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PREFACE 

This report is intended as a primer for those persons interested in the 

optical evaluation of heliostat mirrors. A cursory review of the current 

options for measuring the reflectance, specularity and figure of mirrors is 

presented. The extension of both traditional and novel optical laboratory 

techniques to field applications is also discussed. 

The authors conclude that while the presently available techniques are 

invaluable for laboratory testing of moderately sized optical components, 

they offer no immediate solution to the problem of quality assessment of large 

solar optics. This is due to the difficulty in altering the techniques to 

accommodate large optics either because of physical limitation or financial 

constraints. In general, the spatial resolution capabilities of the available 

techniques are either too stringent (i.e., interferometry) or too coarse for 

meaningful results. However, it is felt that eventually viable techniques will 

evolve based directly or indirectly on concepts presented in this document. 

P, A. Robe.rts, Technical Monitor 
Solar Energy Research Institute 

.iULGL 
M.A. Lfnd, Prfncipal Investigator 
Pacffic Nortbwe.s.t Laboratory 
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I. INTRODUCTION 

The rapid appearance of prototype solar and solar hybrid power plant 

designs has resulted in an urgent need for a figure of merit for reflector 

performance. While techniques exist for characterization of mirror reflectance, 

methods for evaluating specularity (scatter due to microstructure nonuniformity 

and figure (slope error) are not clearly defined. Consequently, comparisons 

of mirror facets rely heavily on qualitative judgment rather than quantitative 

measurements. 

In an effort to alleviate this dilemma, a study was undertaken to collect 

and develop mirror evaluation techniques and if possible to quantify previously 

qualitative tests. Mirror specularity and figure were considered the most 

desirable mirror performance parameters to quantify since transmittance and . 

reflectance are readily adapted from routine laboratory procedures. While 

specularity is also readily determined in the optics laboratory, extension of 

the techniques to solar mirror facet characterization in the field is not 

straightforward. It also appears that mirror figure evaluation will require 

relatively innovative approaches due to the lack of quantization of this 

parameter in the past. 

The evaluation of transmittance, reflectance, specularity, and figure for 

heliostat quality assurance may well require three discrete procedures. 

However, candidate techniques which measure two or more parameters simulta

neously (or with slight modifications, consecutively) may be most desirable 

from the point of view of the economics of cost and time. 

A. Objectives of Report 

The objectives of this report are twofold: 1) to collect and report 

mirror evaluation techniques relevant to the determination of reflectivity, 

specularity and figu_re parameters for heliostat mirror facets, and 2) to 

evaluate and report on the applicability and feasibility of these techniques 

to the heliostat mirror quality assurance problem. 

This report is not intended to be an exhaustive compendium of optical 

shop methods since in many cases these techniques are impracticable for 
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evaluation of large surface elements of relatively poor optical quality. 

More exhaustive accounts of described mirror evaluation techniques are to be 

found in the noted references. 

B. Solar Power Systems 

The overall design configuration of the solar power facility will usually 

detennine the constraints on reflector quality. For this reason an overview 

of some of the solar facility concepts and operating configurations is pre

sented in order to illustrate the diversity of the mirror configuration and 

bring the mirror characterization problem into· perspective. For a detailed 

and varied su1T111ary of the options for small power systems applications, the 

reader is referred to Laity, 1978. 

a. Point-Focus Distributed-Receiver Systems. The point-focus distri

buted-receiver system is composed of a field of parabolic dish collectors, 

each equipped with its own receiver. The parabolic concentrators are fabri

cated from curved reflective gore elements or plane mirror facets. Concen

trator focal lengths range from 5 to 15 m with diameters of 10 to 20 m (45°-90° 

included rim angle). Either a Stirling or Brayton cycle heat engine may be 

mounted on each receiver, or the receiver may be used to gener_ate steam for a 

Rankine cycle power plant centrally located within the collector field. 

b. Point-Focus Central-Receiver System. In the point-focus central

receiver system, incident solar energy is reflected from a field of heliostats 

to a tower mounted receiver. The heliostat facets are planar or near planar 

with lateral dimensions ranging from 5 to 15 feet. The effective focal length 

is temperature dependent and may range from 30 m to~ (flat). The 5 MW test 

facility at Albuquerque and the proposed 10 MWe Barstow power plant are of 

this configuration. 

c. Fixed-Mirror Distributed-Focus System. In the fixed-mirror distri

buted-focus system, a large stationary fixed focus spherical mirror focuses 

incident solar energy on a cone-shaped receiver. Array diameter may vary from 

10 to 100 m with effective focal lengths of 10 to 50 m. The working fluid 

(water/steam) is pumped through the receiver and absorbs the incident solar 
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energy. The thennal energy is transferred to a turbine-generator system via 
an insulated piping network. The receiver is boom mounted on a dual axis 
mount to allow tracking of the sun's motion. 

d. Line-Focus Distributed-Receiver Tracking-Collector System. In the 
line-focus distributed-receiver tracking-collector system, the collector field 
is composed of parabolic troughs each equipped with its own receiver through 
which the heat transfer fluid is pumped to absorb incident solar thermal 
energy. Trough segments may vary from l to 5 min length with widths from 0.5 
to 2 m. Focal lengths range from 0.5 to 2 m (approximately 90° rim angle). 
The collectors track on one axis. 

e. Line-Focus Distributed-Receiver Tracking-Receiver System. In the 
line-focus distributed-receiver tracking-receiver system the collector field 
is composed of fixed troughs each producing a sharp line focus. Reflector 
elements are similar to those described above for the line-focus distributed
receiver tracking-collector system. The receiver intercepts and tracks this 
line focus via circular arc translation. A heat transfer fluid is pumped 
through the receiver to absorb the incident energy. 

f. Line-Focus Central-Receiver System. In the line-focus central
receiver configuration a field of tracking parabolic trough collectors mounted 
in parallel rows focus incident solar energy on a centrally located, tower 
mounted, line receiver. While the reflector trough segments have similar 
dimensions as those described for the two previous systems, the effective 
focal lengths are much longer (i.e., less surface curvature) to allow radia
tion concentration onto an extended receiver. 

g. Low Concentration Nontracking System. The low concentration non
tracking configuration utilizes low concentration collectors (such as the CPC 
or V-trough) interfaced with vacuum tube receivers to heat an organic working 
fluid to approximately 450°F. The organic liquid is routed via insulated 
pipelines to supply thermal energy for a Rankine-cycle power plant. 

The above examples illustrate the complexities of the heliostat evaluation 
problem. First, the spatial dimensions of the reflective elements generally 
exceed sizes which would prove amenable to conventional optical testing 
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techniques. Secondly, the range of reflector figure (0.5 m ~ focal length 

~ 00 ) dictates the use of a variety of test configurations (e.g., mirror gore 

evaluation for point focus distributed receiver applications will almost 

certainly demand a different evaluation method than that utilized for nearly 

flat (200 m ~ focal length~ 00 ) facets to be implemented in point focus central 

receiver systems). Finally, the optical evaluation techniques proposed for 

heliostat mirror analysis should be field applicable. Field evaluation is 

generally a severe constraint for conventional optical testing. Innovative 

schemes will probably be necessary to evaluate the optical quality of these 

solar mirrors. 

C. Reflectors for Solar Power Systems (Pettit, 1978) 

The parameters relevant to solar mirror quality are largely determined by 

the techniques and materials utilized in their construction. Consequently, 

each construction component will either enhance or degrade mirror performance 

depending on its compatibility with the overall mirror design. 

A practical solar reflector may consist of multiple sandwiched layers: 

typically, an outer protective layer, the reflecting surface, a backing pro

tective layer, and a support substrate which maintains the mirror figure. 

Each of these layers will influence the overall optical performance of the 

mirror. These effects are sunmarized in Figure 1. 

Present solar reflector materials can be grouped into three main cate

gories; silvered glass (second surface), metallized plastic films and polished 

sheet aluminum. The performance characteristics and production considerations 

of these three categories are summarized in Figure 2. Each class of materials 

has its own advantages and disadvantages. Actual materials selection for a 

given heliostat field is usually determined by cost-performance trade-off. 

Thus the lower performance materials may be viable if their cost is low enough. 

The key to implementing the trade-off study is an accurate determination of the 

optical performance of the material, not only initially, but as a function of 

environmental exposure. 
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_.,...._,.......,..,._...,..,.- Protective Layer 
////7IZIJ7Z/l --- R fl t · S f ce e ec 1ng ur a ...__ . 

Backing Layer 

. . -- Support Structure 

Protective Layer: 
- Absorption in the material 

Specularity losses from scattering caused by processing 
1 imitations 

- Figure limitations caused by surface undulations 
and parallel ism 

Reflecting Surface: 
- Hemispherical reflectance of the layer 
- Scattering due to surface roughness 

Backing Layer: 
- Scattering losses due to surface roughness 
- Figure losses due to the lamination techniques 

Support Structure: 
- Figure imperfections 

FIGURE 1. Typical Reflector Construction and Optical Considerations 

D. Quality Evaluation Parameters for Heliostat Mirrors 

The primary concern of heliostat quality assurance is maximization of 

the solar radiant energy density at the power system collectors. The problem 

is to determine the fraction of incident energy that may be actually directed 

onto the receiver surface for a given solar irradiance distribution. This 

requires that a relation be established between the spatial and spectral power 

distribution of the reflected flux and the spatial and spectral distribution 

of the incident solar flux. 
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SILVERED GLASS METALLIZED PLASTIC FILMS POLISHED ALUMINUM SHEET 

REFLECTANCE 

- Evaporated, Chern. Deposited Silver: 
Rs =s 95-97% 

- Vacuum Deposited Ag (Rs - 95%) At (Rs"" 88%) - Typical of Aluminum: Rs (2n) - 85% 

- Absorption in Glass (Fe+2 , l micron) - Absorption in IR (~l micron) - Anodized Protection Film 

- Low iron glass 
- Thin glass + 
- Control oxidation state of Fe(Fe 3) 

SPECULARITY 

- Typically a ~0.5 mrad - Surface Texture Metallized Surface - Surface Roughness (Polishing Technique) 

- Index Variation (Composition) - Scattering Within Film - Anodized Film 

- Thickness Variations 

- Surface Slope Errors 

- Laminating Parameters (adhesive, substrate) 
Obtained a <l.O mrad (3M FEK - 163) 

- Orientation Dependence 

- 5-15% loss at 17 mrad 

- Sheet, Float, Fusion 

ENVIRONMENTAL 

- Good Abrasion Resistance - Poor Abrasion Resistance - Good Abrasion Resistance 

- UV Resistance - Possible UV Degradation - Good UV Stability 

- Silver Adhesion; Edge Protection - Moisture Penetration 

- Corrosion (Moisture Plus Dirt) - Static Charge 

FIGURE 2. Characteristics of the Three Main Categories 
of Solar Reflector Materials (Pettit, 1978) 



One obvious solution to this problem is to construct a prototype heliostat 

and measure the spatial and spectral composition of the radiation directed into 

a simulated receiver aperture. An overall figure of merit for the heliostat 

could then be determined. Although this approach may be a viable option, it 

is encumbered by practical cost limitations. A more realistic scenario is to 

measure in the laboratory the relevant optical parameters for reflector com

ponents. These parameters could then be used to calculate the integrated per

fonnance of a mirror surface. One set of parameters that could be used is 

spectral hemispherical transmittance and/or reflectance, specularity, and 

mirror figure. 

The spectral hemispherical transmittance and reflectance should be speci

fied in the wavelength range of primary solar irradiance (300-3000 nm). When 

weighted by the terrestrial solar spectral irradiance distribution (TSSID) at 

a particular geographic location and time, these parameters provide an indi

cation of the maximum performance to be expected from the mirror. 

Specularity is a measure of the angular spread or divergence of an exist

ing beam resulting when an incident collimated beam is either transmitted 

through or reflected from a material. Specularity is generally a weak function 

of wavelength and incident angle. The scattering distribution may be unfolded 

or deconvoluted to produce information on the microstructure smoothness of the 

reflecting surface. The specularity parameter provides the heliostat designer 

with an established relationship between maximum theoretical solar flux at the 

receiver aperture and that which can actually be attained for a reflector with 

perfect geometry. 

Mirror figure usually requires prototype heliostat mockup for evaluation. 

Mirror figure error refers to the deviation of the mirror surface geometry 

from that desired. As macrostructure surface inhomogeneities and mechanical 

stability play an important role in integral heliostat performance, the 

figure of the mirror should be measured under actual dynamic operating condi

tions including thermal variation, wind loading, and orientation. 
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II. TECHNIQUES FOR EVALUATION OF MIRROR PARAMETERS 

The ensuing discussion is an overview of mirror evaluation techniques 
deemed to be applicable to the heliostat characterization problem. While the 
techniques discussed have for the most part proven successful primarily in 
laboratory environments they may also be adaptable for field use. 

At a large solar power installation (e.g., a central-receiver distributed
collector facility) a knowledge of the optical condition of each concentrator 
or reflector is desirable. Transmittance, reflectance, specularity, and 
figure would be desirable information for each point on the reflector surface. 
Ideally, these parameters would be ascertained by an inspection system which 
does not contact the reflector surface and the gathered data would be stored 
for comparison with previous or theoretical values. If feasible, the inspec
tion system should be capable of real-time analysis so that the effect of 
active wind loading, dust accumulation, etc., could be observed and monitored. 
This would allow plant operators near real time feedback for cleaning or 
replacement scenarios for individual heliostat facets. 

These are ambitious goals that probably circumvent the reality of time, 
manpower and fiscal constraints. While these limitations will probably 
dictate practical solutions, the intent of this report is to generate a 
11 shopping list 11 of optical evaluation alternatives which provide reasonable 
satisfaction of the stated goals and to suggest areas which could provide 
solutions. 

A. Transmittance and Reflectance 

The accurate determination of transmittance and reflectance of candidate 
superstrates for heliostat mirrors is necessary prior to consideration of the 
material for usage. These parameters are time- and environment-dependent. 
Techniques for evaluation of reflectance of second surface mirrors indirectly 
measure superstrate absorption although results are still reported as "percent 
reflection". Likewise transmittance measurements are not necessarily a true • 
indicator of glass absorption since reflections and scattering are present at 
the sample boundaries. To alleviate these ambiguities, the following defini
tion has been adopted. 
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1. Definition 

Transmittance is defined as the ratio of light flux transmitted through 

a material to the total incident flux. The transmittance value may refer to 

specular or diffuse transmittance and in general varies with angle of inci
dence and wavelength of the light. Reflectance (also termed reflection 
coefficient or reflectivity) is the ratio of the light flux reflected from a 
surface to the total incident flux and generally exhibits wavelength and 

angular dependence. 

Transmittance and reflectivity measurements may take two forms: hemi
spherical and specular. In hemispherical transmittance measurements all 
transmitted energy in the hemisphere, defined by the rear sample normal (2TI), 
is collected and compared with the incident intensity. In hemispherical 
reflectance measurements, all light energy reflected into the hemisphere, 
defined by the front surface normal, is collected for the ratio determination. 
In specular transmittance or reflectance measurements only the light flux 
transmitted or reflected into a predetermined solid angle (~n) is admitted by 
the detector aperture and recorded. This solid angle is sometimes user 
definable depending on the instrumentation and measurement technique, but 
usually subtends an angle between l0·and 25 millisteradians. 

Reflectance and transmittance measurements performed on solar materials 
are often solar weighted. Solar weighting has its basis in the wavelength 
dependence of the TSSID. This wavelength dependence has been experimentally 

determined by many experimenters, but the commonly utilized ones are those of 
Moon (1940) and NASA.(a) 

The solar weighted value for a wavelength dependent variable, Z(A), 
(e.g., transmittance or reflectance) is denoted as Z' and is defined as 

z• = 
I

A2 

Al Z (A) G (A) d A 

f
A2 

G (),) d A 
Al 

(1) 

(a) "Terrestrial Photovoltaic Measurement Procedures," ERDA/NASA/1022-77/16, 
NASA TM 73702. 
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where G (A) is the solar irradiance value at A. For the discrete case 

Z' = (2) 

where A;(A) is the area under the solar insolation segment utilized for 
weighting the experimental data point at A, and i denotes the segment number. 
The solar weighted parameter is then termed the solar transmittance or solar 
reflectance. For details on the implications of selecting a particular TSSID 
or weighting procedure, the reader is referred to Lind, 1980. 

2. Theory 

The solar transmittance of an uncoated dielectric material is primarily 
determined by boundary reflections at the air to glass interfaces and impurity 
absorption within the material. The air/dielectric boundary condition predicts 
a first surface reflection given by 

Rl = ( ~ ~~ ) 
2 

( 3) 

which for soda lime glass with an index of 1.52 calculates to be 0.0426. If 
one considers multiple reflections from the first and second surfaces of the 
dielectric, and atomic/molecular absorption in the volume, the total reflec
tance for uncoated material is given by 

2 
R1 (1 + X - 2R1) (

4
) 

R = 2 2 
l - R1 X 

where xis the internal transmittance of the sample given by 

x = exp (- ra.C.t). . , , , 
a. and c. are the molar absorptivity and molar concentration of the ; th , , 

(5) 

species and l is the sample thickness. Since T + R = 1, the transmittance is 

given by 

11 
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• 

2 ( l -R1 ) T X = __ 2,_....,.2..._ 

l-R1x 
(6) 

As a basis for comparison, calculated values of reflectance and trans
mittance for nonabsorbing glasses calculated from Equations 4 and 6 appear in 
Table 1. These values represent the theoretical values achievable without 
special surface treatment (e.g., coating). 

TABLE 1. Typical Values for Transmission and Reflection 
Coefficients of Uncoated Optical Materials 

Fused Silica Soda Lime Quartz 

n l .4600 1.5200 1. 5500 

Rl 0.0350 0.0426 0.0465 
R 0.0676 0.0817 0.0889 
T 0.9324 0.9183 0. 9111 

For the case of second surface mirrors where the back surface has a 
metallic film coating, the reflectance is given by 

(7) 

where~ is the glass to metal interface reflectance which is either calculable 
from the complex dielectric functions for the base metals or measurable in 
the laboratory. Calculated solar weighted values of l\ri (Pettit, 1978) for 
three metals appear in Table 2. The reflectance of the base metal is included 
for comparison. Note that the base metal reflectance exceeds the glass to 
metal interface reflectance by several percent. 

Insertion of the appropriate values into Equation 7 indicates that the 
maximum theoretical values of second surface mirror reflectance for nonabsorb
ing glass differ only slightly from those of the glass to metal interface. 
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TABLE 2. Solar Reflectance Values for Glass to 
Metal and Air to Metal Interfaces 

Reflectance Reflectance 
Metal Metal to Air Metal to Glass 

Ag 0.98 0.97 
Al 0.92 0.88 
Au 0.85 0.82 

3. Techniques for Solar Transmittance and Reflectance Evaluation 

The following discussion is a survey of existing techniques for the 
evaluation and monitoring of heliostat mirror solar transmittance and reflec
tance. In all probability instrumentation and techniques utilized for field 
measurement of these parameters will be based upon these laboratory methods. 

a. Laboratory Measurements. The most co1TJTion laboratory instrument for 
the measurement of transmittance is the dual beam spectrophotometer schemat
ically depicted in Figure 3. Samples cut to appropriate size are placed in 
the sample beam and generally the reference beam is left unobstructed (air 
reference) for specular transmittance measurements. Most dual beam instru
ments may also be modified to measure specular reflectance. 

Hemispherical transmittance and reflectance measurements utilizing spec
trophotometers require the use of an integrating sphere to collect the scat
tered radiation over 2TT steradians. In the case of transmittance measure
ments, the unaltered reference beam and the attenuated sample beam illuminate 
separate barium sulfate or Halon reference surfaces which scatter the incident 
light into the ·i.ntegrating sphere. The resulting diffuse illumination is 
detected by a photomultiplier or lead sulfide detector depending on the wave
length region of interest. For hemispherical reflectance measurements one of 
the reference standards is replaced with the reflective surface and the 
measurement performed as above. This instrumentation is particularly adapt
able to computer operation and digital data acquisition. Such a technique 
facilitates solar weighting of the data. 

13 

• 



MIRROR 

GLASS 
SAMPLE 

~--ti --
/· ' : 

PEN 

1
1 

,,,-' ISLITS I I CHOPPER a--b -* "t..~ ... 1-__ ,,__DET-EC-TO---,R 1 

SOURCE \ ... ... I I • • 
\ I -~ 

. ~--A,RREFERENcr---; 
MONOCHROMATOR · 

FIGURE 3. Dual Beam Spectrophotometers (Bauer, 1978) 

The integrating sphere technique is especially well-suited for measure

ment of diffuse reflecting surfaces. When specular surfaces are measured 

special care must be taken to characterize the sphere. Large errors (5%) are 

possible. To avoid such errors it i~ desirable to employ a specular reference 

standard such as is available from NBS. 

A direct measurement of the absolute reflectivity of highly specular 

mirrors is possible using a Strong 11 V-W 11 optical accessory available on some 

spectrophotometers. The optical arrangement is shown in Figure 4. The theory 

of operation is as follows. Suppose the reflectivity of the three mirrors 

shown in Figure 4a are M1, M2 and M3. The intensity of the output beam I0 is 

related to the intensity of the input beam Ii by the relation 

IOr = Ii Ml M3 M2 (8) 

Similarly with the same mirrors rearranged as in Figure 4b. The output 

intensity is 

14 

(9) 
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FIGURE 4. Mirror Configuration in the Reference Position {a) 
and Mirror Configuration in the Sample Position {b) 

Assuming the input intensity is the same in both cases a ratio of the two 
signals yields 

las = R2 or R = J las 
Io~ Io~ { 10) 

which is the absolute reflectivity of the sample under test. Although concep-
tually easy to understand, the technique is difficult to employ in practice. 
Alignment and beam divergence are critical factors affecting accuracy. 

It is believed that typical laboratory accuracies for specular trans
mittance and reflectance are on the order of 1% to 5% {Coleman et al., 1977). 
This accuracy should be compared with the 0.2% obtainable at the National 
Bureau of Standards for similar measurements. Diffuse hemispherical reflec
tance is also.measured to 0.2% at NBS; however, diffuse transmittance usually 
cannot be determined more accurately than 5% {Coleman et al., 1977). While 
many laboratories are capable of 1% measurements {sufficient for the screening 
of solar materials), such accuracies are not sufficient for short time span 
definitive aging studies. 

Another useful instrument for laboratory measurements of specular reflec
tance is the bi-directional reflectometer. A schematic of this device appears 
in Figure 5. The unit consists of a source section composed of a filtered 
radiation source {tungsten lamp, xenon arc, etc.) with collimating optics, a 
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FIGURE 5. Bi-Directional Reflectometer (Pettit, 1977) 

sample stage, and a collection section containing focusing optics and the 

detector. Both source and detector arms are adjustable allowing measurement 

of the angular dependence of the specular reflectivity. Calibration is 

accomplished via a standard reflectivity surface or straight-through measure

ment. The wavelength dependence of the reflectance may be determined by 

appropriate choice of notch filters in the illumination and collection heads, 

by coupling the collected light via fiber optics to a monochromator equipped 

with photomultiplier, or by interposing a monochromater between the continuum 

source and the collimation optics (Pettit, 1977b). 

Although the instruments discussed above are proven for in-laboratory 

analysis of solar reflector materials, extension of these techniques to the 

quality assurance of heliostat mirrors presents problems. The most practical 

limitations are the maximum acceptable sample size, and the fraction of surface 

16 



area sampled in the measurement. The above instruments are excellent for 
samples measuring less than several inches square but will not generally 
accept larger surfaces. Also the fraction of the area actually sampled is 
small, necessitating repeated measurements over the sample surface for 
accurate analysis. (This problem could possibly be alleviated in the bi
directional reflectometer by use of large aperture optics such as spherical 
and parabolic mirrors, although such an instrument may prove unwieldy). 

b. Portable Reflectometers for Measurement of Hemispherical Solar 
Reflectivity. Two manufacturers of portable solar reflectometers 

were identified during the course of this investigation. These vendors are 
Gier Dunkle Instruments Incorporated, Santa Monica, California, and Willey 
Corporation, Melbourne, Florida. 

The Gier Dunkle Solar Reflectometer (Model MS-251) is a portable optical 
device capable of determining the solar reflectance (or absorptance) of 
planar, opaque reflectors for normal incidence illumination. To accomplish 
this, the normal hemispherical reflectance is averaged over the spectral 
radiance distribution of a filtered xenon lamp source. The xenon lamp spec
trum roughly approximates an extraterrestrial solar irradiance spectrum(a) 
resulting in a measured reflectance equivalent to an air mass zero (Moon, 
1940) solar averaged reflectance. 

The Willey Alpha Meter (Model 2150) is a portable optical instrument 
utilized for determination of normal incidence solar reflectivity (or absorp
tance) of planar, opaque materials. The reflectometer head is composed of an 
elliptical radiation collector coated with white reflecting paint, a source 
imaging lens, a sample measurement port, and a silicon detector. A schematic 
representation of the device appears in Figure 6. The active detector area 
(either Si or PbS) is illuminated by the collector wall and is screened from 
direct reflected sample radiation. The reflectometer light source is a Kodak 
Carousel projector lamp. Two types of lamps are commonly used; (1) a Sylvania 
type DFW tungsten coil filament lamp or (2) a GE Quartzline ELH tungsten 

(a) "Compact Arc Lamps", Product Bulletin CA0624, Conrad-Hanovia, Inc., 
Newark, NJ. 
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FIGURE 6. Schematic of the Willey Alpha Meter 
Reflectometer (Pettit, 1977) 

halogen lamp mounted in an ellipsoidal reflector. The infrared blocking 
mirror mounted between the illumination lenses in the projector housing is 
removed prior to performing measurements. The measurement procedure is 
similar to that of the Gier Dunkle solar reflectometer. The zero baseline 
reading 1

0 
is established with the measurement port uncovered, and the 

100 percent reading, 1100 , with a MgC03 standard over the port. The frac
tional reflectivity is then given by 

(11) 

An evaluation of the accuracy of the two instruments has been performed 
for measurement of solar absorptance by Pettit (1977b). The solar absorptance 
of black chrome coatings (absorptance range of 0.85 to 0.96) was measured 
over the wavelength range 350 nm to 2500 nm with a Beckman DK-2A Spectro
flectometer with a stated accuracy of +0.01 absorbance units. For the Gier 
Dunkle Solar Reflectometer the average deviation of the absorptance values 
was +0.013 absorptance units, which is within the measurement accuracy of the 
data. The maximum deviation from the air mass zero value was 0.03 absorptance 
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units. The same standard samples were evaluated using the Willey instrument. 
The absorptance results for both lamps were found to be consistently higher 
than the correct values. For the ELH lamp the largest error measured was 
0.11 absorptance units while the largest error measured for the DFW lamp was 
0.08 absorptance units. This anomaly is a result of the limited spectral 
extent of the two lamps utilized for sample illumination. 

The utility of these two instruments for reflectivity evaluation of 
heliostat mirrors is presently unknown; however, the techniques and optical 
configurations of these devices could well provide a starting point for 
design of a prototype specialized instrument. While the instruments at 
present may prove technically sound, it is suggested that prototype instru
ments incorporating similar operating principles be developed. Improvement 
features would include: 1) tailoring of the source spectrum to more closely 
approximate the air mass 1.5 spectrum; 2) addition of provisions for measuring 
specular reflectance; 3) increased portability allowing more diversified 
instrument orientation; 4) provision for allowing narrow spectral bandwidth 
measurements; and 5) increased sampling area capability. 

c. Portable Reflectometer for Measurement of Specular Solar Reflectivity. 
Freese (1978) describes the development of a portable specular reflectometer 
for field measurements of solar mirror materials. The design is based on 
modification of a conventional laboratory reflectometer. (a) A schematic of 

the instrument appears in Figure 7. 

The device consists of a conventional reflectometer mounted on a vertical 
positioning stage, the baseplate of which is fitted with soft felt backing to 
allow support of the instrument on the surface to be analyzed. The reflec
tometer section may be tilted about two orthogonal axes. The source arm 
contains a tungsten filament lamp, filter (350-750 nm passband), focusing 
lens, source aperture, collimating lens, and beam aperture. Beam divergence is 
5.0 mrad. The collection arm is composed of a collection lens, aperture, 
filter (for attenuation of scattered ambient light), and silicon detector. 

(a) 11 Instrumentation Manual for Gamma Scientific Model 191 Reflectometer, 11 

Gamma Scientific Inc., San Diego, CA. 
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FIGURE 7. Schematic Diagram of Portable Reflectometer (Freese, 1978) 

The reflectometer is calibrated with an aluminized quartz flat which has 
been calibrated by the National Bureau of Standards as having reflectance 
RSTD" The detector output is noted with this mirror in place and the standard 
replaced with the mirror to be analyzed. The reflectivity of the sample 
mirror is then given by 

(12) 

If discrete wavelength measurements of reflectivity are desired, notch 
filters of appropriate wavelength could be inserted into both the source and 
collection anns. The device requires precise alignment and lengthy data 
acquisition times are required since the sampled area is small. 
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B. Specularity 

In some respects specularity measurement devices are similar to those 
used to measure specular solar reflectivity. All techniques to be described 
examine an optical image that has been modified or modulated by the mirror 
under test. Since the term specularity is usually linked closely with the 
instrumentation used to make the measurement, it requires careful definition. 

1. Definition 

If a collimated (i.e., angular beam divergence equal to zero) beam of 
light is made to fall incident onto a small area of a mirror and upon reflec
tion possesses a beam divergence differing from zero the mirror is said to 
have specularity error. The distinction is made here between specularity 
error and figure error (discussed later) on the basis of spatial frequency of 
the mirror inhomogeneity. Specularity error is a result of relatively high 
spatial frequency variations in the shape of the reflective surface (<cm 
dimensions). Specularity error may be due to the manufacturing or extrusion 
technique, material inclusions (bubbles, dirt, etc.) or mode of metallic layer 
deposition. 

Specularity error produces an angular dependence of reflected beam 
intensity for a given incidence angle. In the case of conmercially available 
mirror materials detailed experimental analysis has indicated that the angular 
dependence of the reflected beam profile may be accurately predicted by 
either a single normal (Gaussian) distribution or the sum of two normal dis
tributions (Pettit et al., 1979). For the case of the single normal distri
bution two parameters are required to specify the specular reflectance prop
erties; the solar averaged hemispherical reflectance, Rs, and the dispersion 
crR which specifies the angular width of the reflected beam. An expression for 
the solar averaged reflectance at angle 68 from the specular direction is then 

( 13) 
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(Pettit et al., 1979). The root mean square (RMS) width of the reflected beam 
is given by (t,.a 2') 12 = 12 crR. If it is necessary to describe the reflected 
beam angular reflectance profile by the sum of two normal ·distributions, the 
corresponding relation is 

with the normalization constraint Rs= (R1 + R2). 

2. Theory - Optical Transfer Function and Modulation Transfer 
Function Techniques 

( 14) 

Consider a planar imaging system as depicted in Figure 8. If 1
0

(x,y) is 
the object plane irradiance distribution at point x,y, then the radiant flux 
emitted by surface element dxdy is 1

0
(x,y)dxdy. Due to diffraction at the 

lens aperture, aberrations and scattering, the imaged point will not appear as 
a delta function any longer but will in general display a Gaussian character 
(actually a Bessel function). 

FIGURE 8. Planar Imaging System (Hecht and Zajac, 1974) 
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This modified radiant flux distribution in the image plane may be mathe

matically expressed by the point spread function S(x,y;E,n). The flux density 

at the image point can then be expressed as 

The image intensity may be reconstructed as the sum of the modified 

object point function in the case of incoherent illumination or 
(X) 

I1(e,n) = ff I,,(x,y) S(x,y;e,n)dxdy . 

For an abberation-free, diffraction-limited optical system S(x,y;E,n) 

corresponds to the diffraction figure of a point source (Airy disc). The 

point spread function is also termed the impulse response function since it 

has the same functional form as that exhibited for a a-function 

(1
0

(x,y) = Ao(x-x
0

)o(y-y
0

)) input. 

In sunmary, the image can be expressed as the convolution of the point 

spread function and the object irradiance, i.e., 

( 15) 

( 16) 

The unnormalized optical transfer function (OTF = T) is defined as the Fourier 

transform (F) of the point spread function or 

( 18) 

The optical transfer function may be expressed as the product of two additional 

functions, i.e., 

where M(k£,kn) is termed the unnormalized modulation transfer function and 

~(k£,kn) is the phase transfer function. 
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The concept of the point spread function and the optical transfer function 
is the basis for several possible techniques for the evaluation of heliostat 
mirror specularity discussed below. 

3. Techniques for Specularity Evaluation 

The current techniques for mirror specularity evaluation do not differ 
appreciably from those used for imaging optics e.g., lenses and spherical or 
parabolic mirrors. The technique involves the inspection of the image of a 
precise source target formed by the optical element under test. In the case 
of plane mirrors the reflective surface is interposed between object and image 
planes and imaging is performed by auxiliary optical elements. The mirror 
surface under test is therefore, said to modulate the object function. In the 
following sections, several techniques are discussed which utilize this con
cept. 

a. Fourier Transform Method. The Fourier transforming characteristic 
of lenses may be exploited to allow determination of the scattering parameters 
for optical materials in particular mirrors. Such a technique is described by 
Lind, et al. (1978). The optical system necessary for Fourier transform 
specularity analysis appears in Figure 9a. The experimental apparatus consists 
of a light source, collimation lens (for sample illumination), scattering 
sample, and collection lens (Fourier transforming lens). The entire system 
may be schematically represented as in Figure 9b with the notation from 
Lind, et al. (1978). In this representation ~(x,y:s1) is the input wave 
function, f(x,y) is the aperture function in the P1 plane, g(c,d) is the 
reflection/transmission function of the mirror/glass under investigation, P2 
and P4 are the lens planes, and finally, h(m,n) is the resultant image plane 
amplitude distribution. For this system h(m,n) is given by 

h(m,n) = - >.2f2 ff ff {~(x,y;s1 )f(x,y)exp [-j}(xc +yd)] X 

Pl P3 

xg(c,d)exp [-*(cm + dn)] dxdy de dd I· 
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FIGURE 9. (a) ~ourier Transform Specularity Analysis Apparatus 
and (b) Mathematical Representation of Fourier 
Transform System 

If the aperture function can be approximated by a two-dimensional delta 
(o) function and the input illumination is a plane wave, the relation simpli
fies to 

h(m,n) = K ff g(c,d)exp [-j*{cm + dn)] dcdd. (21) 

P3 

For the stated assumptions the amplitude distribution at the image plane 
is the exact Fourier transform of the reflection/transmission function, g{c,d). 
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Note that K is a complex constant which equals j}A when the separation dis

tances P3-P4 and P4-P5 equal the focal length of the transforming lens. 

Calculation of intensities, h(m,n)xh*(m,n), removes the imaginary nature of 

the coefficient. 

Some general characteristics of the Fourier technique of scattering 
sample analysis are apparent. One-dimensional (grating type) inhomogeneities 

in the sample volume are exhibited as linear intensity dispersions about the 

optical axis in the Fourier plane. Likewise two-dimensional striations mani

fest themselves as multiple intensity dispersions. Random noise has the 

effect of lowering contrast of the spatial details in the Fourier plane. 

If one re~lizes that the scattered light displacement, ~r, for a lens of 

focal length fin the Fourier plane can be expressed as 

~r ~ f~8scatter' 

a more quantitative analysis of the specularity of the optical surface is 

possible. This allows mapping of the angular scattering distribution given 

the optical geometry and the Fourier intensity distribution. 

For more detailed information about the scattering function of the 

material, several intensity sampling techniques are possible. These are 

1) one-dimensional sampling, 2) two-dimensional sampling, and 3) integral 

sampling. 

(22) 

In one-dimensional sampling, the intensity distribution along a single 

axis (perpendicular to the optical axis) in the Fourier plane is sampled. 

Detectors utilized have included small aperture scanning detectors and linear 

diode arrays (Hampton, et al. 1978). Resolution limit is determined by the 

aperture size or the dimensions of the array elements. For isotropically 

scattering materials the technique produces useful results; however, such is 

not the case for anisotropic scatterers. Detector alignment is important 

as minute displacement of the detector from the optical axis produces incon

sistent data. The principal advantage of the one-dimensional mode is the ease 

of data manipulation and analysis as compared with a multidimensional tech
nique. 

26 



Two-dimensional analysis allows intensity measurements over the entire 
Fourier plane. A system using two-dimensional detectors is less susceptible 
to alignment errors and to extraneous scattering caused by anisotropic samples. 
Detectors which have been used in this experimental configuration include 
photographic film, a mechanically scanned small aperture detector, conventional 
raster scan vidicons, and two-dimensional diode arrays. The lengthy processing 
time required of photographic film eliminates its use in a real-time system; 
however, the vidicon and diode array allow nearly real-time intensity contour 
mapping. The advantage of the photographic system however, is the inherent 
spatial resolution which is large compared to raster devices (limited raster 
spacing) or array detectors (limited pixel size). 

The limited spatial resolution and restricted dynamic range of the above 
techniques suggests the use of one- and two-dimensional integral methods. A 
practical two-dimensional system appears in Figure 10. A beam block is 
utilized to reduce the intensity of 'the specularly transmitted or reflected 
beam at the Fourier plane. The beam block also establishes the minimum 
detectable scattering angle. Maximum detectable scattering angle is estab
lished by the phototube diameter, its distance from the Fourier plane and the 
diameter of the Fourier transform lens. Samples which scatter in the mrad and 
sub-mrad range may be analyzed with appropriate beam blocks. While quanti
zation and angular scattering distributions are obtainable with this experi
mental setup, the technique is most suited to the screening of high specularity 
solar reflectors and substrates. 
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FIGURE 10. Practical Integral Fourier Transform System 
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The analysis of highly specular optical components with the above systems 
produces a Fourier transform intensity distribution of low dispersion. That 
is to say when the test sample inhomogeneities are represented by relatively 
low spatial frequencies, their Fourier components are difficult to resolve 
from the diffraction limited illumination spot. Calculations were performed 
(Lind,et al., 1978) to determine the necessary beam block size for elimination 
of this spot from the detection system. For practical optical systems, 98% 
of the focused diffraction limited spot can be easily contained within 0.4 mrad. 

As a final point, Lind, et al. (1978) state that the optical apparatus is 
insensitive to misalignment of planar samples (parallel sides) when used for 
transmission specularity measurements. Samples with nonparallel faces will 
produce off-axis specular components producing an apparent dispersion in the 
Fourier plane consistent with nonzero spatial frequency inhomogeneities. 
Therefore care should be exercised in the evaluation of samples with suspected 

nonparallel faces. 

b) Bi-Directional Reflectometer Technique. A variation on the Fourier 
transform technique utilizing a laboratory bi-directional reflectometer is 
described by Pettit (1977b). A schematic of the device appears in Figure 11. 
The collimation optics is composed o_f a tungsten lamp, monochromator, bilateral 
slit, collimating lens, and a variable iris diaphragm. Illumination beam 
divergence is 1.0 mrad perpendicular to the slit length. Divergence parallel 
to the slit axis is approximately 6 mrad. The collimation optics is rigidly 
mounted on an arm which rotates about the mirror mounting platform. The 
collection arm consists of a lens, bilateral slit, and detector. The collect
ing lens is located so as to image the collimating slit onto the collecting 
aperture. Since the collection slit is nearly six times the length of the 
collimation slit image, radiation scattered to an angular deviation of 36 mrad 
in the longitudinal direction is detected. This consideration is included in 

the data analysis algorithm. 

For equal collimating and collecting slit width and appropriate specular 
reflection arm position only the specular portion of the reflected illumina
tion is incident on the detector. If the collection slit width is increased, 
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FIGURE 11. Bi-Directional Reflectometer Instrument 
for Measuring Specularity 

portions of the nonspecular component are incident onto the detector surface 
allowing mapping of the anglJlar distribution of the reflected beam. This is 
an integral procedure for which the 100% value has been previously established 
by swinging the collection arm to intercept the undeviated (no sample) illumi
nation beam. The reflected beam intensity distribution may be determined for 
angular deviations ranging from l to 17 mrad. The functional form of the 
angular scattering distribution is then calculated using the ratio of detector 
output (at a given slit setting) to the 100% baseline output. 

In this system, as in the previously described Fourier transform system, 
the collection lens (transform lens) must be of sufficient diameter to enable 
collection of all scattered radiation. 

Sources of error include variation of detector response over the collec
tion slit area (~1%) and electronic instability of source and detector elec
tronics (~0.3%). The reported accuracy over a wavelength range of 400-900 nm 
is +l.0%. Details and justification of the data analysis algorithm appear in 
Pettit (1977b). 
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A version of the bi-directional reflectometer which incorpor~tes spheri
cal mirrors has been utilized by Sheldahl Inc. for the analysis of tensional 
plastic film reflectors.(a) A schematic of the test apparatus appears in 
Figure 12. The collimation and imaging optics consist of a pair of matched 
4-1/2-inch diameter spherical telescope mirrors. The illumination source is a 
tungsten ribbon lamp. Diaphragms are utilized to form an annular beam extend
ing from a 0.625-inch radius inner edge to a 1-inch radius outer edge. 
Specularity determination is accomplished with a variable iris positioned in 
front of the entrance port of a photodetector equipped integrating sphere. A 
tabulation of relative beam intensity versus iris diameter provides an indi
cation of the reflected beam divergence. For instrument calibration the 
detector telescope can be positioned for line-of-sight observation of the 
source pinhole. 

A reflectometer for specularity evaluation of stretched membrane reflec
tors has been reported by Zeltner (1977). A schematic of the device appears 
in Figure 13. To establish the incident beam angle the source yoke (composed 
of M3, lens, and M4) is rotated about its vertical axis. Then the entire 
source head assembly is rotated about a common axis in order to align the 
reflected beam with the detector aperture. Rather than utilizing an adjustable 
iris, the detector acceptance angle ·is established by a set of fixed diameter 
entrance apertures. Intensity calibration is performed by direct measurement 
of the source beam energy. To accomplish this the sample and holder are 
removed and the source yoke is rotated to 90° incidence. The beam then 
passes through the source head and is focused into the integrating sphere. 
This allows establishment of incident beam energy and instrument introduced 
beam divergence. 

c) Beam Characterization System (BCS). A novel approach to the problem 
of mirror specularity evaluation is the beam characterization system (also 
called forward gazing system) described by King (1979), and currently under 
use at the Central Receiver Test Facility (CRTF). A schematic of the configu
ration appears in Figure 14. The experimental system allows inspection of the 

{a) "Solar Power Array for the Concentration of Energy," Sheldahl, Inc., 
31 July 1974. Available NTIS, PB-236-247. 
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solar intensity distribution incident on a target screen at the collector 
focus. Analysis of this spatial intensity distribution allows quality assess
ment of the aggregate beam formed by each component heliostat. Specularity 
error is manifested as a deviation of the focused spot geometry from that of 
a theoretical .result of the calculated sunshape. The observed beam divergence 
is actually a convolution of figure and specularity errors and the de-convo
lution of these components is not a straightforward exercise and in fact may 
not be possible. 

The data acquisition and analysis system used in the BCS is schematically 
represented in Figure 15. The basic output is a 256 by 256 matrix of heat 
flux (W/cm2) values. With computer support and data analysis, flux level 
plots, beam centroid location, total beam power, and percent of beam power 
versus radius from beam centroid are calculable. The BCS may also be utilized 
for pointing accuracy testing. This may be accomplished by recording centroid 
location versus time or by mounting a laser in the heliostat proper and observ
ing the beam position on a coordinate grid as in Figure 16. 
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The inherent drawback of any forward gazing system is the lack of spe

cific specularity information obtainable by observation of the focused beam 

intensity profile (spot of confusion). In this technique the primary quality 

criterion is minimum spot size. If the heliostat field produces a beam size 

larger than the requisite, one or more heliostats are not conforming to 

specularity tolerance, but the propagator of the defect is not ascertained. 

An additional complication is the difficulty of separating the image defects 

due to specularity error from those arising from figure error. Even more 

basic is the unfolding of these mirror defects from image aberrations caused 

by characteristic optical abberations of the heliostat field optical system. 

For example, spherical aberration and astigmatism will also be contributors to 

the overall solar image defect. The deconvolution of all of these aberration 

factors to actually determine the remaining anomaly attributable to specularity 

error will require an in-depth theoretical analysis. 

d) Image Characterization System. A variation on the forward gazing 

system (BCS) described above is the backward gazing system or image charac

terization system (ICS) described by Brumleve (1979). A schematic of the 

system configuration appears in Figure 17. In the ICS, rather than viewing 

the heliostat beam on a target, the camera is positioned in the target plane 

and gazes backward along the optical axis at the heliostat. The camera then 

sees a modified solar image which has been modulated by the mirror reflective 

characteristics. 

The associated electronic data handling/analysis system for the ICS 

appears in Figure 18. In the measurement procedure the television camera is 

first pointed directly at the sun to allow recording of the reference source 

image. The limb darkening of the sun is enhanced by the interposition of a 

band pass filter allowing the resulting intensity variation to be correlated 

with angular deviation from the central ray. The solar image is then color 

coded by a video analysis unit to represent a source target in which each 

colored ring represents a range of angular deviation from the central ray. 

Finally the TV camera is aimed at the heliostat and the color coded heliostat 

image is displayed on a color monitor. 
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FIGURE 17. Image Characterization System (ICS) (Brumleve, 1979) 



TV CAMERA 
(AT AIM POINT) 

TERMINAL 
AND 

CRT DISPLAY 

SUN 
\ 
\ 
~ 
\ 
\ 

-------+-----

IMAGE 
ANALYZER 

IMAGE 
PROCESSOR 

COMPUTER 

FLOPPY DISK 
STORAGE 

VIDEO 
RECORDER 

COLOR 
MONITOR 

ISOMETRIC 
PROJECTION 

PRINTER 

HELIOSTAT 

FIGURE 18. Electronic Evaluation System for ICS (Brumleve, 1979) 

To compensate for mirror to target atmospheric attenuation and mirror 

reflectivity losses, the gain of the image analysis unit is adjusted to 

establish coincidence between the upper edge of the peak color band and the 

centroid of the direct solar image. The color enhanced heliostat image now 

represents a visual display of mirror contour, alignment accuracy and specu

larity error, each color indicating a specified deviation of the local mirror 

normal from perfect. A misaligned, low specularity, or incorrectly focused 

heliostat is readily apparent. 
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As in the BCS the ICS may also be used for heliostat alignment. To 
accomplish this, the heliostat produced solar image is viewed on a color 
monitor and each facet is oriented to maximize the peak colors (those near 
the central ray or nearest the center of the sun target). Such an adjustment 
produces the highest flux density at the camera focal plane and results in 
the smallest solar beam divergence for the heliostat at that particular sun 
position. 

For quantitative heliostat specularity evaluation additional peripheral 
instrumentation is required. This equipment is necessary for correction of 
detector nonlinearity, calibration of the video system, and data processing. 

Heliostat characterization is accomplished by acquiring data on mirror 
deviation from normal at 30,000 points over the heliostat surface area. 
Typical reduced output is a tabulation of the fraction of heliostat mirror 
surface which deviates from theoretical by more than a requisite angle in the 
range of Oto 2.3 mrad. 

The apparent advantage of the ICS, backward gazing system, is that any 
facet misalignment or specularity anomaly in the heliostat collector field 
is immediately identifiable and the specific culprit is easily located. The 
reason for this is that in this technique the optical geometry is conserved 
in contrast to the BCS examination of the spot of least confusion. Diffi
culties still exist in unfolding the propagators of the image defects, i.e., 
separating heliostat mirror error effects from the characteristic aberrations 
of the optical system and atmospheric induced distortion. 

4. Extension of Specularity Assessment Techniques 

The optimum scenario for heliostat mirror specularity evaluation depends 
on the solar facility requirements. The Fourier transform and bi-directional 
reflectometer techniques are most aptly suited to the screening of small 
mirror facets for specularity error in a laboratory environment. The exten
sion of these techniques to large plane mirror facets, whi1e seemingly straight
forward, encounters spatial resolution difficulties due to diffraction limiting 
in large transmitting optical elements. In the case of the Fourier technique, 
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the use of large diameter spherical or parabolic mirrors should be investi

gated to increase inspection area capability. Likewise, designs incorporating 

large aperture mirrors might be considered for the bi-directional reflectometer. 

For field evaluation of mirror specularity, the beam characterization 

system (forward gazing} and the image characterization system (backward gazing) 
present the most feasible and most easily implemented techniques at hand. 

Both systems are versatile and theoretically will allow simultaneous deter

mination of mirror reflectivity, specularity error, and figure error (to be 

discussed later) with one instrument. In addition, the systems may be utilized 

for heliostat alignment algorithms and pointing accuracy confirmation. Imple

mentation of the intensity characterization systems above will require a large 

theoretical and experimental investigative effort in order to relate solar 

image intensity to the quantifiable mirror variables. Doubtless further 

literature and experimental research will unveil additional concepts useful 

for mirror specularity evaluation and the possibility of modifying the above 

techniques with these new ideas should not be excluded. 

C. Figure 

Mirror figure accuracy is largely determined by standard optical shop 

practices and the experienced eye of the opticist. Since the optical shop 

techniques have proven fruitful in the past, the inclination is to merely 
develop algorithms for obtaining quantitative figure error information. This 

is not a straightforward task however and its implementation in general requires 

sophisticated, delicate optical systems of great expense. The figure error 
evaluation instrumentation for use on solar facility heliostat mirrors presents 

an additional complication. Since mirror surface figure error is greatly 

influenced by the mounting configuration, static and dynamic loading, and 

extended time materials effects, it is desirable to measure and monitor t' 

figure deformation of the mirror facets on the heliostat structure proµ~r. 

The following section constitutes a compendium of candidate concepts and 
methods for possible solution of the solar facility heliostat figure error 

analysis problem. The collection is by no means complete as new alternatives 

appear daily. Indeed the figure evaluation problem is able to draw from a 
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broad spectrum of optical testing methods, e.g., moir~ analysis, interferometry, 
holography, etc. The eventual method or hybrid method will be determined by 
practicality, accuracy, and cost of implementation. Before discussing the 
options available in detail, a definition of figure is appropriate. 

1. Definition 

Macroscopic or structural mirror deformations are classified as slope or 
figure errors. Slope errors can be classified into two categories (Sanchez 
and Saylor, 1979}: (l} actual slope error in which the surface normal at a 
given point deviates from the theoretical normal at that point and (2) sag or 
bias error in which cumulative slope errors cause the reflector surface to be 
physically displaced from its expected position. Figure error can be the 
result of deformation inherent in the mirror forming procedure or mirror 
loading; for example, due to wind and gravity. The error may be either time 
dependent or time invariant. The distinction between figure error and specu
larity error is not well defined. However, by convention, figure error refers 
to variations in mirror surface contour of low spatial frequency (e.g., >cm} 
whereas specularity error constituents are of relatively high spatial fre
quency (e.g., <cm} and are a result of microscopic coating and/or substrate 
structure. 

Surface figure error is reported as an angular deviation of the reflected 
ray from the calculated direction. For example if the assumed angle of 
reflection is e, and the experimentally determined angle of reflection is e' 
then the defined optical figure error is le' 1-lel. Note that for a perfect 
surface (theoretical contour} the error is zero. Pettit, et al. (1979} has 
suggested the use of a figure error dispersion term, crF, to be used in the 
description of the slope errors of a reflecting solar concentrator. The 
dispersion term would be utilized with dispersion terms for other image 
degradation distributions (specularity error, tracking errors} to produce an 

effective "error cone". 

One may use a different variable than the deviation of a reflected ray 
from the specular direction for slope or figure error quantification. Equally 
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valid is specification of the mirror surface contour. This method is useful 
since many optical shop techniques exist for generation of surface contour 
lines or topographic maps for reflective surfaces. The figure error specifi
cation then takes the form (for plane mirrors) of an RMS deviation of reflec
tive surface height or a topographic map indicating contours of equal height 
for the surface. This information allows calculation of the expected beam 
divergence of the reflected beam for a given incident beam divergence. 

2. Techniques of Figure Error Evaluation 

The techniques to be discussed for possible application to figure error 
evaluation in solar facility heliostat mirrors are for the most part labora
tory methods. Only recently has the requirement of a field deployed device 
for figure assessment appeared. 

a. Laser Ray-Trace. The collimated high intensity radiation available 
from a laser lends itself to a very basic solution of the mirror figure error 
evaluation problem. In the laser ray trace method a laser beam impinges on 
the mirror surface at some specified incident angle. The deviation of the 
reflected beam from the specular direction (based on knowledge of the surface 
normal) is an indication of figure error. The technique may be applied to 
planar or curved mirror facets, but is most easily implemented when analyzing 
plane mirrors. 

A device for the evaluation of the effective figure of planar float, 
fusion and rolled glass is reported by Lind and Rusin (1978). The device is 
illustrated in Figure 19. For analysis a HeNe laser beam illuminates the 
glass sample surface at an incidence angle of 45°. The reflected beam (from 
either the first or second surface) is incident on a single axis linear 
position sensing diode which when interfaced with the associated electronics 
produces an analog (voltage) output which is directly proportional to the 
displacement of the laser beam centroid from a predetermined spatial null 
point. Figure (or figure error) is determined in units of angular deviation 
from the specular direction by a previous calibration of output voltage versus 
error angle. 
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FIGURE 19. Laser Ray Trace Instrument for Glass Flatness Measurements 

The test bed consists of a ground flat steel table which is precision 
translated on linear bearings by a stepping motor driven ball screw. Thus 
figure error can be determined as a function of beam position on the sample 
surface. Note that in this configuration the apparent angular error in the 
optical reflection will be twice the glass sample wedge angle. Computer 
reduced data output includes a table indicating the fractional glass area 
which reflects light outside of some requisite angular deviation. 

It should be mentioned that the horizontal sample mounting format causes 
glass conformation to the table contour, i.e., the glass sample deforms 
slightly to the table shape under its own weight. This situation does not 
present problems however if the data is corrected for this effect prior to 
analysis. The correction takes the form of an angular deviation per unit 
length which must be subtracted from the raw data. 
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Several alternatives have been suggested for figure error evaluation of 

parabolic surfaces via the laser ray trace concept. The basic measurement 

procedure is essentially the same as for planar surfaces except for mirror 

mounting and translation modes. A typical design described by Pettit and 

Butler (1977) appears in Figure 20. Details of the operation and data 

analysis technique are discussed by Butler and Pettit (1977). In this 

apparatus rather than translating the mirror, the laser is scanned in the 

horizontal (X) direction across the mirror surface. At the end of the hori

zontal scan the mirror is displaced in the Z direction and another horizontal 

scan performed. The resultant raster scan pattern allows data acquisition 

over the entire reflector area. The location of the reflected ray centroid is 

ascertained using a position sensitive detector located in the focal plane. 

z 

X-SERVO 
OPTICAL BENCH 

FIGURE 20. Laser Ray Trace Instrument for Analysis of Parabolic 
Surfaces (Pettit and Butler, 1977) 

The reflected beam centroid position is descriptive of the deviation 

between the slope of the local surface structure being analyzed and a best-fit 

parabola. The resolution of the apparatus is reported to be a few tenths of a 
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mrad and the device is capable of determining slope errors up to 90 mrad. The 
data for each studied parabolic concentrator are analyzed to allow assignment 
of a 11 mean 11 focal length and an RMS deviation (as) of the slope errors about 
the 11 mean 11 focal length. 

Sanchez and Saylor {1979) describe a modification of the above method 
allowing determination of both slope and sag error of a parabolic concen
trator. The difference between these two types of figure errors is illus
trated in Figure 21. The experimental configuration appears in Figure 22. 
The method utilizes a HeNe laser as an illumination source and two parallel 
vertically oriented acrylic sheets. The laser beam is aligned for normal 
incidence with the acrylic sheets and so that the hypothetical normal to the 
bottom (i.e., the deepest point) of the collector is parallel to the direction 
of the incident beam. The laser is then a solar simulation source and the 
collector is positioned as it would be to collect incident solar radiation. 
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FIGURE 21. Illustration of Slope and Sag Error (Sanchez and Saylor, 1979) 
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FIGURE 22. Laser Ray Trace Apparatus for Measurement of Slope and Sag 
Errors in Parabolic Concentrators (Sanchez and Saylor, 1979) 

The coordinate system is defined so that the X and Y axes lie in the 
acrylic sheet planes and the 2 ordinate increases in the direction of the 
laser. The points of incident beam-plane incidence have coordinates (Xin' 

Yin' 22) and (Xin' Yin' 21) and the exit beam-plane intersection points are 
denoted by (X1, Y1, 21) and (X2, v2, 22). The coordinates of the beam-mirror 
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intersection point, A, are denoted (XA, YA, ZA). The geometry of the situ
ation is clarified in Figure 23. Defining 6X2A = x2 - XA, ~x21 = x2 - x1, 
6Y

2
A = Y

2 
- YA' 6Y 21 = Y2 - v1, and 6Z21 = z2 - z1; the expression for ZA (via 

a simple geometrical argument (Sanchez and Saylor, 1979)) is 

(23) 

The sag error is then calculated as 

(24) 

where ZT is the theoretical Z coordinate calculated from expressions for the 
concentrator surface figure. For a parabola, ZT is given by 

where f is the mirror focal length and Xf is the coordinate of the focal 
point. For a paraboloid ZT is given by 

(25) 

(26) 

The slope error is calculable from the dot product between the expected 

and actual reflection vectors or 

l - l [A A 7 66 = "2" cos Ractual • RexpectedJ (27) 

A 

where R t d for a parabolic surface is given by expec e 
R _ (Xf - XA' Yf - YA' f-Zexpected) 
expected - [(x _ X )2 + (Y _ y )2 + (f _ 2 )2] 1/2 

f A f a exp 

(28) 
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FIGURE 23. Geometry for Sag Error Calculation (Sanchez and Saylor) 

The reported experimental error encountered in this technique is reported 

to be less than 0.10 in. for sag error and the uncertainty in slope error may 

be maintained at less than approximately 4 mrad. The inherent error in this 

technique is largely attributable to inaccurate determination of the laser 

beam intersection point coordinates. 

While the technique is conceptually easy to implement, it is sensitive 

to test mirror misalignment, i.e., rotation. The correction of the acquired 

data requires operation upon the coordinate system with a rotation matrix 

specified by the angular rotation error. This correction algorithm is diffi

cult to implement in practice. Details of the procedure are shown by Sanchez 

and Saylor (1979). 

Yet another laser ray trace technique especially suited for evaluation of 

large (2-3 m) parabolic facets is reported by R. A. Zakhidov, et al. (1977). 

A schematic of the system appears in Figure 24. The optical system consists 

of a 25-mW HeNe laser and a 70-mm diameter telescope used as a collimator 
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FIGURE 24. Optical Inspection System for Evaluation of Figure Error 
in Large Parabolic Mirror Facets (Zakhidov et al., 1977) 

mounted on a two-dimensional translation stage allowing collinear displacement 
of the optics over an 800 X 800 nm area. The claimed beam divergence is less 
than 10 seconds of arc. The beam reflected from the mirror test surface falls 
incident upon a translatable target cassette where it may be traced and the 
centroid noted. 

The measurement sequence consists of recording the reflected beam profile 
and brightness maximum coordinate and then translating the probe laser mount 
to illuminate another mirror area where the process is repeated. The probe 
beam is apertured with a rectangular stop so that rectangular mirror segments 
can be inspected in the observation plane. The obtained data is then a .distri
bution of reflected beam cross sections. The position of the reflected cross 
sections with respect to the cassette baseline coordinates indicates the 
spatial figure inaccuracy across the entire mirror surface whereas the shape 
of the reflection spot indicates figure error within a discrete area. 

The above technique was applied to characterization of three large 
mirror facets by drawing an envelope which contained all reflected beam spot 
contours generated by the entire facet surface. The result of this evaluation 
is illustrated in Figure 25. Measurements for all three facets were for the 
same focal distance (1550 mm). 
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FIGURE 25. Containment Contours for Focal Spots Generated by Three 
Large Parabolic Facets (Zakhidov et al., 1977) 

The above procedure allows localization of figure errors in large para
bolic reflectors and in this respect is superior to integral techniques. 
While the data presented is qualitative, it appears that a straightforward 
modeling algorithm would allow quantitative error evaluation {i.e., rms slope 
error). 

b. Moir~ Fringe Analysis. If two gratings {e.g., Ronchi rulings) of 
comparable spatial frequency are superimposed, the locus of intersection 
points of the two line families will form a geometric pattern known as moire 
fringes. The extension of this effect has been applied to the study of the 
topography of flat plates, beams, and other surfaces. In general the proce
dure for these evaluations consists of illuminating the object under study 
through a Ronchi grating and observing the fringed surface through the same 
grating or one matched in spatial frequency. This conventional method is 
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particularly applicable to nonspecular (diffuse) surfaces, but only if the 

grating can be placed in close proximity to the surface under test. A modi

fication of the above technique termed the reflected image method (Theocaris, 

1966) is utilized for evaluation of specular surfaces. This method is com

plicated however since a point-to-point topography is required necessitating 

a rotational specimen mount which would allow a periphery camera to register 

the translating object image on a single film sheet. 

An alternative technique which allows analysis of both specular and 

diffuse surfaces based on the oblique shadow method has been suggested by 

Agarwala, et al. (1975). A schematic of the optical arrangement appears in 

Figure 26. In this arrangenent, a collimated image {shadow) of the reference 

grating G illuminates (via the partially silvered mirror AB) the test surface 

0. The grating lines when viewed in reflection from the test surface are no 

longer linear but take on curvature according to the test surface topography. 

This modulated grating image is incident upon the camera objective and may be 

focused at C. 

To generate the moir~ fringes it is necessary to superimpose the original 

unperturbed grating image onto the modified grating geometry. This is accom

plished by reflecting the undeviated grating beam back to the camera image 

plane where the moir~ fringes can be recorded. The spacing between adjacent 

dark fringes,~, is an indicator of the separation of corresponding points on 

the test surface from the grating plane. The moir~ fringe spacing is depen

dent upon three parameters: 1) the grating pitch P, 2) the angle, e, at which 

the test surface is illuminated, and 3) the angle,¢, at which observations 

are made. The connection between the four above quantities,~, P, e, and¢ 

is expressed by 

~=tan a: tan¢· (29 ) 

If the fringes are viewed normal to the test surface, then¢= 0 and the 

relation becomes 

p 
~=-,--tan e · (30) 
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FIGURE 26. Experimental Arrangement for Specular Surface Contour Generation 
by the Oblique Shadow Method (Agarwala et al., 1975) 

The advantages (Agarwala et al., 1975) of the technique are 1) the method 

may be applied to the study of diffuse or specular surfaces, 2) the moir~ 

fringes (i.e., contour lines) may be generated with relatively large grating 

to test surface separation, and 3) no errors due to differences in arm optics 

or magnification need be accounted for since the grating projected on the test 

surface and the reference grating image are derived from the same beam. 

A variation on the above technique with application to diffuse surface 

inspection is reported by Terada and Ikeda (1979). A schematic of the experi

mental setup appears in Figure 27. The contour interval ~his related to the 

grating pitch Sand the illumination incidence angle, e, by 

~h = S x tan e . (31) 
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FIGURE 27. Moire Fringe Apparatus for Generation of Surface Contours 
on Diffusely Reflecting Objects (Terada and Ikeda, 1979) 

The light sour~e utilized in the above apparatus was a Xenon 1 Kw short 
arc lamp coupled to a collimating lens system. The gratings are constructed 
of black-coated nylon threads or of printed film interposed between two glass 
plates. During the time of exposure the grating is horizontally vibrated to 
wash out spurious moir~ fringes. Although the above described method is 
applied to the analysis of diffusely reflecting objects, it appears that it is 
possible to extend the technique to mirror figure analysis. If the diffuse 
object is replaced by a second surface mirror for example, the projected 
grating image will be transformed upon reflection by the mirror contour and 
substrate inhomogeneities. Such a modified line set will be evident upon 
re-transmission through the grating. 

The ·res·olution limit to the suggested technique is the minimum achievable 
contour interval which determines the minimum detectable figure error. 
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A sample set of contour intervals as a function of grating pitch and incident 

illumination angle appears in Table 3. 

TABLE 3. Contour Intervals for Given Grating Pitches 
and Illumination Incidence Angles 

Pitch of 
Grating 

(mm) 

1.0 

0.5 

0.3 

0.2 

Incidence 
Angle 

63°26 1 

68°11 1 

71°33 1 

75°31 I 

63°26 1 

71 °33 1 

75°31 I 

63°26 1 

71°33 1 

75°31 I 

63°26 1 

71°33 1 

75°31 1 

Contour 
Intervals 

(mm} 

2.00 
2.50 
3.00 
4.00 

1.00 
1.50 
2.00 

0.60 
0.90 
l. 20 

0.40 
0.60 
0.80 

As a final note it should be mentioned that data acquisition and analysis 

for the moir~ technique could be expedited by interfacing a TV camera and 

computer to the experimental system. This would be particularly useful when 

changes in surface structure are of interest. The generated contours could be 

stored in memory for future recall or for differencing with previously obtained 

contours. 

c. Image Evaluation. Another class of measurement techniques involves 

the inspection of a test image upon reflection from the mirror under test. A 

possible experimental configuration appears in Figure 28. The arrangement 

consists of a standard test target with well characterized spatial dimensions, 

an auxiliary imaging mirror, the test mirror, and an instrument to record the 
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FIGURE 28. Experimental Arrangement for Mirror Figure 
Analysis by Image Evaluation 

intensity distribution at the image plane. The variation in the image dimen
sions and contrast is an indicator of mirror figure and degree of specularity. 
Note that before the test mirror error can be evaluated, the contribution of 
the auxiliary optic (mirror or lens) to the total image degradation must be 
ascertained. 

This technique may be utilized with either collimated or noncollimated 
target illumination. If the target is illuminated with noncollimated radia
tion, difficulty is encountered in defining the mirror area which is intro
ducing a particular image defect. This is because the formation of an image 
point will be the result of additive contributions from different mirror 
sections. This difficulty may be circumvented by sequential masking of the 
test surface element. 

The auxiliary optic may be removed and the target simply imaged with the 
facet under test for spherical and parabolic facets. Since the primary aber
ration introduced with such facets is astigmatism, it must be accounted for 
when attempting to evaluate figure error. Once again culprit areas can be 
ascertained by simply masking off adjacent mirror areas and examining target 
image quality. 
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A simpler method of image inspection utilizes a collimated light source 
in lieu of the auxiliary optic. A typical system is depicted in Figure 29. 
The arrangement projects a mirror modified shadowgraph onto the image plane 

where it is compared in contrast and dimension to the original target slide. 
The advantage of this technique is that spatial coordinates are conserved 
allowing immediate location of defective mirror areas thus eliminating the 
need for masking. The disadvantage is that evaluation of larger mirror sur

faces requires a larger test slide and increased illumination beam diameter 
which increases system cost significantly. 

COLLIMATED 
ILLUMINATI ON 

REFLECTIVE SURFACE UNDER TEST 

TEST SU DE 
(TARGET PATTERN) 

FIGURE 29. Image Evaluation Technique Utilizing Collimated Illumination 

Image evaluation has been a popular technique in the past for qualitative 
evaluati.on of reflective and/or imaging optical components. The extension of 
this method to quantitative analysis is not trivial as it requires mathe

matical definition of intuitive image qualities and expensive computer hard

ware. 
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d. Schlieren Method. Schlieren techniques have been used to observe 
and in some cases quantify inhomogeneities in phase objects. This method 
can be extended to the evaluation of mirror figure and specularity. A possible 
Schlieren system for first or second surface mirror inspection appears in 
Figure 30. The point source is a high intensity Hg or Xe arc which is pinhole 
apertured to provide illumination at the center of curvature of the spherical 
mirror. The reflected beam is folded via the test mirror to an adjustable 

iris diaphragm located in the image plane. The diameter of the iris diaphragm 
is adjusted for acceptance of a finite angular beam spread determined by the 
test mirror to aperture interseparation distance. Observation of the illu
minated spherical mirror surface through the exit aperture reveals areas of 
low intensity where the test mirror introduced beam divergence exceeds the 
limits of the stop. The observed error may be the result of perturbed surface 
figure in the case of a first surface mirror or a combination of surface 

figure error and superstrate inhomogeneities in the case of a second surface 
mirror. Since spatial coordinates are conserved, the defective (out of speci
fication} mirror areas are inmediately evident. Data analysis is suited to 
computer techniques particularly since the figure and specularity quality 

information are convolved in a spatial intensity distribution. 

With appropriate opti ca 1 compon-ent arrangement, the Sehl ieren method may 
also be utilized for analysis of curved facets. For the case of spherical 
facets the auxiliary mirror may be replaced by the facet under test; whereas 
for parabolic facet analysis the test mirror should be interposed between 

the spherical auxiliary mirror and the point source image plane. 

Intrinsic advantages of Schlieren methods are the minimal apparatus 
requirement and simplicity of the optical setup and alignment. One drawback 
is the cost of the video analysis unit required for efficient data analysis. 

Also, as test mirror dimensions become greater so does the requisite spherical 
mirror diameter deeming the method impractical for large facets. 

e. Mechanical Techniques. Numerous mechanical methods exist for 

evaluation of materials surface flatness or curvature. The devices generally 

require physical contact with the surface under test either directly or indi

rectly (e.g., air jet}. The most common type of mechanical device used on 
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FIGURE 30. Schlieren System for Evaluation of Mirror 
Figure and Specularity 

spherical surfaces is the spherometer illustrated in Figure 31. In its basic 
form it consists of a micrometer caliper mounted at the vertex of three support 
legs. The coordinates of the three support leg tips define a plane which 
intersects the spherical surface being evaluated. The micrometer measures the 
distance from this plane (nonnal to both the plane and sphere) to the spherical 
surface. This distance can then be used with a knowledge of the leg spacing 
to derive the radius of curvature of the spherical mirror. The same instru
ment may be used to evaluate flat mirrors (r ~ 00 ) and parabolic surfaces. For 
parabolic surfaces care must be exercised since surface curvature is a spa
tially dependent variable and technically is not a valid parameter for des
cription of paraboloids. The spherometer could be used for pass/fail evalua
tion of parabolic surfaces as long as the measurement was performed at 
corresponding points on each reflector. 
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FIGURE 31. Spherometer for Measuring Surface Curvature of Spherical Mirrors 

Numerous other types of surface gauges can be pulled across surfaces to 
generate a one-dimensional substrate or superstrate height distribution. For 
example, capacitive probes may be used to produce a contactless surface figure 
indication. Because the probe-glass capacitance is a function of physical 
separation, gap dielectric properties, and glass surface composition, these 
parameters must be well characterized before a direct indication of surface 

figure can be obtained. 

The basic shortcoming of mechanical evaluation of mirror surface figure 
is the requirement of either surface-probe contact or close proximity. Contact 
usually results in temporary or permanent surface deformation and/or surface 
damage. Mechanical evaluation of mirror facets in situ (i.e., mounted in the 
heliostat) is difficult and time inefficient requiring careful and consistent 
measurement procedures so that results are repeatable (i.e., so that the time 
dependence of the structural variables can be monitored). 
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f. Optical Profilometer (Poeth et al., 1979). A number of devices also 
exist for mechano-optical determination of surface contours of diffusely 
reflecting objects. The techniques discussed here primarily avail themselves 
of use in a laboratory environment since in general the optical component 
alignment is critical. 

The most limited of the optical profilometer methods is the fiber-optic 
probe technique. Schematic representations of two types of fiber-optic 
proximity gauges appear in Figure 32. The fiber-optics gauge (Menadier et al., 
1967) consists of adjacent illumination-detection fibers (contained within one 
bundle) coupled to a light source/photodetector system. The bundle end is 
placed in close proximity to the surface under test so that light reflected by 
the illuminated surface may be coupled back into the detector section fibers. 
The received intensity is indicative of the bundle face to test surface inter
separation distance. Maximum received intensity results when the fiber accept
ance angle is filled and for commercial devices this maximum occurs for 
approximately 500 µm interseparation distance. 

This style of fiber optics gauge finds use as a flat surface proximity 
gauge. However any variation in surface slope or reflectivity influences the 
reflected intensity value. Consequently a separate calibration is required 
for each material type to be evaluated. This gauge would not produce accept
able results for materials exhibiting curvature or reflectivity variation. 

A variation on the fiber optic gauge is the fiber-optic lens gauge. The 
configuration of this instrument is identical to the previous device except 
for the introduction of an optical imaging element at the termination of the 
fiber bundle. The detector output of this instrument exhibits a sharp dis
continuity when the test surface is located in the lens focal plane as seen in 
Figure 33. This is a result of illumination light re-entry into the illumina
tion fibers rather than into the detection fibers. The presence of such a 
sharp null suggests the use of this device in a surface tracking instrument 
where contour measurements would be derived from a bundle face position encoder. 
Note that this gauge also suffers from inability to compensate for surface 

slope and reflectivity variations. 
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A technique which surmounts the sensitivity to variations in surface 
reflectivity (but not the variational slope problem) was suggested by Kelly, 

et al. (1977). A schematic of the device appears in Figure 34. In the device 

the surface under test is illuminated by a focused light source. The reflected 

light is reimaged onto two detectors with diff~ring aperture stops, one allow
ing wide and another allowing a narrow collection cone angle. The outputs 

from the two detectors are passed through a divider stage producing a ratio 

independent of surface reflectivity variation. The prototype optical system 

is reported to have an accuracy of 0.05 mm over a 14-mm range when an f/2.6 

imaging lens is incorporated. Use of a slower lens would result in greater 

accuracy and decreased range. 

Another alternative is the technique of optical triangulation. The basis 

for a triangulation method suggested by Waters (1978) appears in Figure 35. 
During measurements a light beam is focused onto the test surface and the 

illumination spot is focused via an auxiliary lens onto a detector located at 
a deviation angle e from the illumination axis. For displacement of the test 
surface along the illumination axis an apparent lateral displacement,£, of 
the spot image occurs in the focal plane of the objective lens. The displace

ment of the spot is given by 

6e, -(L
0
!f)M sin 8 (32) 

indicating that the spot displacement is related linearly to the test surface 

height variation. The amount of translation may be evaluated with a linear 
array or linear potentiometric detector. This sensing configuration may also 

be coupled to a nulling circuit and utilized on a measurement head. The basis 

of the nulling circuit is a photovoltaic bi-cell detector configured so 
that both halves experience equal illumination when the test surface is 
contained in the reference image plane. Displacement of the test surface from 

this plane results in unequal illumination of the bi-cell components resulting 
in a difference signal which may be utilized to return the test point (via a 

translation mount) to the reference plane. Shaft encoders may be used to 
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Detection Method) {Waters, 1978) 

record the necessary mount displacement thereby indicating surface figure. 
Experimental accuracy of 6 ~m has been reported for the above system config
uration {Waters, 1978). 

A modification of the spatial triangulation method discussed above is the 
temporal technique described by Indebetouw {1979). A schematic of the system 
appears in Figure 36. In this version a laser beam is scanned across the 
object while another is swept across a reference surface. The two spots are 
imaged through a slit onto a detector by an auxiliary lens. As the beams are 
scanned across the two surfaces their images produce sequential voltage 
pulses at the detector output. The time lag between these pulses is given by 

wl1t = cotan- 1 [ tan e - XP/L cos e (P-z)] (33) 

- cotan-1 [(L sine - X)/(L cos e - Z)]. 
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Detection_Method) (Indebetouw, 1979) 

Improvement of the method results if separate detectors view the image 
spot through a Ranchi ruling thereby producing phase shifted square waves. 
The time interval between pulses is then obtainable by phase measurement 
techniques. Theoretical spatial resolution of the above system is 7 µm; 
however, experimental usage has indicated 50 µmis achievable. Note that if 
the illumination beam has a large depth of focus, contour measurements are 
possible without sample translation. For the case of an unfocused laser beam 
a spatial resolution of l mm would be realistic. 

g. Beam Characterization System. The beam characterization system 
(BCS) and image characterization system (ICS) have been discussed previously 
in the context of their use for specularity evaluation. As stated earlier the 
basis for these techniques is that overall focused beam quality (intensity, 
distortion, contrast, etc.) or solar image quality is a function of heliostat 
pointing error, facet reflectivity, facet-specularity, and facet figure. The 
basic unexplored problem is the separation and quantization of figure and 
specularity independently. Since both figure and specularity error will 
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generally manifest themselves by producing a statistical spread in beam 
divergence, assignment of specific error magnitudes is difficult if not impos
sible. However, in those cases where the combined error is satisfactory, the 
technique allows nearly instantaneous examination of beam degradation for a 
given mirror. 

h. Interferometry. By far the most elegant method of determining 
surface figure of reflective surfaces is by interferometric techniques. The 
variations of the interferometric devices and methods are proliferous requiring 
a truncation of this discussion after a brief introduction to several options. 
The discussion which follows is largely a description of laboratory techniques, 
some of which would require an extensive modification and/or development 
effort for field use. 

1. Newton Interferometer. The most basic of the interferometric tech
niques for surface figure evaluation utilizes the Newton interferometer. For 
the purposes of this discussion, two surfaces in contact illuminated by mono
chromatic light constitute a Newton interferometer. Applied to the evaluation 
of plane mirrors the procedure produces a comparison between the test surface 
and a standard optical flat, i.e., this method indirectly displays the inter
stitial air gap thickness between the reference and test surface. A schematic 
of the experimental arrangement appears in Figure 37. The monochromatic 
radiation source is a Na vapor lamp. As an illustration, the fringe pattern 
produced between two optical flats for a wedge air gap appears in Figure 38. 
The distance, d, between two consecutive bright or dark fringes is given by 

d - " - 2a {34} 

where a is the wedge angle between the flats. For a spherical test surface 
and a planar reference surface the interference pattern takes the form shown 
in Figure 39. The distance of the nth dark fringe from the center for a 
mirror of radius of curvature, R is given by 

{35} 
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FIGURE 39. Fringes Formed by Air Gap Between Spherical 
Surface and Optical Flat (Malacara, 1978) 

From this it is easily shown that the distance between the (n+l) th and 

nth fringe is 

(36) 

A summary of the fringe configuration formed by a reference flat in contact 

with test surfaces of differing geometries is illustrated in Figure 40. 

The fringe visibility is a function of several factors, the most impor

tant of which is a reflectivity match between the test and reference surfaces. 

For this reason, for the evaluation of specular surfaces the reference flat 

should be coated with a thin evaporated film of chromium or inconel to produce 

a reflectivity of 30 to 40%. The result is an interferogram with high contrast, 

high visibility fringes. 

Since the fringe spacing is indicative of the air gap spatial thickness 

variation, this method may be used to generate contours on the test surface. 
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FIGURE 40. Configuration of Newton's Fringes for Various 
Test Surface Geometries (Malacara, 1978) 

While this is a relatively straightforward display for optical quality sur
faces (low fringe spatial frequency} poor surfaces cause rapid spatial phase 
variation producing fringes of excessive frequency thereby complicating con
tour interpretation. However this characteristic does allow laboratory 
determination of time-dependent microscopic figure deformations of heliostat 
component facets via interferogram comparison. It is important to note that 
the surface contour being generated is for the top glass surface. While this 
is satisfactory for first surface mirrors, it will not characterize the 
reflective surface of back coated mirrors. If the coherence length of the 
illumination source is sufficient, multiple extraneous contours appear as a 
result of front and back surface test mirror reflections. Also, any phase 
variation due to inhomogeneity of the mirror superstrate will be manifested as 
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a perturbation of the fringe contour. In summary then, the Newton inter
ferometer is an excellent instrument for rapid qualitative evaluation of 
curved or planar first surface reflectors. The instrument cost is low, being 
largely comprised of the expense of the reference optical flat. 

2. Multiple Beam Interferometers. The basis for the use of multiple 
beam interferometers for optical component evaluation and testing is that a 
wavefront upon reflection from an optical element will contain information as 
to the physical shape of the reflective surface. For example a plane incident 
wavefront upon reflection from any surface except that of a perfect plane 
mirror will no longer be planar. The wavefront phase deformation is extracted 
by addition of an additional well characterized wavefront producing a 11 finger
print11 intensity distribution in the observation plane. The number of varia
tions (i.e., interferometer types) on the above principle is large and only a 
few are summarized below. 

A typical dual pass interferometer of the Twyman-Green type appears 
schematically in Figure 41. Note that the compensator plate is not required 
if laser illumination is utilized. When properly aligned, the interference 
pattern appears much the same as that for the previously described Newton 
interferometer. This device is extremely useful for the examination of phase 
objects (e.g., glass samples proposed for use as mirror super- or substrates) 
and a sample interferogram of a glass plate appears in Figure 42. The optical 
path difference, d, introduced by the glass plate can be expressed as 

d = 2(N-l)t (37) 

where N is the refractive index of the glass plate and tis its thickness. If 
the interferometer arms are aligned so as to display a constant intensity 
profile (no fringes) before introduction of the test glass plate then all 
fringes which appear after its introduction are due to the plate. If the 
image field is unaltered it is implied that the quantity (N-l)t is constant 
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FIGURE 41. Twyman-Green Interferometer (Malacara, 1978) 

FIGURE 42. Analysis of Glass Plate with Twyman-Green Interferometer 
(Malacara, 1978) 
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over the plate. If straight fringes are observed then the glass is homoge

neous with a wedge angle E between its two faces. The wedge angle Eis given 

by 

a 
E = 2(N-l) (38) 

where a is the angle between the two interfering wavefronts given by 

(39) 

where n is the number of observed interference fringes per unit length in the 

image plane. Distorted fringes are indicative of glass thickness variation 

and/or variation in the glass index since the only quantity determinable is 

(N-l)t. 

To clarify whether the fringe variation is the result of either an index 

or thickness variance an independent measurement of Nt is required. An 

interferometer capable of measuring the Nt product for phase objects is the 

Fizeau inferometer diagrammed in Figure 33. In the arrangement illustrated 

the device is being utilized for evaluation of the first surface of a test 

flat or mirror. Instrument alignment is accomplished by adjusting the refer

ence and test surfaces to produce coincidence of the auto-collimated point 

source images. During fringe observation the diverging lens is inserted to 

allow expansion and overlap of the reference and test surface reflected 

wavefronts: For analysis of phase objects the right hand side of the inter

ferometer is modified as shown in Figure 44. It is recommended that to avoid 

extraneous fringes, the test plate should be sandwiched between two optical 

flats using an index matching oil. This removes fringe variation due to 

sample surface flaws. If the spatial deviation of the observed fringes from 

straightness is denoted ask and the spacing between adjacent fringes is d, 

then the optical path difference is given by (k/d)A. Therefore the optical 

path difference for an index variation 6N and thickness tis expressed as 

26Nt and 
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(40) 

Therefore with this knowledge and the data from a Twyman-Green measurement the 
varying parameter 6N or 6t may be ascertained for glass samples. 

Another class of interferometer useful for wavefront deformation measure
ments on either phase or reflective optics is the lateral shearing type. In 
the lateral shearing interferometer the perturbed sample illumination wave
front is displaced laterally by a small amount and an interferogram is 
obtained between the original and displaced wavefronts. For nearly planar 
wavefronts, the lateral shear is produced by displacement of the wavefront in 
its own plane . 

• A basic illustration will more clearly demonstrate the principles. 

Figure 45 depicts the geometries of the original and laterally sheared wave
fronts. Since the wavefront is nearly plane the wavefront errors may be 
expressed as small deviations from this plane, i.e., the wavefront error may 

be denoted by W(x,y) where x,y are the coordinates of wavefront point P. For 
a shear displacements along the x axis, the wavefront error at the same point 
for the sheared wavefront is W(x-s,y). The path difference 6W thereby intro
duced at P between the sheared and original wavefronts is [W(x,y) - W{x-s,y)]. 
This demonstrates that in lateral shearing interferometry the quantity 6W is 
the determined parameter. Note that for zero shear (i.e., s = 0) no error may 
be seen no matter how large. The optical path difference is obtainable from 
discrete points on the wavefront by application of the relation 

6W = nx (41) 

where n is the fringe order and Xis the illumination wavelength. Note that 
Equation 41 may be written as 

( ~~) s = nX . { 42) 

This demonstrates that the information obtainable from the lateral shearing 
interferometer is angular ray aberration. 
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FIGURE 45. Sheared Wavefront Geometry (Malacara, 1978) 

• 

A lateral shearing interferometer of the parallel plate type appears in 

Figure 46. This particular optical arrangement is amenable to figure testing 

of concave (e.g., spherical) mirrors of varying size. An arrangement for 

analysis of phase objects (e.g., mirror substrates) is depicted in Figure 47. 

An interferogram produced by a wavefront exhibiting primary spherical aber

ration (W(x,y) = A(x2 + y2}2) is illustrated in Figure 48. 

3. Holographic Interferometry. The ability of a hologram to record 

phase information for incident wavefronts makes it an important tool for the 

figure evaluation of optical elements. A brief discussion of two aspects of 

the holographic technique follows. 

The optimum setup for a holographic optical evaluation procedure is 

essentially the same as that for the analogous interferometer arrangement. 

Note that so as not to exceed the resolution limit of the recording medium 

(e.g., photographic film) the included angle between reference and object 
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FIGURE 46. Parallel Plate Interferometer for Evaluation 
of Concave Mirrors (Malacara, 1978) 
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FIGURE 47. Parallel Plate Interferometer for Evaluation 
of Phase Objects (Malacara, 1978) 

beams should be made as small as possible, typically a few degrees. A modi

fied Twyman-Green interferometer for holographic evaluation of concave mirrors 

appears in Figure 49. A continuous wave laser is used to expose the hologram, 

although in time variant situations, a pulsed laser may prove advantageous. 

The information recorded at the hologram is the wavefront intensity and phase 

variation produced by the laser illuminated mirror. This wavefront can be 

recorded and analyzed at some later time utilizing the Foucault knife edge 
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test setup depicted in Figure 50 or with the interferometric technique illus
trated in Figure 51. The primary sources of error in the holographically 
reconstructed wavefront technique are a result of 1) differences between the 
optical recording and reconstruction geometries, 2) deformation of the 
recording medium, and 3) aberrations introduced by inhomogeneity of the 
recording material substrate. These problems may be overcome if careful 
selection of the recording geometry and recording material precede the 
holographic exposure process. 

Variants on the holographic process such as 11 real-time 11 and 11 double
exposure11 t~chniques also find application to the figure evaluation of reflec
tive surfaces. An experimental arrangement for implementation of the 11 real
time11 method appears in Figure 52. In this particular scenario the setup is 
being utilized to monitor the surface figure of an unworked mirror blank. A 
hologram is first made of the test surface. After processing, the hologram is 
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RECONSTRUCTED 
WAVEFRONT OBSERVATION 

POINT 

KNIFE 
EDGE 

FIGURE 50. Foucault Knife Edge Test for Evaluation of Holographically 
Reconstructed Wavefront (Malacara, 1978) 
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FIGURE 52. Experimental Arrangement for Production of Real-Time 
Holographic Interferograms (Malacara, 1978) 
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replaced in its original position. If the test object's shape is 

unaltered, interference of the real and holographic wavefronts will produce 

an image of the surface with a single interference fringe across its spatial 

extent. If the test surface is now deformed, for instance by mechanical 

loading or temperature gradients, interference fringes will appear which will 

allow calculation of the perturbed surface shape. For the on-axis arrange

ment depicted in Figure 52, each interference fringe interval is indicative 

of a half-wavelength surface deformation in the illumination and viewing 

direction. 

The disadvantage of this test technique is that the surface to be moni

tored should be a diffuse reflector. While this requisite excludes the 

method from use as a plane mirror figure evaluation technique, it can be used 

to monitor substrate deformation under mechanical or thermal loading. For 

the testing procedure it would be necessary to coat the substrate surface 

with a retroreflective paint (e.g., Codit reflective liquid). 

4. Speckle Techniques. The speckle characteristic of laser illuminated 

objects is also useful from the standpoint of a possible technique for mirror 

figure evaluation. Bahuguna, et al. (1979) have studied the effect of spheri

cal aberration in optical elements on the laser speckle distribution in the 

marginal, least confusion, paraxial, and defocused planes. While their 

investigation was performed with lens elements (plano-convex), the possibility 

exists for the use of this technique for reflective elements. The experi

mental arrangement appears in Figure 53. The illumination spot size on the 

diffuser is adjustable by varying the beam expander-diffuser separation 

distance. Observation indicates that for an imaging geometry, the speckle 

size and shape are aberration dependent, provided the scattering spot dimen

sion is less than the spatial extent of the point-spread function for the 

optical system. In the presence of spherical aberration the speckle pattern 

appears radially streaky. A set of photographs taken at various image planes 

for three spot sizes appears in Figure 54. This technique is easily extended 

for the evaluation of concave mirrors; however, implementation methods and 

quanti'tative evaluation algorithms will require a development effort. 
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Hildebrand(a) has suggested the use of speckle photography for measure

ment of the mirror figure of concave facets (e.g., spherical, parabolic). A 
schematic of the experimental configuration for evaluation of a spherical 
mirror of radius R appears in Figure 55. A ground glass diffuser (D) and 
photographic plate (T) are placed in the converging beam of the laser illumi

nated mirror and an exposure is made. After translation of the diffuser-film 
packet a distance z, a second exposure is made. The resultant film image is 
that of an array of laser speckle pairs whose separation is a function of the 
initial distance from the optical axis. In general the pair separation, o, is 
given by 

p 

SPHERICAL Ml RROR 
UNDER TEST 

o = Pf (43) 

1--z~ 

-~-----------R---------------

FIGURE 55. Experimental Configuration for Mirror Figure Evaluation 
by Speckle Photography (Hildebrand, 1979) 

(a) Hildebrand, B. P., 11 Heliostat Mirror Figure Measurement by Speckle 
Photography", BNW Internal Report, 1979. 
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where pis the radial distance at the plane of the mirror. The speckle 
photograph is analyzed by projecting a small diameter laser beam through the 
developed emulsion. The resultant output intensity is that of the fringe 
distribution attributable to diffraction by adjacent pinhole apertures 
(Young's fringes). If the double exposure is Fourier analyzed there will be 
a local ring period, t

0
, given by 

t =l=.!L o o pz · (44) 

The ring pattern is described ~Y the exp~ession for the Fresnel rings 

(45) 

If the mirror figure deviates from spherical the observed circular fringe 
pattern becomes unsynmetric. The deviation from sphericity may be expressed 
as an error in radius of curvature given by 

(46) 

This indicates the possibility of spherical mirror evaluation by this 
technique. Further development may extend this technique to the evaluation of 
parabolic and plane mirrors. 

The development of speckle techniques for the evaluation of mirror figure 
warrants further investigation and experimentation. While the above dis
cussion indicates a limited applicability of the method (spherical optics) a 
minimal research effort may suggest a broader range of implementation scenarios. 

3. Extension of Figure Assessment Techniques 

The techniques discussed for the evaluation of heliostat mirror figure 
are largely laboratory techniques. For some cases, further development effort 
might result in portable apparatus for field mirror inspection. However in 
their present state of development the techniques described are useful for 
laboratory pretesting of unmounted mirror facets. The only scenarios at 
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present exhibiting field capability for evaluation of solar facility heliostat 

arrays are the Beam Characterization System (BCS) and the Image Characteri

zation System (ICS). Further study is necessary to characterize the effects 

of figure perturbation on the i.ntensity distribution at the circle of least 

confusion for the BCS and on the intensity distribution of the solar image for 

the ICS. If the effects of specularity and figure error are separable with 

these systems quantitative evaluation of error components would be possible. 

However, the problem of deconvolution is a nontrivial one. 
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III. CONCLUSIONS 

The selection of the best techniques for general application to the 

heliostat measurement problem will involve a trade-off between the following 

four considerations: (l} Feasibility of field implementation of the technique 

via either a field laboratory or directly to the heliostat-mounted mirror 

facets, (2} accuracy of measurement method, (3} ease of data reduction, and 

(4) cost effectiveness of the technique. 

Most of the evaluation methods discussed in this report will require a 

substantial development effort either to make them field worthy or to adapt 

them specifically to the heliostat mirror facet measurement problem. The 

present status of the evaluation techniques now available is summarized below. 

1. Feasible Techniques for the Field Evaluation of Solar Reflectivity 

of Solar Facility Heliostat Mirrors 

a. Portable Bi-Directional Reflectometer - This instrument will 

require a minimal development effort for field implementation. 

Field accuracy and reliability have yet to be determined. 

b. Portable Specular and Hemispherical Reflectance Instruments -

These instruments exist. Further investigation is necessary to 

disclose accuracy and field reliability of these devices. 

c. Beam Characterization and Image Characterization System - The 

ability of these techniques to evaluate mirror solar reflec

tivity is unknown. The evaluation of this ability will require 

a research effort. 

2. Feasible Techniques for the Field Evaluation of the Specularity of 

Solar Facility Heliostat Mirrors 

a. Portable Bi-Directional Reflectometer - This instrument will 

require minimal development effort for field implementation. 

Field accuracy and reliability have yet to be determined. 

b. Beam Characterization and Image Characterization Systems - The 

potential of these systems for in-field mirror specularity 

evaluation is high, but development of algorithms for 
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quantitative output will require a substantial experimental and 
theoretical research effort. 

3. Feasible Techniques for the Field Evaluation of the Figure of Solar 
Facility Heliostat Mirrors 

a. Laser Ray Trace - This is a possible technique for mirror 
prescreening and extended mirror deformation studies in a field 
laboratory environment. Advantages are low cost and ease of 
implementation. 

b. Moire Fringe Analysis - Preliminary investigation indicates the 
possibility of use of this technique in field laboratory and 
heliostat facet field applications. Further investigation is 
necessary to allow quantification of figure error from fringe 
pattern defects. 

c. Image Evaluation - Interpretation of image defects requires 
further investigation. This technique is amenable to field 
laboratory implementation and with further investigation 
possibly to heliostat facet field evaluation. 

d. Schlieren Method.- TMs is primarily a field laboratory tech
nique. Quantification and evaluation of the obtained data 
requires further development. 

e. Optical Profilometer - Presently this is primarily a field 
laboratory technique. Extension of present instrumentation to 
analysis of specular surfaces will require further development. 
Variations on the discussed optical profilometry techniques 
via triangulation or phase modulation should be considered. 
Indeed extension of current methods may prove promising with a 
reasonable development effort. 

f. Beam Characterization and Image Characterization Systems - The 
potential of these systems for in-field mirror figure assess
ment is high, but development of algorithms for quantitative 
output will require a substantial experimental ·and theoretical 
research effort. 
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g. Interferometry Techniques - These techniques are primarily 
relegated to the field laboratory environment. With the excep
tion of the Newton Interferometer (i.e., optical flat} the 
interpretation of the interferograms usually requires a lengthy 
data acquisition and reduction algorithm. 
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IV. RECOMMENDATIONS 

This report demonstrates the inadequacy of contemporary optical testing 
methods for providing solutions to the heliostat mirror quality assurance 
problem. An extensive theoretical and experimental development program is 
required before routine implementation can be affected. All the techniques 
summarized in the previous section are basically extensions of routine labora
tory procedures, and will require.modification for field use. While modifica
tion of these techniques may prove fruitful, they should not be pursued to 
the exclusion of techniques based on different principles and new concepts. 

There are at least four major deficiencies in the present analysis tech
niques. First, two quantities in need of evaluation (specularity and figure), 
have been only intuitively defined in the past and consequently have lacked 
quantification. This deficiency should be remedied. Second, the minute 
magnitude of specularity and figure errors encountered in 11 good 11 laboratory 
optics has resulted in a set of exacting evaluation procedures capable of 
detecting surface and figure flaws of fractional wavelength extent. However, 
insurance of the cost effectiveness of the solar power system program excludes 
such exacting manufacturing tolerances for the mass produced reflective ele
ments. In short, the majority of current optical evaluation methods are too 
stringent. Third, the physical size of proposed heliostat facets greatly 
exceeds the dimensions amenable to evaluation by laboratory apparatus. The 
cost of scaling up the laboratory apparatus to accorrmodate the large facets 
is high, thus eliminating practical use of the techniques. Finally, the large 
reflector area associated with solar thermal power systems dictates the imple
mentation of a high speed inspection system. Such a system for the evaluation 
of specular surfaces does not exist, either for manufacturing quality assur
ance or for field implementation. This basic deficiency will require a 
major development effort. 

The development of programs for the quality assurance of solar thermal 
power facility heliostat facets, should include both conventional techniques 
and novel concepts. The final solution will most likely be a hybrid composed 
of contributions from conventional and current optical techniques. 
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