable since only thermal def ormation is being con-* 

sideredc



CHAPTER 6

RESULTS

The measured temperature differential across the mirror was 

3.6°K from center to edge. The measured figure change induced by the 

steady state heat flow was 0.11 ± 0.05 micrometer concave. Using the 

measured temperature for the test plate figure from the mockup system, 

a 0.05 micrometer convex curvature was calculated. The corrected 

surface figure for the mirror alone was 0.06 ± 0.06 micrometer concave.

No change in figure was observed in the control interferometer 

when it was cooled to liquid nitrogen temperature. It was assumed from 

this that the test plate does not warp when it is cooled isothermally.

Surface defomajtion calculated by dynamic relaxation, was 0.03 

micrometer concave. Due to the limited temperature data, deformation 

error was 0.13 ± 0.10 micrometer. This large error was a result of 

extrapolating six temperature measurements to fill a 10 by 60 unit grid.

Error in measurement of fringe spacing was found by making a 

series of measurements of a single fringe spacing. Standard error was 

±0.08 fringes.

Error in the temperature measurements in the mockup system was 

found from observations of voltage fluctuations from the thermocouples 

during a test. Stability of the readings was ±2.0uVolts, equal to 

±0.7°K.

23
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During repeated heating cycles, measured final temperature of 

each piece was consistent within ±0«05°K. This is within stability 

limits o

To determine the effect of a change in temperature on the 

figure change predicted by the dynamic relaxation/ the error propagation 

theorem (Parat, 1961) is used.

AZ2 =
1 =  1

where Z is a general function of X.,r
The error in the prediction model for a single unit can be 

expressed as

-TAgo = ■ [F (r) ] a (A temperature)p(1^k /2;

where Ago is the error in displacement of a relaxing incremental unit. 

The error is a linear function of both At and F(r), where F(r) is a 

function of r, the radius of the incremental unit in the test piece. 

The figure error for a change of 0.5°K in the aluminum mirror is:

Figure error = ±0.11 micrometer

To verify the error propagation, the calculations for 

figure change for a given temperature distribution were repeated with 

a single temperature point changed 0,5°K,



The calculated error agreed with that obtained from the propa

gation of error theorem within 10%, which is well within anticipated 

error ranges for thermal experiments»



CHAPTER 7

CONCLUSIONS

A direct estimate of the amount of figure change in a laser 

mirror per degree of heat differential cannot be made directly from 

information gathered in this experiment because of differences between 

a real laser situation and the test situation«

These differences were: (1) the presence of a quartz plate

on the test mirror, which acted as a secondary heat, sink and an 

unrealistic heat input, and (2) the input of heat to the test mirror 

was from the circumference, while the heat distribution in a laser would 

have the highest energy flux in the center of the mirror.

However, it can be stated that for a heat input sufficient to . 

produce a temperature differential of 3.6° over a distance of one 

inch, the deformation will be approximately OoOGy, with the figure being 

power (focus) if the temperature distribution is symmetric about the 

center.

Also this confirms, within the large mirror band in this 

situation, that the dynamic relaxation model will predict shape and 

amount of figure change.

To lessen these differences and more closely approach a 

laser situation, a temperature measurement was made with the test 

plate removed to determine the temperature distribution for the

26



mirror alone, and the observed temperature distribution was reversed 

from center to edge in order to put the heat source in the center. 

This was not true laser simulation, since the resultant heat source 

was a point in the center of the mirror. However, for this reversed 

situation, deformation calculated by the dynamic relaxation model was 

a convex sag of 0.25 micrometer.



CHAPTER 8

SUMMARY

Steady state thermal flow can be induced in a mirror, thus 

simulating a high power laser situation. Temperature changes in the 

mirror body and change in the optical figure of the mirror can be 

measured. The mirror tested here, with an aluminum substrate, demon

strated high isothermality with a maximum temperature differential 

within the substrate of 3.6°K, under a steady state thermal flux 

induced by a 24-Watt heat input, producing a temperature change of 

~25°K.

The measured surface deformation agreed with surface deforma

tions predicted by the dynamic relaxation model within experimental 

limits, despite the fact that the experimental error was large (±77%).

A larger number of temperature sampling points would have significantly 

diminished the error. Because the dynamic relaxation program models 

a structure by separating it into an arbitrary number of small units, 

a differently sized or shaped mirror could be accurately analyzed by . 

varying the number and arrangement of the units.

Recommendations for Further Experimentation

Because of the large experimental error, the following 

recommendations are made:
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To better quantify thermal flow, the method of cooling should 

be improved. Thermal conduction provided by two plates in contact with 

each other should be replaced by a system of truly uniform contact. "A 

liquid coolant bath should be considered.

A larger number of thermal detectors would lower the large error 

seen in the prediction of the dynamic relaxation model requiring less 

extrapolation of data.

The mercury arc light used to illuminate the test pieces to 

produce Fizeau fringes had two widely separated spectral lines. A 

chromatic filter should be used to suppress one line, increasing the 

contrast and sharpness of fringes.
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