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1 SUMMARY

The optical portion of a Linear Solar Module has beeﬁ

‘refined, adapted, prototyped, and evaluated: The‘ulﬁimate
objective is a modular-type solar simulator capable of operafion'
-within a space environment facility. | |

. .
&>

The module uses a mercury-xenon or xenon short-arc source
in an on-axis system consisting of segmented reflectors, one

or two lenticular plates, and baffles,

This program has confirmed the design concepté and mathematical
models used by Linear, Inc.,, and the performance of the
prototype optical system clearly indicates that efficiencies

of 25 to 30 per cent can be achieved within a 15 inch module

diameter using a 2500 watt source,

The advisability of a wider angular distribution specification
has been indicated, The ability to meet a much tighter’uniformity
specification has been shown, Excellent spectral uniformity,

due to an almost complete absence of chromatic aberration

plué spectral integration by the lenticular plates has been

- demonstrated.
’ ¥

Revised specifications have been discﬁssed. The requirements for
a complete engineering prototype have been mentioned and a

brief outline of a program to produce it, given,



2 INTRODUCTION B

2,1 Problem of lafgé-volume Solar Simulation

Solar Radiation is one of the most important factors

in space environment, Space systems are designed both.

to utilize solar radiation and to avoid its harmful 'b
effects, Accurate simulation of solar radiation is
essential to accurate testing of a space system. The
problems of providing solar simulation capability have
grown more severe than in any 6ther area of space-environment
simulation. As ppace equipment has become larger, the
volume to be covered by the simulator has increased,
Running time requirement has increased, because of longer
anticipated space missions, The larger zones of radiation
fequired and the low efficiencies that have been
achieved have made interruptions in the vacuum walls

for relay of radiation from outside the chamber less

and less feasible, 'particularly in view of large guard
vacuum spaces between double walls, Because of low.
efficiencies, initial equipment costs, and to an even
greater extent, operating costs have increased to |

prohibitive levels,

Simulation results have been far short of the effect

. of actual phenomena in spite of ma jor expenditures,

Exact duplicaﬁion of solar radiation would require:s

1., Radiation intensity variable from 50 to

275 watts/sq, ft. for the portion of space
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‘between the orbits of Venus an§vMar§,.

(L30 watts/sq, ft., at Earth outsideAthelf
atmosphere., ) - ..
Radiation intensity uniform both #éross
the test‘area and in depth throﬁghout the,
test volume; Su¢h uniformity applies n&t |
only to total energy but likewise to the
energy in each spectral zone, |
.Fnergy with the same spectral distributibn_i
as zero air mass solar radiation, . |
Collimation of the energy to within a 
0.4°half-angle for the high intensity and
within 0.2’ half-angle for the lower
intensity,

Provision for the prevention of stray
radiation and for the prevention of the
re-reflectimpf flux reflected from the test
object,

these factors is achievable individually, but

the combination of them all is not attainable to any

high degree of accuracy, because of economic and

technological limitations,

In specifyingla large solar simulation system in the

near future, the greatest skill will be required in the

- balancing of:

1.

2,
3.

Degree of accuracy or deficiency in the

‘simulation of each factor,

- Initial cost and operating costs, and

Test requirements,
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None of these should take precedence, In the best

balancing they must: interact

2.2 Objectives of the Current Program

The ultimate objective of the work performed under this
contract is a modular-type solar simulator that is
capable of operation within a space environment and is

complete with power supply, control, housing, and cooling,

. An array of these modules would simulate solar radiation

throughout the test volume,

This program was restricted to the refinement, design
adaptation, prototyping and evaluation of the optical

Selar
component of the Linear, Inc, "High EnergiKSimulator.“

This Linear Solar Module was based on the use of a

xenon short-arc source in an on-axis system utilizing
lenticular lenses for direct beam irradiation of the test
area, This module was designed to achieve the following
goalss
1, Efficiency essentially twice that of the best
| efficiency previously attained,
2., Uniformity of spectral distribution,
3, Covering dark areas caused by lamp failure
‘by méans of reserve modules,
4, Extending running time capability by means
of reserve modules,
8. Two or three times the basic array intensity
| by means of multiple array operation,

6. Reduced equipment and operating costs,

7. Prevention of stray radiation and re- reflection,



2.3 Scope of the Current Program .

The program was strictly limited to design adaptation,
.~ prototyping, and evaluatiod of the optical portion of the
" module,. _ | | 3 L |

Source, - A 2,500-watt mercury-xénon short-arc lamp
(anode-down og;eration) was specified, The.most basic
limitation in present solar simulation is found in the £lux
source. The only source with any degree of demonstrated
capability for continunos-duty application is the short-arc
lamp. It is true that the various available éhort—arc

lamps have certain deficiencies, yet it must be accepted
that any major space simulation facility, scheduled to
become operational in the next two to five years, is

essentially commited to the short-arc lamp for solaf simulation,

¢+ While information on this and similar sources has more
recently improved, the available information in directicnal,
total, and spectral flux measurements on these sources was
inadequate early in the program, and especially during the
design-adaptation phase, Although further measurement was
considered, design adjustments were completed without it, No
other brands or tyﬁes of lamps were evaluated since, without
lengthy tests, comparisons of life and spectral

characteristics quickly appeared to be tenuous,

Detailed spectral distribution measurements and evaluation
also were ovutside the scope of this program, Spectral regions
were important in evaluating spectral uniformity and quite
helpful in evaluating some other operating characteristics,

but careful evaluation of spectral distribution is a
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significant effort in itself. Information included on
spectral distribution, as such; was derived only
incidentally from these other efforts,

Target Parameters, = fargetiparameters for a primary array
were stated as fol;owé: , '

1. Collimation and uniformity of iftensity are
to be maintained within a range of 20 to 6O feet

~ from the module,

2. Half Angle of collimation shall be two degrees
for ninety (90) percent of the energy.

3. Intensity in the target zone shall be 1.2 earth‘
solar constants at rated power after twenty (20)
hours of running time on lamp.

-4, Uniformity of intensity shall be + 5 percént when
measured with a one (l)-foot-square sensor in an
infinitely large array, and + 50 percent when
measured with a one (1)-inch-diamter sensing
area, |

It should be emphasized that the foregoing were, exactly as
labeled, “targets" and that they were open to discussion aﬁd

balancing‘throughéut the program, when and if necessary.

Evaluation; - Evaluation of the prototype, under the program
as originally established, called for the measurement gnd' ,
evaluation of the prototype module operation with a total
radiation detector for:

1, Flux Intensity,

2. Uniformity of Intensity, and

3., Collimation,
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Program, - The optical evaluation and design adaptation
was conducted in conjunction with John R, Miles Corp.,

as subcontractor.”Fabrication of optical elements was

-subcontracted, Measurement and evaluation were performed

at the fagilitites of Linear, Inc,



3 OPTICAL DESIGN ADAPTATION

3.1 Linear Solar Module #0430

' The Linear Solar Module #0430 was designed to provide a

solar simulator module of greater efficiency, greater
uniformity, and lower cost than had been aghieved in previous
designs. The design also provided for stacking up to threé
arrays and for continuous operation inside an evacuated andv

cobled aerospace environment chamber,

The complete module consists of a sealed housing with

provisions for cooling, a regulated power supply and ignition

- system, a lamp and optical system, and provision for remote

monitoring and control,

The problem of designing the optical portion of the solar
simulator module can be summarized very briefly, First a source

must be chosen on the basis of radiating efficiency, spectral

distribution, life, physical geometry, and radiative geometry.

Next, an optical system must be designed to deliver the *
makimum possible flux into the target volume within the
acceptable limits of angular distribution and uniformity

6f flux intensity., The design of the optical system must
balance total flux collected against losses due to absorption,

unwanted reflection, and vignetting of energy magnified to

'excessive angle, Finally, provision must be made to remove

unwanted flux,

3,1,1 Choice of Source, - The short-arc lamp was chosen as

the source for the Linear Solar module #0430 because of

superior life, radiating efficiency, and differential radiance,
o (1) (2) (3) (4)
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specifically, an anode-up, xenon, short-arc lamp was

chosen,

3,1,2 Optical System, ~ Every reflector surface and lens
surfacé and every millimeter of lens path in an opéical

system causes loss due to absorption or unwanted reflection.
Thus from an efficiency standpoint, we can state as a
truism: ‘'All other factors being‘equai, the number of
surfaces and the millimeters of lens path should be
minimized,' In more useful form, thestatement becomes a
design criteria to use the fewest surfaces and the shortest
lens path possible, Any increase in surfaces or lens pa;h |
must more than offset the loss introduced, by permitting
added collection within the acceptable andgle and uniformity,

'3;1,3 Optical Confiquration of #0430, - Figure 3-1 is a
schematic of the optical configuration of #0430, A reflector

segmented into three pieces collects flux from the anode-up,
short-arc lamp, and directs this flux toward an annular focus,
The reflector is an angularly displaced ellipsoid, The flux
is intercepted by a lenticular plate prior to focus, Each
lenslet on this plate forms an image of the arc, The target
volume is irradiated by an integration of these separate
images, A second lenticular plate may be used at the focus

of the first lenticular plate where a relatively square

beam=-intensity profile is desirable ,

3,1,4 Summary of #0430, - Module #0430 achieves collection over
a wide angle usiné only one refleétive surface and requires

only a single lens element to direct the flux into the target

volume, This basic design provides mechanisms for achieving
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excellent uniformity of irradiance (including uniformity

by spectral zones) and a wide choice of beam intensity

patterns. The efficiency of this design is high and it

can be manufactured at a relatively low cost,

 In arriving at this design, Linear, Inc, considered a wide

variety of possible configurations including multiple
reflectors and complex condensing lense systems, While this

theoretical work preceeded the current program, some of

- these considerations are discussed later in this chapter.

3.2 Westinghouse SAHX-2500F, Mercury-Xenon Short-Arc Lamp

The Westinghouse SAHX-2500C anode-down, mercury-xenon,
short-arc lamp was specified for this program., Early in
the program, Westinghouse advised that this lamp was no

llonger in regular production, They advised that they had

modified this design to reduce arc wander and shadowing and
improve maintenance of output. The revised lamp, SAHX-2500F,
was therefore used in this program, Figure 3-2 1is an outline
drawing of the SAHX-2500F, Table 3-1 is the manufacturer's
technical data, Figure 3-3 presents the polar radiation
diagram, Figure 3-4 is a plot of iso-brightness contour lines

for the SAHX-2500F. (2)



3,3,1 Definitions and Symbols, - (8) (9) (7)

P - Power,

F = Flux

W - Energy, ~ Energy is used as in classical physics, (5) (6)

It is conserved., (7) Energy is a scaler - .
quantity, Typical unit is the jo&le.'

Power is change in energy per unit time. Because

‘energy is conserved power must alﬁayé,refer to the .

 flow of energy from one volume t® another or to

the conversion of energy from one form to

another, Power is a scaler. Typical unit is the

watt,

1

A line of flux is a power flow vector, A flux field
is a vector field descfibing the flow of power
thru a volume (or through a surface,) Flux can
also be used as a scaler to indicate'the'magnitudé
of power flow. Typical unit of magnitude is the
watt, -

E - Intensity . *- Intensity is flux density. It is the amount

of flux passing thru a unit area normal to the
flux, Intensity is a vector quantity and has the
same direction as the flux, Typical unit of

magnitude is the watt,

*In some references intensity is defined as the
flux per unit solid angle, The symbol is then
usually I, We caution that as used in this
report intensity is always the classical field
intensity - i,e, flux density on an area basis,
and the symbol is E, i

H - Irradiance, = Iiradiance is the projection of the intensity

'y
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vector upon the unit area vector, Thus
W= E- 5. = L ocos P (3-1)
Since H is the inner product of two vectors
it is a scaler, Dimensionally H is the normal
component of the intensity, thus typically watts
per cnﬁa 2 |
I - Radiance, - Radiance is the flux emifted per unit solid
angle. If the radiance is known the total flux
in solid angle W is
sziwdw (3-2)
where I,is I as a function of angle. If
intensity isbfequired

== R | (3-3)
where R is distance from the source,

The concept of radiance is most useful when applied
at a distance large enough so the source cah be
considered a point source. When the source must be
treated as finite, a small portion of the source area
da will be assumed to have an incremental radiance ar.,
An integration over the entire source will then
produce the radiance I, Radiance is a vector, Typical
units are watts per steradian, |
- Collimation, - Bringing rays of light parallel with each

‘other, or parallel with an axis or normal,

Collimation Angle, - (Common usage) The angle between_e raf
of light and the system normal. i

Collimation Angle, . - The arc subtended by the field as.viewed

from the source,



3.3.2 Characterization of a Radiation Field, -~ A magnetic

field can be described by assigning one vector to each

point 1n space, The iength of the vector is proportional

to the magnitude of the magnetic field at that point, and
the direction of the vector is the direction of the magnetic
field at that point, Regardless of the numﬁer of sources,
only one'vector is reqﬁired at each point ‘in space, because
the fields sum and a resultant field is formed, Thus, two
equal and opposite fields cancel., Two fields at 90° to

each other produce a new field at an intermediate angle. (10)

Incoherent electro-magnetic fields in free space are
non-interacting, The fields from sevefal sources will not

sum, A complete description of the electro-magnetic radiation

- in a volume of space requires a vector from éach point in

every direction; These vectors cannot be summed to find a
resultant, Therefore, the description of an electromagnetic
field is much more complex than the description of an electric
or magnetic field, This type of description is éxtremely
éumbersome and would be almost impossible to work with and

' certainly uneconomical,

One method of simplifying this problem is to'assumé'that
the source is small enoughi.to.be characterized aé”a'péint.
A single point sburce will produce only oné vectof ;t'each.
point in space., Unfortunately, in the praétial'desig#‘of a
solar simulator, the point source assumption 1eéds ta‘grosé

error between theory and practice,

Let us examine two examples to see why the‘péint source
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assumption causes unacceptably large errors. The
SAHX-2500F source has an arc radius of at least 6
millimeters based on the manufacturer's data, (2) The
focal length of reflector element number three of the
protatype produced in this program is approximately

25 millimeters. Since the arc radius is at least 25%
6f the focal length, the requirement that arc radius be
a negligible fraction of fbcal length has clearly not

been met, and the point source assumption must not be

‘used,

The use of an element of so short a focal length is
justified by the results produced, as later chapters will

show,

The top edge of reflector element number one of the

'prototype produced in this program is 42 millimeters from

the arc éenter. At this point on the reflector a 6
millimeter arc subtends a half-angle of 8.19°, Since‘this
half-angle is far in excess of the desired field-angle the
point source assumption will clearly cause erroneous

results,

The worst facet of making the point‘soutde-aSSQmption is
the distortion created in the conception of the problem,
Excellent solutions are erroneously rejected and‘poérer

solutions are retained,

Since :the use of the point source assumption‘is.unacceptable,

this assumption has never been used in this program, The

source is always treated as a finite radiator.
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The problem of characterizing the radiation fieldv;emains
as difficult as before, Fortunately, there is a far better
solution.' In any medium of homogeneous index of refraction,
with respecﬁ to both space and wavelength, light travels
in straight lines, Further, at any reflective surface,
the light changes direction to a new straight line in '
accordance with the law of reflection, and at any boundary .
between media of different indexes of refraction, the light

assumes a new straight line according to the law of

refraction, (11)

Since light flux travels in straight lines, the laws.of
euclidean geometry can be applied to predict the radiation
field at one surface from a knowledge of the field at

another surface, The requirement is that the complete

radiation field be defined on a continous surface enclosing

all of the sources_ ¥

*This requirement can be relaxed when the radiation field
is to be defined for a limited part of space.

'

The field ma§ now be defined on any surface outside the first
surface, It must be recalled however, that to define the
radiation field on the first surface, one must define the
intensity field in every direction for every point on the
surface, Alternatively, the radiance can be defined as a

function of direction for every point on the defining surface,

3.3.3 Power, -~ The electrical power input to the source will

be referred to as Pt- Since energy is conserved, on a thermal
steady-state basis, the entire input power must appear as

some form of output power. (7) A large part of this power
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appears as radiant energy. Some of the input power
is removed by heat conduction thru the electrodes to
the clamp ahd leads, Some of the input power is removed
py convection from the bulb and leads, Power lost thru
conduction and convection is not useful in a solar
simulator. Further, not all of the radiated power is
. useful. Power radiated by the bulb, the stems, and most
of the electrodes originates too far from the arc to be
uséfully accepted by the optics. »If such power does get
thru the  optical system, it will probably exit at an
undesirable angle and may have to be removed by stops

' or baffles.

However, it is not correct to separate radiant energy
into arc and electrode radiation and count fhe former
and discount the latter, Radiation from the hot cathode
tip may originate well within the arc volume and may be
quite useful, On the other hand, some of the arc
radiation may originate from an area which the optics

cannot accept,

There is another limit on useful radiant power., Some of

the power radiated may lie at wavelengths shorter or longer
than the optiéal system pass-band, The loss that results
could be considered a reflection (or transmission) loss,

put it often simplifies the analysis to remove radiant
energy which is well outside the pass-band from consideration

at the onset,

Now the return to the consideration of a source with input
power Pt, Within some defined optical band (:\‘ to }\2), and

originating from some defined arc volume V,, the source



3.3.3 cont, 1

radiates a power P_, The radiant efficiency of the source

is now defined by

Radiant efficiency = ?: (3-4)

It should be clear from the foregoing that radiated powér
(and thus radiant efficiency) is a function of optical
pass-band and arc volume, Wﬁen radiated power is measured,
thencoptical pass-band is set by the pass-~band of the |
radiometer and arc volume is set by the acceptance angle
of the radiometer, 1In view of this, it is remarkable to
note that the optical pass-band and acceptance angle are
almost universally omitted from published data on radiant
efficiency. Such omission severely limits the usefulness
of the data, |

All power not usefully radiated will ultimately appear as
unwanted heat, and will have to be removed from the chamber,
The necessity of removing this power places an extra

bonus on high efficiency,

Consider a given source of input power Py and usefully
radiated power Pr and assumé that én infinite array of
modules is to produce an irradiance in the target volume
‘of at least Hg, If the optical efficiency of the’module is
T, then module output, Po is given by o (3-5)

P = MNP
The area which one module can cover is now deriveds
A g P - mPe © (3-8)
™ Ws W

In hexogonai array, the projected area covered by each

module is P\\\"-"‘ 3. Wb ?\uz |
(3-7)

where Ru is one-~-half the center-to-center
distance between modules. :
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Returning to equation 3-6, and equating Ay from equétion
3=-7 and Am we find

3.4(544.1%2u < -‘EPS-" and therefore, e (3<8)
M P \ 2
"'RU -<- ( \\5 3.\_\’\\_\3\\ ' (3-9)

}Thus we have established_the maximum allowable effective
- module radius (R,) for a required irradiange (Hs), a given

useful radiated péwer from source (Pr), and an overall

module efficiency, (7)),

At this éoint, it is important to realize that in a general
sense both‘n and P, are functions of module radius, aﬂd both
will tend to decrease as module radius decreases. This
will be further developed later, but at this point we can
note that R, will be described by an equation of second

or higher order.
. Y

3,3,4 Uniformity in the test volume, = A primary requirement
for the simulated solar radiation in any chamber is that
it be unifofm, By uniformity, we mean that a test area

held perpendicular to the normal of the simulator, wiil

receive the same irradiance regardless of where it is placed

in the working wvolume,

. For a modular simulator, it is necessary to derive the

restrictions applicable to the module in order to achieve
uniformity in the test volume, Consider an infinite array
of similar modules mounted on a ceiling or wall of the test
¥olume, A first look on a very elementary level suggests

that perhaps the module itself should be uniform, Suppose

‘the module projected a perfectly collimated beam with a
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square beam irradiance profile, As used here, Seam'.
profile is the-.irradiance measured along a line passing

thru beam center cuttihg across the beam. - (see'figure 3-5.)
The diameter of such a beam would be equal.to_thevmbdhle

exit phpil and would remain constant to infinity. Clearly

' to avoid holes exit pupils would have to cover the entire

wall (or ceiling) without interuption by~additional optical
elements or supports, Moreover, consider the effect when

a module is imperfectly aligned; Its beam will skew leaving

‘a dark hole on one side and creating a factor-of-two hot

spot on the other side., Clearly, the perfectly.collimated
module makes uniform irradiance difficult if not impossible.
In fact even with a less than perfectly collimated module,
éxperience has shown these matching difficuities to be far

from academic,

Nor does a rounded beam irradiance profile help a collimated
module, Since each module covers its own volume, a soft

profile would cause unacceptable intensity variation,

We must accept the fact that arcs are not perfectly symmetrical,
sources vary somewhat from one to another, and optics can never
be perfectly aligned, We require a solution to uniformity

from an array of modules which tolerates the imperfectness

of real-worldmodules as contrasted with the perfection of

those which have been too highly refined on paper, In short,
this becomes a problem of fitting irradiance patterns

fogether without excessive holes or hot-spots, evén though

the patterns are not perfect in symmetry or alignment,

It becomes intuitively obvious that the solution requires a
beamnwith a soft irradiance profile. The soft edges of two
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, When the irradiance drops from maximum to zero very rapidly,

then the profile is termed hard, and when the irradiance slopes
more gently to zero, then the profile is termed soft,
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patterns merge gradually and slight misalignments no longer
cause drastic peaks ahd valleysf The actuel beam - -
irradiance profile required depends on the size and shape
of the module exit pupil, the geometry of the array;eand“
the center~to-center distance between ad jacent modules,
Figure 3-6 shows the effect of misalignment with .a o
perfectly collimated and therefore absolutely ha:d'profile,.
and with a soft profile, .

There are a wide range of beam irradiance profiles which

can produce an acceptable uniformity pattern, The requirement

is to find one acceptable profile.

The beam irradiance profile is a complex function of the
angular distribution of power from each point on the module

exit pupil.

The statement that beam divergence or collimation is related

to uniformity versus depth in the test volume is sometimes
seen in the literature, The statement is true for a single
module, For an infinite array or for positions away from the
skirt of a finite array, the statement is eompletely incorrect,
At any position for which the array can be considered infinite,
if a surface is placed éarallel to the simulator normal, then
based only on symmetry we can assert that equal flux cuts the
surface on botﬁ sides, This will be true for any such surface,
If we erect a cylindricai surface, we can demonstrate that the
amount of flux carried into the volume by divergence is equal
to the amount carried out by divergence, Thus for a large
array, small collimation angle is not a requirement for
uniformity, 1In fact, we have seen that a very small collimation

angle requires a hard profile in order to avoid excessive
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- peaks and valleys but that this hard profile creates severe

- alignment problems.

'3.3.5 The ancular Distribution of Flux, - In section 3,3.1,

flux and intensity were defingd as vector éuantities. Flux
and intensity have a defined direction in space. Let uscall
the angle between a flux or intensity vector and the simulator
normal\ﬁi ~the that a flux vector can have angle.ﬁ and still
assume an infinite number of positions by rotating around

the normal. In other words, B defines all the flux vectors
contained on the surface of a cone of apex half;énqie B .

" This is dllustrated in figure 3-7,

? is of prime importance, because it is the angle at which the
flux will strike a surface which is perpendicular to the
normal, E»is also the angle at which a flux vector diverges

from a normal dropped from the vector source end.‘

It is extremely important to appreciate the'significance of the
' angle‘ﬁ. Therefore, we examine step-by-step all of - the
implications of /3.

1

Flux at angle /3 to a surface normal irradiates the surface.
according to tpe formula 3-1, |
H= € cos B
Thus, for a giveh intensity E, at angle ﬁ, the irradiance H is
proportional to cosl3. Note.however, that the cosine of 59 is
.99619 and the cosine of 8° is ;99027. Since most of the flux
will be well within these angles, we are justified in ignoring
the cos;B term and equating intensity and irradiance for the

normal surface,



- FIGURE 3-6 |
' EFFECT OF MISALIGNMENT WITH HARD AND SOFT PROFILES

‘"Hard profiles from
two perfectly col-
1limated modules.

‘§ e ) Perfect alignment
S - . produces even ir-
- radiance.
; : . Two-times spike due
< ' . 4'§ to overlap misalign-
o f It ment,
“_$ ' o ' ' ' B Complete hole due to
3 - '< gap misalignment,

' N \ Soft profiles from
- two modules with
. : . reasonable collimation

. : ¢ ,
§ ; ‘ _ T , ? Perfect alignment
B ’ - produces even
irradiance,
- S »
9 - 3 Overlap only produces

a slight bump.

N 3 Gap produces a slight
, , . 3 dip,




-, FIGURE 3-7

FLUX AT ANGLE »
| FLUX VECTOR
‘ A

SURFACE NORMAL

SURFACE PERPENDICULAR TO
SIMULATOR NORMAL

SIMULATO
NORMAL

|

L eararrer 7

CONICAL SURFACE OF APEX
HALF-ANGLE B CONTAINING
ALL FLUX PASSING THRU
POINT P AT ANGLE .ﬁ.

' SIMULATOR
\LN ORMAL



-

3.3.5 cont.

Assume a surface in the test volume parallel to the normal.
If all flux was at B = 0, the surface would re@eive zero

jrradiation since all’' flux would be parallel to the surface,

'When some flux has angle P then the surface iriédiation is

non-zero, This effects the~computation of‘the rédiation being
received by'the object, Another way of sﬁati@gfthis'ié that .l
shadowing is a function of the distribution of fiﬁx‘ﬁy:
angle p. Note however that if the distribution of flux by

angle ﬁ is known, shadowing can be computéd for any angle and

charted for rapid use, On the other hand, if the complete

distribution of flux as a function of P is not known, then
shadowing cannot be computed. Thus, knowledge of the complete

distribution is essential.

H

It is tempting to define the distribution of flux as a

"function of'P. with é.ome simple number, such as collimation

angle, or field angle, or beam divergence. These expressions
are all limiting expressions, They define various maximum
angles, but they tell nothing at all about the.actual power
distribution.within these anglés. Knowing the point”at which
a function goes to zero is of little value when the function
itself is unknown. Especially since it is the bulk of the
power we.'are interested in and wish to account for, If the
bulk of the power behaves properly, the question of whether
the last few per cent exit at }3= 50 or /3= 259 is trivial,
for this residual is the easiest to remove with stops or

baffles,

The distribution of flux as a function of P is a function of

the source and the optical system, It can be controlled within

certain limits in the optical desXn,

R
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To appreciate the inadequacy of collimation, field angle,

and divergence, refer to figure 3-8, The distribution of flux
as a function of P»is charted for three hypothetical modules
with identical exit pupils, collimation angles, field angles,
and beam divergences, Yet the distribution is completely
different for these three modules.

-

The concepts of collimation angle, field angle, and beam
divergence are too weak for the proper discription of a solar
simulator and we shall use the more complex but far more

accurate concept of the distribution of flux by angle,

A point source radiates in all directions, By means of an
optical system-(fqr example a spherical reflector and a
parabola) the flux from a point source can be brought perfectly

parallel., Such a source has been perfectly collimated,

The statement is sometimes made that a parabola is no; a

. collimator. This statement can be examined from the point of
view of the formal definition of collimation angkte: 'The angie
subtended by the field as viewed from the source.; For the
classical parabola of infinite length, the angle subtended by
vthe field is zero énd'the classic, infinite, parabola is a
collimator, For the finite parabola, for a view from the
'source toward the mouth, the angle subtended by the-field is
non-zero, thus the fiqite parabola is not a collimator; However,
if the view toward the mouth is stopped or if thefspherical-reflector
is properly placed, then the collimation angle again gbes to
zero and the parabola=-stop or parabola-spheric is again a

_ perfect collimator.
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A finite source radiates in all directions, but the radiation

does not all come from a single point, A finite source can

never be perfectly collimated (lasers excepted.) The proof

of this is quite simple, If a finite source could be perfectly

" collimated, then the pérfeétly collimated beam could be
intercepted by a p@rabolié reflector and would be brdught to

focus at a true point at the center of the parabola., The
irradiance at this point would be infinite, This~ﬁould-violate
the second law of thermodynamics, Therefore, perfect

‘collimaﬁ;on of a finite source is not possible. (7) (10) (11) (12)'

The ahgle of divergence is set by the source size and the
distance to the first optical element, This is illustrated by
figure 3-9, It is seen that

tan °(‘=—YR‘ and thus, - . (3-10)
ol = arctan 'I‘{' | (3-11)

The angle o may always be degraded by subsequent optics, and
the distribution of'energy versus o may be atered,'but it is
impossible to improve the mean energy distribution by X
regardlesé of what subsequent optics may be used, If this
could be done it would lead to a violation of the second law

of thermodynamics, and one could build a perpetual motioninachfﬁéﬂﬁh
R

of “the second kind, (7) (12)

It was shown that the half-angle X was determined by source .
radius and distance to optiés. In general, the source ‘radius
may be a function of angle of view and except for a spﬁérical
_element, the distance to optics will differ with angle. Thus
o{must be determined by a summation of -all views and all portions

of the optics,



FIGURE 3-9
- ANGLE OF DIVERGENCE

Angle o is found from tan B(=-£— . Thus oL = arctan -IR:-
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3,3.6 Source Representation, -~ The source is an arc

occupying some volume in the geheral region of the
electrodes, Throughout the arc volume, ionization and
recombination with the attendant release of radiation
takes place, However, some of the radiation traveling
thru €he arc volume will be absorbed and re-radiated, |

This phenomenon raises the percentage of r@diation which

appears to originate from near the surface and can Se

looked upon visually as opacity.

The arc 1s neither a true surface radiator nor a true
transparent volume radiator, but rather it is somewhere

in between, Figure 3-10 depicts an arc occupying a

volume in space being viewed from a point P.., The figure

is drawn with the point of view and the arc center both

in the plane of the paper, R is the distance from arc
center to Pr' Imagine some portion of the arc radiating

in all directions, Point of view 'P.!' can only receive
the:radiation directed toward it, Now let us assﬁme that
the point of view Pr is the center of a small area dAr.
This incrementa; area subtends some incremental solid angle
dw from each point on the arc, Let us consider the vector
T from the center of dAr to a given point in the arc volume
Ux,yo2Z. (U-is a point in the three-dimensional space which
the arc occupies, thusIUkYz.) At first it would seem that
we must compute the radiation from every U in the arc
volume, However, this is not required. Let a vector T

from the point P, pierce the entire arc volume, (Figure 3-11),

- There are many points along this vector T, For radiation

from any of them to reach the area dAr, such radiation must

travel along T, Thus,-ail radiation can be described by



]

stating the flux along each vector.T, (10) (13)

Let us erect a plane perpendicular to the radius vector

R, and containing the arc center, There is a one-to-one
correspondence batween the éet of all vectors thru the

arc Ei] and the set of all points on the plane, We shall
call this plane the ‘arc defining‘plane.:.Figure 3-12 shows
a vector T from a point Pg on the arc defining plane to

P at the center of dA.. Now let us construct the solid
angle dw centered on T, The angle dw is the angle .subtended
by dA,., Finally, we shall allow the point Pg to become the

verwy small area dA,.

We wish to write an equation for the flux going from dAg to
dA,. Another way of saying this is that we want the flux
radiated in solid angle du from area element (of the defining
'disc) dAg, Thus we need to know the amount of flux per unit
area per uni%igggle coming from Pg in direction T, Let us
call this the differential of radiance with respect to area

3

and assign the symbol I', Then
/ az. F
1. = IS | (3-12)
s Bw C) {\5
The subscript S is placed after I' and F to indicate that
these quantities will have to be defined over the entire arc,

which as we have seen, means over the arc defining disc,

We can now state that the increment of flux in angle dw from

area As is 2 B B
d%F= 1§ A dhg = Awap\s‘i‘*’dp‘g (3-13)

The next step will be to integrate dF over the source disc to
find dF, the incremental flux arriving at Ay due to the entire

source, However, before we do this, we shall develop a

coordinate system to describe the position of Pg with respect to
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the source, and a coordinate: system to describe<thé’

- position Py on the source defining disc.

- Figure 3-13 shows the source viewed from the'sidé“(stems up

and down.) Any of several coordinate systemé might‘bé'chOSen,

but due to the rotational symmetry of the sourcé; thé'po1ar.‘

- system is most useful,. (In array computations: the ca:tésian 1

' system may be preferred, however it is still far easief td work"

in polar in the module and transform for array computations.)
The radius vector from the source center to'ény.point in space
is denoted by R, The magnitude of R is the distance from source

center to the point,'énd the angles # and @ describe the

vector direction, The direction of the bulb stem which points
toward the exit pupil is taken as § = 0°, The angle £ is thus

measured frcm'optical axis or module.normal. The angle © .
describes position around the source, 6 is the symmetry angle.‘
Thus a change ;49 usually produces no change in‘the-varidusA
parameters, We must take note of two importan£ points, |
1. Source (arc) center is an arbitrary poin£ and it
will have to be defined as we progrgss..
2. The optical axis of the module (which alternatively
may be called the module normal) is always assumed
to pass thru the center of the arc and thru the
focus of all symmetric optical elements,
Figure 3-14 depicts the source defining plane (in the plane
of the paper) and a generalized disc, The disé is the projection
of the vectors T upon the defining plane, The center point is
the vector R from the arc center to the point from which the

arc is being viewed (Pr)- Since the disc is normal to‘R, the disc
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. assumes angles @, © with respect to_thé modulé“and source,

' Since © is an angle of symmetry the disc will be independent

of ©, However, it appears that we must define a different disc
for every possible angle g and disfance ékl‘, In theory,

we would require a new disc for every ﬁvand lRl'. In practice
:we shall show that for the range of interest a disc can be -
defiﬁed which dkil be reasonably accurate for any 1R\ ; and the
change in disc with g can be applied to the entire disc as

a scaler multiplier., These results are most valuable because

they reduce the source representation to a single disc and

a scaler function of &,

Let us assume a disc has been derived for some point P (g, o,

\Rl ). Now suppose we hold @ and 6 constant ahd vary lRl, and
suppose we ask how the disc will change, It is obvious that

the vector to any given point on the disc will assume a new
angle with respect to R as we change XR('. Thus this vector T

no longer cuts the same set of points in the arc volumé. Further,
this vector T now has a new direction with respect to the

normal R, and this angle (™) relates irradiance to intensity
with the funCtIORFCOSQ(. The change in radiation which occurs
due to the new set of points pierced by T depends on the nature
of the arc, A surfa;e radiator would - produce one function and
a volume radiator another. We have already aséumed‘the arc to
be in between, We are going to assume that the totallchange in
I' as \R\ is changed is proportional toﬂcosexwherevk is the
angle between R and T, We note that the cos4 aésumption is made

by General Electric, (3)
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Also, the results are better for cos3‘so cés4.represen£s'é“
severe test of our Ehesis. The arc radius will Se assumed

at 8 mm maximum,. The optics will be assumed to be 40 mm
from the arc at the closest point, This is quite Close to
the bulb and it is doubtful if any optical element could be
placed appreciably closer., The distance used by General
Electric to measure I' is 165 mm,., The fafkﬁest possible
distance is infinity, The mean.powei weighted angle in

the prototypg optics is 2018', Now refer to table 3-2,
TCos4x ié shown.for several values of R and r, PFor infinity
the term is 1.,0000. For the near point of 40 mm and an arc
radius of 8 mm the cos? is 0.9247, Thus the deviation is
only 8% for the highest and lowest |R], At the near point

of 40 mm and an arc radius of 6 mm the deviation is less than
5%, And for the mean power-weighted o(= 2°018' cos4 is 0.9968,
’This is a trivial deviation, Thus, we have shown that we can

use a single model for all XR\ and the cos%x,term can be

eliminated,

Now suppose we hold © and \R| constant and vary #. Two things
will happen, The total flux 4F from the arc to area'dAr is a
definite function of @ as shown by the Westinghouse source
data, figure 3-3, And second, the arc shape is a function of
# because the arc is not symmetric with respect to g. 1In
fact, the arc is e}ongated along the @ = 0° axis (see figure

3-4).

To accomodate the change in dFr with @, we shall use relative
values for the disc and multiply by a factor which will vary
with @, We shall call this factor G,(#), where G, represents

a general function, The earliest available data for flux as
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TABLE 3-2
costo as a FUNCTION OF R and r
R r tan o< cos cos4~ =
40 mm 8 mm 0.2000 11° 19* | 0.9806 |.0.9247
40 mm 6 mm 0.1500 g% 32 | 0_9889 0.9563
165 mm 8 mm 0,4850 2° 47+ | 0.9988 | 0.9952
— —— —— 2° 18' | 099902 0.9968
Infinity| -———- 0.0000 o° o 1.0000 1,0000
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a function of @ was a curve of total radiation versus angle

Zg. The ratio of ‘arc radiation® to total radiation at

g = 90° was also available, The flux versus @ total

radiation curve was multiplied by the arc-to-total-radiation

ratio at @ = 90° and the new curve was assumed to be arc

- radiation versus @, Later in the program a curve of arc radiation

versus § was received from Westinghouse (figure 3-3.) This

curve differed somewhat from the curve derived earlier, .

During the early phase of the program, we realized that the

ar¢ defining disc would have a different shape as g changed,

We also realized that the problem of where to place arc center

was complex, However, the data: available at that time was

limited to arc-iso-brightness contours at # = 90° (figure

3-4.) Therefore, a model was constructed on the following

basis:

1.
2.
3

4,

The arc was assumed to be spherically symmetrical,
Differential radiance was assumed to follow brightness,

Arc center was placed on the point of maximum

" brightness, and

A radius vector was drawn on the @ = 90° isolrightness
plot, ﬁhru the point of maximum brightness, aldng the
the line 1abeiled A-A (perpendicular‘to the source
normal); Thé iso-brightness was plotted along this
vector and the vector was then rotated thru 360°

to generate a symmetric disc,

As we have stated earlier, the actual arc is elongated. Further,

the iso-differential radiance contours are not equivalent to

the iso-brightness contours., And the arc center on a power

centroid basis is not at the point of maximum brightness.(nor
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these factors, the model produced a very respectable prediction,
Moreover, it is now possible to refine the model, With data
developed during the course of this program, we can now

define the arc center as the centroid of the differential-
radiance-radius product. The model can be further refined

by making the differential radiance a function of both the

disc radius and the angle f. Finally, the model can be based
>on the iso-differential radiance contours which diffe£ somewhat

from the iso-brightness contours,

If the differential radiance is developed as a function

of # and ¥, thus 91(§0‘Y> y then the function 9;(({)) which
was used to cause the integral over the disc to be correct
in value for any angle # can be omitted, However, we believe
it is more useful and more revealing to nofmélizé g2 and

retain fj\ . Thus,

Yz (v, @) dr = | Qog-o,\\ 4{; (3~M>

Data developed during the program showed tWo'discrepahcies”.'

< %

in the original model:

1. The original model extrapolated the
differential radiance exponentlally toward zero,
This caused the arc to appear quite large The
data indieated that the differential radiance drops'
rapidly to zero at the edge of the arc.' Thus the
total arc is smaller than the first model assumed,

2. The.data indicated that the (radiance) X (radius)
momen£ was further from the center than indicated

by the model.
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Thus, the moment must move out, but the cutoff moves in,

The module behaviour predictions made in this prégraﬁ were

all based on the original model. As the program pfogressed,

a refined model was often used in a semi-quéntitative manner
to gain further insight into module behaviour. Thus the model,
the predictions, and thé data constant1y 3nteracted.

The model which we have described has some noteworthy

properties, The simple basic form allows rapid computation

and is remarkably accurate, Even the more refined form lends
itself to computation., A highly-sophisticated, three-dimensional
model could probably be derived after many'months of measurement
and study, but we doubt that such a model is in any way
desireable, The problem would get involved in a maze of
computation and all insight would disappear, We beiieve that

the disc model we have developed is completely adequate for the
task of designing a solar simulator module, (9) (10) (12) (13) (14)



3.3.7 Integration over the Arc Disc. - (14) (15) We

noted earlier (equat:.on 3-13) that

%
d %5 -=15 dwdi = 306‘:; f)s.c-m)l\;

R
Ve snall now integrate over the source disc to find dFR
| 3%
dFe= { S§ = A‘\‘ﬁ‘% dw (3-15)
Yominy. -
) F?: %g 9, (@)Gat)2mr dy % du (>-16)
Y‘;o

ij(‘(’) is the weighting function {OI‘ Lf

Sz(v) is a function expressing = along Y for the

F
dwdlg
transformed symmetric disc.
If the radiation in some spectral increment (A>\) is of

interest, then we can write
’r
SGR

: c}\z;m\—: S 3,(%3&}33\?\)2‘6 rdv ¢do é}\ (3-17)
r:o

Since §,has been defined as a function of Y only, it can

be removed from the integral. However 33 has not been

shown independent of r and must remain inside the integral.
Y*ﬂu}‘

A Fen= 7-'““);(‘?35‘:3,;(*)%3&2\)\'&? Awd?\@-l;‘?)

Y=o



3,3,8 Integration over a Defining Surface, - (14) (15) The
integral of equation 3-18 over AW and &é\gives the total

flux from the source., Thus
Y woy

Sg 2“3(‘?\3 ‘3% (95 (A dr Awd\

(3-19)
This output will be Pr' the usefully radiated power, Note
that the integration with respect to A,Lo, and ¥ can be
carried oﬁt over limited domains in order to provide the
useful flux within any desired wavelength limits, arc

volume, and solid angie. This equation can be rewritten

R=F-uw %3 (9 ( Y

Y

b,

(3-20)

Equation 3-20 is obtained by performing the integration’oéerv

a sphere., This equation allows us to compare the measured

P. from a source with the value computed from the'functions.

The flux may be integrated over any surface whieh intercepts
all of ﬁhe flux to be accounted for, When bpticai elemenﬁs
are placed around the'source, several possible surfaces ‘can
be considered, The integration could be performed evef the
surface of one or more of the elements, or the integration'
could be performed over the surface of an image plane ‘In
general, the form of the equations will differ for dlfferent
»systems, and there will be several possible forms for_any

given system,

As an example, suppose we consider a source at_the focus' of 7

a paraboloid of focal length-¥. Figure 3-15 shows a small

(32® 330\3 r AY Sinlpdy a\

N im
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area on this reflector (dAp) receiving flux from the arc
defining disc, The area'dAR‘ subtends solid angle O\QJ .
Thus, modifying‘equation 3-17 slightly

AF = §§<3m ¥Yq \ N2y Av A\ L dw
R % 3
YN\
(3~21)
The position of the area dAp is described by a vector R
from the arc center. © is a symmetry angle, Thus only
|R\ and p are of interest, A parabola with focus at the

origin, in polar coordinate is defined by

25
A= |~ Cos \p (3-22)

where & is the focal length of the parabola, (16)
This equation relates R and ‘e . Thus, we have only one
independent variable of interest, The flux striking the
refiector on the ring described by rotating an element A(P
thru all 6 is

we{ (g ' N 4
d Ty = 2T Sintg Sﬁlwyﬁu) 33@\} 2nrdvrd ¥
r N - (3-23)
Now we project the reflector ring subtending 'Aw onto the

module exit pupil (figure 3-15), A radius vector projected

onto the exit plané is defined by

, = -\\\ ' '
X=X sinyp (3-24)
We eliminate R by using equation 3-22; |
Thus

)(: 2% S : (3-25>

\- Cos W@
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And
d\k U‘C"S‘P\I’Q Cdb \p — pES §\~c\\{) g\\\\f
o\\(; Q" (os \P) (3-26)

The area covered by the projection of the ring of the

. parabola which subtends dy rotated thru B onto the

exit plane is
ARz 2T X A¥X | - (3-27)

The intensity at the exit plane is

c 0%y gmsw g§3\w>‘rz(*3‘3>°‘y“"mwd;\? %y
=2 3-28)

AR 2N\ K X

where g, is the reflectivity.

Now let us substitute for X from equation 3-25:

2% s (1-¢os \p}g (¢ 499 ﬂﬂ“vo\r&\?m{; (3-29)
TN 14 ¢ v
Cancel and substitute for d“’/&x from equation 3-26 a.nd

multiply by -1 due to reflection of the limits,

- (1-es) gg ¢ 9929294 *Tvdy d}\z

Ev= > (3-30)
n& [(\-casup}cqte-(fm \?)2.‘\

E\e ‘ “5'{\ {é%g ‘3 ‘;HZTWAY A}\} (3-31)

E&P: ’\ {{gcs Ejz(]}f,qz“\'i‘fdk\} (3-32)

H§=



% . B ' 3,3,8 cont, 2

o et S 9999, ZnrdradNd
A ,{:2' ' _.(3-33')

>Equation ‘3—33 expresses intensity at the exit pupil as a
function of Y. Equation 3-25 relates Y to X, Equation
3-33 can be stated in terms of X by developing W (x) as
a power series, but the complexity would limit the value
of the equatior{. The ' ( s\w “%) term of equation 3-33

.shoﬁs a very steep fall in intensity for points away from

the optical axis,



. 3,3,9 Flux Collection, - One of the tasks of the optical
system is to gather the flux radiating in all directions
and send it in the desired direction. In classical optics,
this is easlly accomplished for a point source and an
infinitely large paraboloid, We do not have a point source
and the infinite paraboloid will not fit In our module, so
for us the problem is somewhat more difficult, In particular,
the following restrictions apply to the solution:

1. The radius of the collecting system must agree
with R, as defined by equation 3-9 This equation
establishes an upper radius 1imit, '

2. The flux which is initially directed away from
the desired exit plane must be brought around the
source without returning through it
3. . The collecting elements must be clear of the source
and its supports. :
4, The collectlng element supports must not‘interfere‘
excessively with the transmission path.
5. The collector should mate with the res£ of the
optical system to produce the desired beam pattern,
In addition to the requirements above, the collector elements
must be fabricated at reasonable cost, must have a reasonable
cost, .-z LA . --. = .17, and must be aiignable

without undue complexity or criticaiity.

There are an unlimited number of possible coilection systems,
We will not attempt to classify them or to survey them. We
will briefly discuss a very few vasic types where the

discussion bears upon the designs we have used,
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The ellipsoid with the source at one focus is one typebof
basic collector., The source is iﬁaged at the other focus,
Since the ellipsoid cr'eates an image at a finite'distance,

another element is required to complete the COlliﬁatibnﬁ .

* Collimation & used here to mean that if the source :
were a point, then all flux would exit parallel. There is

" no implication that flux from a finite sodrce will be

parallel, because in fact it won't,

The use of an ellipsoidal collector has several difficulties:

l.‘ The flux radiating at large fralues of lpwill be
returned through the source,

2. If the ellipsoid is large enough to clear:ﬁhe
source and to view most of the arc volume, the.
radius becomes excessive, and |

3. The flux is brought to focus at a considerable
angle,'and the second element must bend the flux
through a large angle to complete the collimation.

These problems can be alleviated by using an angularly
displaced ellipscid. (An ellipse is drawn with the top
focus on the source, but the bottom fécus is displaced from
the optical axis, This ellipse is thén rotated about the
optical axis to produce the angularly displaced ellipsoid,

See figure 3-16.) Further, progress can be made with a

’
segmented reflector; but we shall discuss segmented reflectors

in connection with paraboloids,

The paraboloid has some very attractive features and some
ma jor problems, The major advantage of the paraboloid is
that all flux which it intercepts is collimated.* Thus, if the



FIGURE ~3-16
' Apgularly Displaced Ellipsoid
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paraboloid can be made large enough to intercept the.
 required amount of f£lux, then we do not have to use a second

element to complete the collimation, In terms.of efficiency this

*Collimation is used here to mean that if the source were a
point, than all flux would exit parallel, There is no
implication that flux from a finite source will be parallel,
because in fact it won't, -

is a significant advantage, A second large advantage is
lfreedom from chromatic aberration, »Since,the'fiux exits
from the paraboloid already collimated, tﬁexais na need to
use refractive elements to bend the rays.‘Reflectors are
substantially free from chromatic dispersion, whereéé'with
refractive.elements-made only from quartz~dispersioh becomes
a major problém, The advantages of the pafaboloid'are-major, 
and it is desir%gz}e that an attempt'be‘made,tO'solvé the
difficulties so as to realize these advantages, The
difficulties are as follows: -
1. The flux radiating at large values of ‘owill be
returned through the source., |
2. If the paraboloid is large enough to clear the
sourte at the'top and to view the majority of the
arc volume, then the maximum radius becémes excessive
(if the flux at small values of P is to be collected,)
3. The intensity is very high at the center of the
parabola and falls as Sﬂ3-£% as the edgés are
approached,
The basic problem with the paraboloid can be restated as

follows:

.1. If the focus of the paraboloid is éhort, the arc



J eV e¥ LU, &

volume subtends an excessively large angle at
reflector poinzgjgie vertex, and much flux will
-be returned through the source,

2,” If the focus of the paiaboloid is long, the mouth
end cannot collect flux at small angles of Y without

exceeding the allowable module radius,

Fortunately, two excellent methods may be brought together

to solve the problems of the paraboloid, One method is
tipping and the other is segmenting, Refer to figure 3-17 to
observe a tipped paraboloid., A tipped paraboloid is geheratéd
by rotating a parabola around its focus in its own plane
(through\ﬁ), and then rotating the plane abouﬁ the optical
axis'(through 6). The rays of light are angularly tipped at
the same angle as ‘the parabola. The light must be tipped back
barallel to the normal., This can be done with refraction or
with reflection from a cone, The latter method is favorable

because it does not produce chromatic dispersion,

Segmentation can have a number of meanings, As. used here, we
mean a reflector system with different segments for different

- zones of Y. Segmented reflector systems include fresnel’
reflectors withhindreds of elements as well as éystéms with
only two or three elements., Also, the edgés‘of ;hé_éleménts
may join or may be separated, The statéﬁént’is sometimes seen
that segmented reflectors have high 1oss.} Like moSth
generalizations this}statement’is4not very good, When speaking
of loss one must first define the ground rules, For example,

consider two hypothetical reflector systems A and B,

System A intercepts 95% of the available flux and 85% of
211 intercepted flux is brought down, Thus,



FIGURE 3-17 ‘
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this syetem has an overall efficiency ef
.85 X ,95 = .Bl;
System B intercepts only 75% of the availabie flux,
) . but brings down 92% of all intercepted flux
for an overall efficiency of .75 X .92 = .69
g System B has lower ‘'loss' if the per cent of flux intercepted
~ is ignored, But by anycriterion_of value in solar

simulation, system A is better,

‘The losses in a fresnel reflector with hund:eds-bf-steps may
get very high. Segmentation loss in a segmentederStem_ef'

three to six elements may be zero for a peint-eource'end less
then 10% for a typical arc. The gain due to‘edditiohéi flux

. collection’ can easily outweigh theloss,

.The beauty of the segmented system is in its.ability to'deale
with the specialized problems of collecting'flux over a solid
angle of almost 4 7], The flux from the region of high Y canv
be caught in a tipped reflector and brought. to the outside to'
clear the source, The flux from intermedlate values of Y
can be brought straight down by paraboloid, Aand at low values
of ¥, where an extended paraboloid would reach very large.
diameter, a new reflector segment can be used, In other words,
near optimum collection occurs for all values of Y, 1In
particular, at values of‘tp" where the flux is strongest the
value of {Rl can be made optimum for the desired beamtpattern.

\R\ will then be non-optimum in regions of weak flux.

i An area where we feel some remdﬁj% are in order is in the use of
complex, multi-element systems, For example, the aconic systems

which require dual elements, one aconic correcting another,
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- and the highly refined collimating systems which have been

designed for p;gjectors are included in this group. We are
mindful of Occam's Razor* which advises us that, ‘when two or
mmore hypotheses cover .all the known facgg choose the simplest
of them', and we paraphase the Razor thusly, 'when two or
more systems meet the requirements of a problem choose the
simplest system.3 Welfeel that the consideration of complex
methods should begin only if and when it is clear that simpler
systems cannot succeeed, And, as we shall see, more complex

solutions do not appear to be required,

*Ockham, William of, 13007- 13497




3,3,10 Beam _Det_e_:;x_'_n_ination, - Consider a source and an
optical system. The output can be defined by stating the |

flux going in every direction for every point on the exit
pupil. The beam can be described by the following parameters,
1, Total power in the beam. |
2. Initial diamter of the beam.
3. Half-angle of the cone which will contain
a defined per cent of beam power at infinity.
4, Beam power as a function of angle (P) and origin
on the exit pupil.
The beam profile for any distance from the module can be

determined from these parameters,

) .

We shall examine the beam from a source at the focus of]-a
paraboloid, The total power can be found from the following
-equation

F —_-SS g‘\“zis"jz%f;n SWp ¥ O a4 dy

@ Xy (3-34)
The initial diameter will be the diameter of the paraboloid,

The equation 3-34 can be rewritten to £ind the total power

in angle JF. Equation 3-34 integrates over the source
defining disc using ¥ as the variable, If a reflector element
is R distancé from the source disc, and if a vector to a ‘point

on the disc is at angle= to R, then

r=Roswel

(3-35)
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And by differentiation

= FK Cos ol CXS(
’ (3-36)

We can use the equation relating R and cos Y (3-22) to

write
_ 25 swesd | N
|- cos
\? (3-37)
and» A %
% Cos =
ay = T A=
| - s ¥ (3-38)

We can now express the flux in angle JJ'by

~ . 2£) it c
A= Sngg,cjl%% S\ Y ((_ C; W.M ANy det

(3-39)
The flux incident on a relfector element dA, at angle X
will be brought down at angle ¢ off the normal, if the
reflector is a paraboloid (non-tipped.) Thus, for the case
of the basic paraboloid angle w is angle )9 as defined earlier,

Thus we write

3552 (g g0y sinp BB ga hg 4,
Fé§\ 392934 SeY ( el “’} kf P

(3-40)
'I'he total flux at all angles f£rom P‘ to Fa is

= 5f fir 45569 s "‘? ~ Pt ydp
F .

c»st{)
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The half-angle of the cone which will contain K\ per cent

of beam power (at infinity) is formed by solving 3-42

. B
-3 S!““ 3\‘)&(1334 ‘f%) t:i;ﬁ‘? \\A({c\{)

v | ‘ 2 Lz.é) J'\\ 4 R
5 ‘Q’S}S““ ﬁﬁ'fbj‘i S\e (- c:s i\ r O\XAYO\{?
' (3-42)

The distribution of flux by F is given by equation 3-40, and

o

this equation can also be used to yield flux as a function
of exit position and P . V

A paraboloid with a point source at its focus maps every
possible view of the point onto the exit pupil, This map
will be translated without transformation to all planes
perpendicular to the optical axis, out ‘o infinity., If the
point source is replaced by a finite source, the paraboloid
maps the center of each view onto one point of the exit
pupil. Each view is mapped around its center point, Thus the
views overlap. A small section of the exit pupil is thus an
,‘overlap of a series of views over some DO and Nf, We call
the region near the exit pupil the néar field, In the near
field region we find a correlation between position (from the
optical axis) and view (6 and ? ). Since 6 is a symmetry angle,
we can consider this a correlation between X, the perpendicular
distance from the optical axis, and ? the angle of view measured

from the optical axis,

A region very far’ from the paraboloid is termed a far fz.eld
~region, In the far field, we find that a portion of the arc
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at angle = with respect to vector R will be mapped into angle )Q o

- Thus in the far field, we find a correlation between the radius

r (the angle o is arcsin ;) and the angle P We noted
earlier that for a paraboloid of{ and j3 are equal, The correlation
is complex, because each part of the reflector is at a different
distance \R‘ from the a;rc, and thus differemt parts of the

reflector will map a particular area of the source dA  at

<7

Between the far field and the near field, the mapping is a“

different angles

hybrid of both LP and o{. The test volume in a typical solar
simulation problem will be in thensar and the mid field, The

far end of the volume may be considered to approach far field.

Because most of the volume is near or mid field, far field

simplifications cannot be made,

The manner in which the reflector system maps the arc defining
disc described by parameters §(Y) and CJ;(Y) into the beam
described by E(X, P) determines what the beam profile will be at
any distance 2 from the source, |

\s
Let us restate the previous paragraph. The source,\coxnpletely
descrlbed by(h\( :}\nd Cs),@. The beam is completely described by E(\Sﬁ)
The reflector system maps cbé& and 37_(’) into € (X ,,?) , thus

completely determining the beam profile for all distances Z,

In designing a collector system, our goal is to design a system
which will:
1, Collect as much flux as possible,
2. Bring this flux to the exit pupil with the highest

possible efficiency, and
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3. Establish a mapping of Ca,,qz_ into E FXIB)
which will produce the desired beam profile,

It may not be possible to satisfy these three conditions
i completely with a single element system, (By a single element
' system we mean a system where each ray touches only one element. )
If a single element will not . suffice thfp we wish to select

a set of collector elements to satisfy the conditions to the
greatest possible extent with '1' and 2! having maximum
priority., We can then use a second element to complete the

satisfaction of '3,



TR

3,%2,11 Beam modification. - There are numerous ways in
which a beam can be modified. We shall discuss three -

methods:
l. the siiglellenticular plate,
2. the dual lenticular plate, and
3. the baffle assembly.

>

The lenticlar plate is an assembly of lenses‘(figuré

3.18). The lenses can be bound together or molded into

a single,plate. The lenses may all be identical or they

may differ. The parameters for each lense are:
l. shape,
2. size,
3. thickness,
4, focal length, and.
5., prism angle'(if any) .

Since the lenticular plate is normally méuhtedxvéry near
the exit pupil of the collector system, the coilector'system.
maps a certain view b8, DY onto a given lénsé. F‘That o
particulaf view will have a I3 distributioﬁ‘determined by
F{(WD for that part of the reflector sysfem; ,Tﬁe'lense can
do either of two things separately orvtogeﬁher:, o |
‘1. The concentrivc—conical P distribﬁtion can 'be |
transformed by spheric lense action._‘ |
2. The concentric-conical B distribution can be

tipped by some angle through prism action.
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From-the foregoing description, it should-be obvious that
this is a very general and very powerful method, and that
it cannot be characterized by simple statements. A lense
is a very flexible tool, and a plate of lenses has this
flexibility manyfold. As an example of the versatility of
this method, note that a particular problem might be solved
by a few lenses at the center and holesbsr flat plate forv
the other areas. Or a single row of lenses might be placed
around the rim with.a large hole in the center. Or prisms
of differing angle might be placed selectively on.
different lenses. Or the lenses might have different

focal lengths.

Since each lense intercepts a view region ﬁe, Alp and
remaps theff% distribution for this region, the lense
'plate can serve as é scrambler or.integrator. Thus, points
in the near field will no longer map to a given AB,.‘. Ai;ips
and points in the far field will no longer map to a given .
DY in the arc volume. This is very valuable, because it
avoids the following problems: ‘ :
| 1. Spectral structure in the test volume due to
correlation between S\ and r,\ , or @ . |
- 2. Intensity structure in the test volume'due to
correlation between I and T,  , or 0.
We have assumed that O is an angle of symmetry, but in
practice we must expect some variation with €. The |

lenticular lense system will integrate such variations.
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Consider the special case of two identical lenticular
plates mounted on a single optical axis, spaced one focal
length apart, and oriented so that corresponding lenses
are coaxial. A lense on the first plate receives a view
~described by a function of O, ¢, and ¥, and maps it
onto the correspondihg lense on the second plate. This
mapping is a function of X and thus of r“, but it is not
a function of B or . All rays which are incident on

a plateione'lense at angle o will be mapbed to a ring
of radiﬁs Ty on the corresponding plate two lense. Since
rays of angle o will be incident upon the entire surface
of the plate one lense, the ring on plate two receives

rays over an angular range. The plate two lense will niap

this angular distribution into a new angular distribution.

The net effect is to take all rays leaving the reflector
at angle ®{ through a very complex mapping into an

angular distribution B. This system is thus an'exéeilent'
scrambler. However, it has a further function. Note in
figure 3-20 that all rays within a certain aﬁglé will be
mapped onto the corresponding lense, and that rays incident
at a greater angle will be mapped onto the next 1en$e 6ver.
This adjacent lense will turn the stray ray furthér out.
The ray will now have considerable angle and'can be easily
removed by a stop or baffle. The net effect of the two
plate system descrlbed above is to create a hard beam

profile due to sharp angular selection. . |



. FIGURE 3-19
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Consider a lenticular plate at the mouth of a collector
system. Assume all lenses have a focal length f; and a
radius Ty A1l rays which are incident upon the lense at
an angle K where

o¢ £ arctan — (3-43)
will be imaged in the image plane within .an area which
is bounded by the projection of the lense circumference
upon the image plane, All rays which are incident upon
the lense at a greater angle are imaged outside of the

aforementioned area.

Now suppose we place a tube between each lense and the
focal plane. The tube is the locus of the projection of
the lense circumference. Thus, the tﬁbe crossection has
the same shape as the lense circumference, and the tube.
length is the focal length of the lense. Assume that

the tube will absorb all radiation incident upon its walls.
Then all rays which leave the collector system and are
incident upon the lense at an angle «( = arctgnf%. ﬁill
remain entirely within the tube and will be transmitted
’without loss. All rays‘which are incident upon the lense
at a greater angle will strike the tube wall and be
absorbed. ‘Figure 3-21 illustrates the operation of such
a baffle tube. | |

A system of such tubes formsa baffle. The baffle prqperties
can be varied by changing the length and position of the
baffle tubes and by changing the focal length and diameter

of the lenses.



FIGURE 3-20
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The operation of the baffle system described abé#é with
respect to o, the angle of incidence, is very sn.mple. :

- Below a certain © all rays are transmitted, and above
that ot all rays are absorbed. However, because of the
’activon of the lense, the rays which transmit will have |
- an angular distribution from an angle of »zero ‘to ‘an angle
2n

of arctan = 7 In the absence of further optics,
v ‘

*This is a straightforward derivation based on geometric
optics.

this is the angular distribution which will irradiate the

target, and thus we will refer to it as the ,B distribution.

Equation 3-11 noted that rays of flux fi‘om an iﬁcremental
area of the arc defining disc at a distance r frbm"the
disc center, reflecting from a point on the p.arabol‘oid'
which is at distance R from the arc center, will have. an

/
angle with respect to the optical axis of o = arctan -é- .

The distribution of flux by of for a paraboloid was given
by equation 3-39. In the absence of further optical

~ elements, 3-39 can be rewritten as in 3-40 where ﬁ is -
set equal to & . If a lenticular plate is present, then
o! and p will ‘qe functionally related. The function
relating o and ‘8 can be derived from the lense action.
Figure 3%-21 shows a conical surface which is the locus of
all rays striking the lense at a single point P and at
an angle o, All rays incident upon the lense at angle

 will image on aring formed by the intersection of the
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focal plane with a right circular cone of half angle &,
with its apex at the lense center and its axis ;rl'“

coincident with the optical axis. (This is first order.

 optical theory and is based on the sin L = L approximation.

At 8° the error is 0.33% - less than 2' .) Now a conical
surface is projected‘from the point P on‘Fhe lense to |
the image ring in the focal plane. This surface is the
locus of all rays which were incident upon the lense at
point P and at angle & . Consider the ray T on the conical
surface. S is the projection of T onto the focal plane.
S meets a normal dropped from P which will have length f1.
Thus, by basic trigonometric consideration

- B = arctan ES: ' | (3-45) |
A triangle is formed by S, a line formed by the displacement
of P from the optical axis (ry), and a line formed by the
displaceﬁent of T from the optical axis. The length of the
latter is .

Q = f; tan X | (3-46)

Referring to the view of the focal plane in figure 3-21,

v
S :[(Y;.“' Qcosy)z-'r (Q s’my)z—l * (3et7)

where‘? is the angle between Q and Tp .

But then . | »GL
2 cPa 2y S tane s
C=lvl 4 & 4o« + 20T lone @30
| WV
And : 2 :
( o 2y ¢o$
B= arctan ;f‘i + Yomot ¥ g T f (3-49)

(3-48)

[ =
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s~
P is determined by the angular position of vector r on
the arc defining disc. Thus, j) is an angle of symmetry,
and for the arc model we are using, the flux is equally
weighted for all values of J’) . Therefore, B is a function
of three variables:
T s position along the lense dianieter, with a
range from zero to half of the lense diameter,
oL, the angle between the incident ray and the lense
axis, with a range from zero to a maximum established
by r of the defining disc and R of the reflector, and
P . the angle between the projection of the ray upon
the focal plane and the projection of rp upon t.'_he

focal plane, with a range from zero to 2TT.

Equation 3-49 can be manipulated to yield a variety of

results, but in many instances the form becomes so complex

that the result is not clear by inspection. The flux as
a function of P can be written by substituting P and

its derivatives into previously derived equations. Rather

than introduce more complex equations at this point, we shall

inspect 3-49 for its signifigance. For angles of very small
o (approaching 0) equation 3-49 reduces to

(8

ﬁ = O,\'(.:‘-O\h —4—:- . (3_50)

" Since rays of a given & are assumed incident in approximately

even intensities over the surface of the lense, the

distribution of ﬁ follows the area. Thus, the mean ﬁ

is given by L Yie
ﬁ = ay c..‘\‘ N \I'.'b’ ‘;‘: .
(3-51)

where M is the maximum possible lense radius.
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*This and other results in this section are based on
circular lenses. The results will differ somewhat for

' square or hexagonal lenses. However, the circular result

provides’a very good guide. Square or hexagonal lenses
operate quite satisfactarily. ‘_

Let us define a constant k; ,

Yinm | | S
Ke=¢o | N ¢ 2

We can rewrite 3-49, ' V.
. 2
2 - S
B = arc Yan k"’lzk._z +Yan & + ) KL’\'N\QK' <°Sj’)
ro

(3-53)
where M) = _Y_‘:\ and thus has a range of O to 1.
X

Then

;BT‘* C\\*c.’rcw\\l.s K\_ = aveton 701 Ko " (3-54)

Now let us consider rays of & = arctan 4KL , '/3,

'E = areTon (”QQ Kf + .‘\'C\‘f\z avcTan K, + lT\kL\’ax\ ardan 4 Ko €o5 b

(3-55)
: % \IL
= avckan TR+ (k)T F MR MK <°5]
B = avcran |1k + (4 Mg
,‘ V2, |
'B:cwc:\'q (1{7-,\_\;0-\- ‘Z'Y)(,oﬁf KL\ (3-57)

Since ‘r] ranges from O to 1 and cosj7 ranges from O to 1,

equation 3-57 can be simplified, with an error of less

than 10%, to

Since o was set equal to arctan 4KL , E is approximately

equal to XK.
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We can summarize the effect of the lenses upon fhe mean
angular distribution thusly: |
1. For very small angles of incidence
-B_' arctan .707 K. o
2. For large angles of incidence (arctan 4K or greater)
B o~ |
3., As the angle of incidence increébes_from zero to
4KL ’ ;; increases in a non-linear fashion; beginning

with arctan .707 K, . 73' will be greater than « but

the difference will asyﬁptotically approach zero.

| We can seé that flux which initially had a very low « is
} mapped to a substantial mean angle. Flux which initially
| had a high & is remapped, but the mean angle will not

increase substantially.



3.4 Design Adaptation

The optical portion of the module must collect the g:eatest

possible amount of flux, must direct this flux into the test

+ volume, must establish the desired beam pattern, and must

remove radiation which is at undesirable anéles, Itgwpuld'
be erroneous to identify each of the variogf opticai eléments
with only one of these fun&tioﬁs; because most of these
functions are performed by two or more elements operating

together, .

The tendency to consider the optical functiohs seperately
has often led to undue complexity because of an atﬁempt to
force each section of the optical system to fulfill a function
by itself. This leads to various sections opéosing each other
instead of aiding each other, Full use is not made of the

optical properties of the various elements.

3,4,1 Collection, — The object of collection 'is to direct

the greatest amount of flux possible into the target volume
with the desired angular distribution, It will be recalled
from the discussion of 3.3.4 that in order to achieve
uniformity, a distributidn over a finite angle is desirable,
The total flux leaving the reflector within an incremental

angle dol is expressed by the equation 2
2 - (29) S'n o Caset
o = AL - ~ '
dF ggH 3329 QMY o o7 INdg dt

(3-39)
The problem is to maximize the flux while maintaining an
ahgular distribution which allows efficient modification to

meet the uniformity requirement,
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The first element can be either reflecting or refracting,

~and in each case a wide choice of elements is Possible,

In work prior to this contract, Linear, Inc. established
to its satisfaction, that the first element should be
reflective, Because this decision occurred prior to this
program, the factors involved will only bf mentioned in _
passing., Of primary importance is the fact that reflectors
do not produce chfomatic dispersion due to change of

index with wavelength, or in other words, reflectors

are free of chromatic abérration. A reflective coating
such as Liberty Mirror #747 provides a mean reflection
coefficient of about 89% integrated over the wavelength
range from ,2 to 2.5 microns so that the tranémission loss
is comparable to that of one fairly thin lens, Finally,
the back of the reflector provides a dark space, where

supports can be placed without causing loss,

An infinite variety of reflector shapes can be used.
Prior to this program, the basic classes of reflectors
were examined, The criterion used was that all other
factors being equal, the reflector system which requires
the least subsequent lense path will produce the highest
efficiency. Aconic elements require ét least.one extra
element, and therefore to justify the use of an aconic,
one must prbve that the aconic gained more flux than the
extra element (s) lost., Thus, the designer should start
with a single element system, optimize it and compute
the flux collected within acceptable angles. Since a
second element immediately introduces a loss of about 10%,

the second element should not be considered unless at
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least 10% more collection is possible,

Linear module #0430 was based on a segmented reflector of
Awhich the main element was an offset ellipsoid, The use
of the SAHX-2500F source in Linear module #0430 was

examined and several problems became apparent,

1. The SAHX-2500F is an anode-down source %nd thus has
higher flux distribution at higher véluesogq?than the
anode-up source for which #O43b was deéigned.

2, The manufacturer advises against returning flux thru

the SAHX-2500F, but this would occur if an SAHX-2SOOF
was placed in the #0430 module, |

. The arc radius used in the design of the #0430 module

was 5,5 millimeters, but the arc radius of the SAHX-2500F
source was computed to be nearer 8 millimeters,

4; The rounded anode of theSAHX-2500F source spreads the
flux over wider angles, thus making collection of a high
percentage of flux more difficult,

i Two further problem areas had to be dealt with in accomplishing

| | the design adaptation.

1. Requirements on the lense elements for significant
changes in flux direction created greater losses due
to the method of lense plate fabrication than had
previously been indicated by information on the
fabrication.process, |

2. Specification of target zone as 20 feet to 60 feet
from the module increased the problem of achieving
uniformity at the near distance. The #0430 module
with an eight-inch exit pupil was designed for a
target zone 30 feet to 100 feet from the module,
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: : - Patterns from this module in single array on
f 27-inch centers with an effective two-degree
half-angle would not even meet for nearly
23 feet from the modules.

The limitations of'single element reflectors sucﬁ as 
‘ellipsoids and paraboloids were discussed in section 3.3, 9
The higher flux distribution, at higher values of y, from
| the anode-down source, will be intercepted by zones on the
single element reflector having smaller values of [Rl,Athus

producing higher values for'g(the mean of the angular
distribution) than would be the case for the anode-up
source, The necessity to decrease the focal 1engths to
achieve the same percentage collection of total flux (which
is now distributed over wider values of ) also increaée§

.2? . Of course, a larger arc radius also increases 7?

The problem areas delineated the adaptation task and pointed
to joint solutions through:

1, emphasizing the segmentation of the reflector
system, It was pointed out in section 3.3.9
that the segmented reflector has many advantages
for overcoming the problems of flux collection,

2, using "maximum flux within an angle ﬁ of three
degrees" as ﬁhe criterion for balanéing of total -
collection as well as balancing between reflector
segments, The resulting distriﬁution would produce
uniformity in a shorter distance than the previous
two-degree target, and

3. maintaining maximum reflector diameter within

dimensions for side-by-side multiple array
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placement and using paraboloid segments to
effectively eliminate requirements on lenses
for directional changes of flux.

Once this approach was justified and adopted the remainder

'of the reflector adaptation task consisted of balancing

the relationships discussed in 3.3, >

We must emphasize that we can write no equation and we know

of no algorithm for the design of the best possible
segmented reflector system, In this sense, the design is
an art, Of course, once a particular corf iguration is
designed, the equations can be used to compute its output
with high accuracy, But the selection of a configﬁration

is at least partly intuitive,

The flux from the highest angles LP must be brought around
the bulb, and a tipped paraboloid operating into a cone
proved superior to solutions whicﬁ would bring this flux
through the center of the module, The next region of ¥ is
that where [éqis the highest for any region around the
source, It was, therefore, handled with a paraboloid of |
the longest focal length of any of the segments.: This =
paraboloid was fitted between the tipped parabdloid and the
cone, Note in figure 3-22 that the use of the tipped )
paraboloid provides a dark space near the éource, and the
lower angles of \Q can be handled by one or two paraboloids
operating in the dark space left by the tipped paraboloid.
Table 3-3 lists the reflector elements and their basic
parameﬁers. The positioning of’the breaks and extent of

each segment zone must be determined by careful, laborious
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evaluation of the change in the total flux infegral~over

’3 when each break is moved,

We emphasize that the reflector system as designed would
have zero loss due to segmentation for a point source and
has less than 10% segmentation loss when the SAHX-2500F |
source is used, The loss is due to some of the rays from
the finite image reflected from element one missing the
cohe and some of the rays reflected from 1, 2 and 3‘spilling

onto the backs of elements 3 and 4,

. We decided that for purposes of evaluation of the basic

optical design, the reflectors should be fabricated from
#416 stainless steel, Recommendations of vendors: indicated
that the accuracy of fabrication would be more predictable, -
and it is desirable to separate questions of losses due to

fabrication method from those of basic design performance,

Detailed drawings for segmented slumped glass reflectors
were made, in accordance with the inclusion of this typé of
reflector in the #0430 module, If it is not necessary éo
grind and polish the slumped glass reflectors, they will, in
quantity fabrication, cost only about 20 percent‘of the cost
of stainless steel or aluminum reflectors, It is the beliéf
of deéign personnel, that such grindiné and pplishing will
not be necessary and that required fabrication accuracy can
be achieved, As the program progressed, time and fund
limitations predicated the relegation of this approach to

future system engineering,

3.4.2 Beam modification, - Once the extent of flux

collection has been established and this flux has been
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directed into the test volume, the remaining requirements -
of the optical system are the establishment of the desired’
beam pattern and the removal of radiation which is at

undesirable angles,

It is important to remember that it is érroneous to identify

.the various optical elements with only one specific function,

While the segmented reflector was discussed in the previous
section on Collection, one of the primary functions accdmplished
during the design balancing of this element was the
establishment to the fﬁllest extent possible, of the aesired

beam pattern,

As discussed in section 3.3.11 the beam pattern is established
by the combination of two flux distribution factors, The .
distribution of the flux across the exit pupil is the

primary factor in the very-near field, while the angular
distribution becomes almost the sole determinant in the
very-far field, Throughout the region of interest established
by the test volume, we are concerned with the combinationqbf

both factors.

Use of the segmented reflecting element facilitates the
elimination of undesirable extreme deviations both in
distribution of flux across the exit pupil of the module and
in distribution of flux angularly. Further, the segments
serve a significant function in breaking up the continuous
one-to-one mapping around the arc, thus eliminating continuous
and extreme changes across the exit pupil due to change in

nature of the flux with angle LP .
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The remaining beam modification requirements are.therefore

of smaller magnitudé and consist mainly of small changes

in angular distribution and the integration of flux in a
manner which will offset undesirable changes across the

beam due to change in nature of flux with angular distribution

o

from the arc,

As we have seen in section 3.3.11, the relatively higher
dispersion of flux distributed within lower angles and the
further breaking up of the mapping of the arc make lenticular
lenses a powerful element for final refinements of the beam
pattern., As in model #0430 the final adapted module design
incorporates one or ;wo lenticular lense plates molded from

- Vycor.

The Vycor lense plates are molded from a high-grade fluxed

glass which melts at a much lower temperature than quartz,

These molded pieces are then put through a leaching process
to remove the fluxing elements., They are finally fired to

close holes left by the leaching process. The resultant

material is almost identical to fuzed quartz,

This process involves two principal problems:

1. The leaching and firing processes naturally cause
shrinkage., The original mold must be made oversize
to produce a completed item of the proper dimensions,
When there are wide variations, especially in plate
thickness, the leaching process takes longer and can
be inconsistent., Compensation for dimensional

shrinkage on a plate with wide variations in

thickness becomes very complex,
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2. The second problem is a limitation of the’moiding
process in forming the lense edges, This problem
occurs mainly with the use of significant prisms or
torroids which cause sizeable variations in plate
thickness. The manufacturer insists that for .
successfulwmolding, lense edges {}sing above the
plate must slope a minimum of 7° rather than rise
vertically. This slope over the height of.the 1énse
~edge above the plate creates a zone of unusable
lense edge and losses which are comparable to
fresnel losses,

The difficulties of dimensional control and lense edge

losses are, of course, relative problems to be carefully
considered in balancing for overall optical efficiency. They
do prbvide obvious incentive to minimize the extend of

prismatic or torroidal work required of the lenslets,

"The two main functions which are varied in the design of the

lenses are focal length and lateral focus, As we have
previously seen, focal length is intimately tied to lense
size and baffle dimensions and to lense size and plate to
plate distance (where two lens plates are used.) Lateral
focus is varied by the use of prisms or torroids and can be
a very powerful tool in making smaller refinements in beam

intensity crossection,

Both of these variables are most efficiently used when varied

radially across the lense plate to operate in conjunction with
the specific flux distribution in the particular radial zone,

Careful consideration of the wide range of legitimate

possibilities for the system and the degree of speculation
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involved in the reéresentation of the arc, led to the
conclusion that these refinements should bé deferred
until after verification of the actual'beam pattern from
the reflectors and a review of specifications for the

final system,

The course was facilitated by assembly of the 1ense.plates
from individually fabricated lenses which were supported
mechanically., This assembly provides the flexibility for
the evaluation of ény number of lense plate adaptations and
the modification of the lense plate to correspond to any
other system modifications, Fabrication of lense blate4
molds is costly, and even slight changes in plate design

would require a complete repetition of the process.

Thus, the initial lense plate design consisted of lenses

'of uniform focal length without torroidal or prismatic shaping

but with provision for incorporating later changes. The

remaining decisions were concerned with size and shape.

Size of lense and number of lenses in a plate of given
dimensions are inversely related., The considerations in
determination of lense size are basically four in number.

1. The extent of integration or scrambling of flux is

a function of the number of lenses, It is important

in this respect, however, to differentiate between
the integration or scrambling mechanisms. The
degree of modification of angular distribution and
the elimination of variations in flux which
correlate with original angular distribution is a
function only of the half angle of the lense or

the lense radius to focal length ratio. Thus, one
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|
lense oﬁer the whole plate will accomplish the
same angular scrambling as 100 lenses of the same
half-angie. In this connection, the fallacy in
the statement that multi-faceted lense systems
change field or collimation angle is clea:. The
number of lenses has no effect on field angle, |

collimation angle or angular distribution,

The number of lenses does determine the extent of
integration which reduces difference in nature of
flux due to view point around the arc, A&and, it
will be remembered thatthis facet of integration
affects the very near field with.less and less
effect as distance is increased from the exit pupil
of the module. In general, the closer to the module
it is desired to achieve uniformity, the greater the
number of lenses predicated, Conversely, beyond a
certain number of lenses, there will be no real added
advantage for a given distance from the module,
Thickness of the lense plate and variations in the‘
thickness will be determined by number of lenses for
a given lense half-angle and by the prismatic and

torroidal work regquirements of the lenses, Therefore,

as lense half-angle and prismatic or torroidal work

requirements increase, the advantages of a larger
number of smaller lenses increase,

Edge loss between lenses increases as the number of.
lenses increases,

The length of‘baffles to be used in conjunct;on with

the lense elements for a given angular cut-off are
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directly proportional to.the lense focalilenéth.

On the other'hand, the smaller the lense size for

a given lense half-angle, the greater the number

of tubes in the baffle element. This cbnsidératibn
alone is one of the strongest, sihcé tﬁe eaSe“df'
fabrication of the baffle element for efficient
operation is of vital importance, Shépe of the
lenses is the other matter to be decided, No
.matter what the shape of individual lenses, the
lense surface itself is spherical and therefore

has lines of’equal lense action in circles
increasing in radius from the center, Circles

will not, however, fit together exactly on a plate,
The only three regular geometrical figures which
will fit together on a plane are the equilateral
triangie, the square, and the hexagon, Generally
the hexagon is utilized to fit lenses together
since it is the one of the three figures which most
nearly approximates a éircle. There are unquestionably
advantages to minimizing the difference in lens
action which exits at the radius of the circle
inscribed in the lense and the larger radius at

the corner of the lense, Likewise, the area of the
lense outside the circle inscribed in the lense éan
be used as a measure of the amount of energy sub jected
to the greater lense action, This is greatest for
the triangle, less for the square, and least for

the hexagon,

However, it is a fallacy to state that the area
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outside the inscribed circle represents a system

inefficiency or loss, This is a misconception of the

lense operation and wouid only be the case where an

.absolute angular cutoff at the half-angle represented‘

by the inscribed circle radius was mandatory, As we

have seen in prior discussion of beam irradianée '

crossection, this will never be the case for a solar

simulator module where beams must be matched between -
modules, All energy incident upon the corner of a lense.
outside the inscribed circle on that lense and within

an angle of incidence o¢ < the lense half-angle at the

inscribed circle radius, will pass through the inscribed

circlé which is projected to the focal pla@e‘ofjthe lehse..

Overriding the somewhat smaller angular deviations to be

achieved by use of heagonal lenses, three éonsiderations

- led to the adoption of square lenses for the prototype.

1. Sqﬁare lenses could be fabricated'individuaily
much more easily and later incorporation of
prisms would be simpler,

2, Shape of baffle tubes is determined by lense shape
and the square tubes would be much simplerrfo
fabricate, particularly in the prototype étage.

3. Sqguare lenses can be arrayed symmetrically by
quadrants so that later fabrication of plétes in
quadrants and sealing of quadrants could‘be
accomplished without creation of additional
partial lenses. This is of great importance in
two plate operation, but of lesser importance-

with one plate,
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The effective half angle of the lense was settled upon

as somewhat of a compromise between the target 2° half;angle
and the 3° half-angle recognized to be necessary as a
criterion for reflector balancing, The effective half-angle
at the inscribed circle radius was set at 2.670 and the
corner at approximately 3,3° half-angle, *This was
definitely a mistake in terms of two Plate configuration
efficiency as will be seen from the results, The effective
half-angle at the inscribed circle radius is definitely

the overriding angular cut-off,

The size of the lenses was determined more in terms of
workable module length than of required integration, The
sixty lenslets resulting from use of approximate 2 inch
Sduares are well in excess of the number required for a
ﬁseable test volume starting 20 feet from the moduie. The
resulting 20-inch focal length did, however, establish

20 inches as a plate-to-plate distance for the two plate
operation which was a reasonable addition to‘module length,
This focal length also established baffle lengths of 20 inch
magnitude, The 20 inch length was workable and 2 inch |
square baffle tubes weée reasonable to fabridate.and align,
Dimensions of much smaller size would not have been .as

workable,

3.4.3 Removal of radiation at undesirable Angles, - Finally,
radiation which would otherwise leave the module at angles in
excess of those desired must be stopped, The second lense
Plate in a two plate configuration actually acts as a series

of stops, but the energy of higher angle is merely diverted

to even larger angles and not stopped from enterinag +he Fock

B R O T
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volume,

Baffles represent the best method of stopping and removing
higher angle energy to the extent desired, and when used in
conjunction with lenticular lense plates, they can remove

high angle energy very efficiently,

R

Final baffle design depends upon actual beam parameters
selected and especially upon the nature of angular cut off
specified, Since this area of specification needs further
review, we decided that a short baffle, of six-inch-long
tubes, square-shaped to correspond to the square lenses, would
be the most useful in prototype evaluation., The six-inch
baffle depth was selected to permit evaluation of baffle

operation in several different zones along the optical path,

The prototype baffle was fabricated from thin aluminum sheet
which was black anodized, While in final module operation the
baffle would be cooled, no cooling was provided for prototype

evaluation,"

Cooled baffles used below the last lens plate will be an
extremely valuable element in preventing stray radiation and

re-reflection of radiation reflected from the test object,



3.5 Prediction of Module Performance

Throughout’the program, mathematical descriptions of

various phases of module operation were formulated and
were made 1n acctovdance with these descriptions

calculations/jfor the balancing of design variables, These

formulations have been discussed in section 3.3,

Generally, due to the complexity of the é;lculations,
the operation of the module was studied in three stages,

1. From the arc representation, flux intensity |
and angular distribution of flux were determined
at the refléctor system exit pupil. Basic‘
predictions of module performénce could be
made from this stage,

2., From the resulting distributions across the
projected reflector exit pupil radius (X) a
description of beam irradiance crossection at
a given distance from the module could be
derived, |

3. From the exit pupil description and the lenticular
plate parameters, the beam irradiance crossection
at a given distance from the module could be
derived for the one or two plate configurations, -

Information available to serve as a basis for design
adaptation and prediction of module performance, particularly
on the short-arc lamp, was partial and, in many respects, not
directly applicable, Most of the basic functions involved

had to be inferred from the partial information,
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The module performance predictions made at the conclusion

of the design adaptation phase were all based on the

original functions., As the program progregssed, more
adequate data which became available, results of calculations,
and measurement results were often imcorporated in phases

of the calculations to improve insight into particular

areas of module behavior, The model; théhcalculations and

the data interacted constantly throughout the program,

The two primary predictions of module performance were
concerned with the total flux output of the module and the
angle within which this flux would be included. Beam
irradiance crossection and modified distribution after lens
plates are béth subject to any errors inherent in these
basiq predictions, and comparison with actual data be¢0me§
much more difficult, Since the program was dealing with

variations of four configurations and refinements were

. constant, it has not been possible to incorporate all

refinements and review the complete calculations of a

particular configuration,

Therefore, we shall concern ourselves with the basic
predictions of total output and of angular distribution of
flux, A typical beam pattern prediction will be shown as

an example.

3,5,1 Function %a(@b-radiance weighting as a function of

g - Source output data, describing the spatial and
directional distribution of radiant energy within the

applicable spectral region, is essential to a prediction of the
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performance of a solar module., Short-arc lamps commonly
have symmetrical radiance disﬁributicns around the lamé

axis (through‘the angle we have called 6.) The radiance
distribution about the axis we have called @ is a sfrong
function of.? . The polar plots of this distribution are
variously referred to as polar radiation distributions,

polar luminance distributions, meridional flux distributions,

radiation distributions, or candlepower distributions,

Since lamp manufacturers are usually concerned with

measurements bf visible radiation in photometric units, the
earliest data for q,(9)was inferred from polar diagrams of

luminous intensity and from partial information on radiant
intensity for the flaﬁ anode version of the Westinghbuse SAHX 2500-C
lamp., The function was revised when polar diagrams of

radiant intensity for total lamp radiation (including bulb

and electrode radiation) were received for the SAHX2500F lamp,

The functiongu@ﬂused in the predictions in this section is
actually a third version and is derived from the polar ™~
radiation diagram in Figure 3-3 which includes curves for
both total lamp radiation and for electrode and bulb
radiation, Arc radiation obtained from the difference bet@een
the two curves is the best approximation of the actual
distribution function which was available. While this data
has generally corresponded with results, it has some shortcbmings
which should be noted: |
1. The method of measuring bulb and electrode
radiation has very likely understated the bulb
and electrode radiation, Thus, useable radiation

has been overstated for certain directions.
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2. The arbitrary separation of eleci;;bde-":a.\diﬁa.tion.

from arc radiation understates the uéeable‘ radiatioﬁ
- for certain directions especially those which view

the hot electrode centers at favoz‘:’a'ble‘angl_es

(small A ), | ' .

3. The directional rad:.ation measurements have no-
stated band-pass other than the x‘adiometer band—pass
of .2 to 7.5 microns,

4, The definition of arc center for these measur‘emehtsv
could make a directional difference of up to 2°
when optics are placed close to the buib. |

It is possible, from data developed during the cdursel of this
program to refine the q,; function further, The use of the
reflector segments to study zones of ¢ has greatly inéreased

4insight into this area.

The function has generally been utilized ;n tabular form,
but it is also possible to write an equation for it; The
equation will be most useful when 9.(9)1,5 used in conjunction
withda(r) and, as indicated in section 3.3.6 the two functions

could be expressed as one ggquation,

———e e

3.5 .2 Function Gz (¥) — differential radiance as a function of

arc disc radius, - The significance and derivation of function

gz(v)was discussed at length in section 3.3.6. Luminance was
integrated by cont;urs over the arc brightness disc in

figure 3-4 and restated as concentric circular contours. The
power curve for this revised disc is shown in figﬁre 3-;23. This
data, extrapolated exponentially toward zero, is the basis for

function q;_(v‘) used in the predictions in this section,
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23
Figure 3-3% is a graph of §24Wvrdy as a function of V' ,
The radiance in solid angledw is given by equation 3-16"

as

dFgr= { f g. (@)q;(f)z'n*rd.v o(w

‘where Vi is the upper limit of 1ntegfa'tion"“'

The per cent of total flux for a given Y{ can be stated

r=¢
o g@var o
°1°.F \ - rsg‘* ‘ o : | (3-5‘:,)
Rimar - q.(v) \rdr o | |
r=o0

fsesey
Equation 3-59 is graphed as a function of Y7 in figure
3-24, o

d//‘_/%%

The function j,\(v) was utilized in tabular or graphical
form for most calculations, but it was also found to be

closely approximated by the eguation:

-(.o77r+.oq3r’~)l

Cjz=loo[l—€

The shortcomings of the above derivation of 3i(r)were

(3-60)

discussed in section 3.3.6, Discrepancies in the characterization
of g, account for the major portion of the discrepancies in

performance predictions, The largest source of error was

in the assumption of the arc center,
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3.5.3 Function QBG‘\\— weighting function over wave-length, -

'~ Data for this function has been most unsatisfactory. As

~indicated in section 3.5.1 there is little assurance that
available spectral data corresponds with the other lamp
data which has been'used. No data is available on the
correlation of qg(ﬂwith arc radius and there most certainly

&>

is a correlation,

Four different sets of data were available on spectral
distribution and agreeﬁent between them was poor, Some of
these became available later in the program, so fhat fdr‘
different portions of the calculations, different déta was
used for gz(r). The data utilized for this function in the
'predictions.in this section is the spectral.daté tabulated in 
reference (2). The.fﬁnction 9s for a HgXe lamp is quite
discontinuous and can only be utilized in ﬁabular form,
Measurements in this area are quite difficult and subject to
relatively large errors, However,'some general refinements
in the function are possible utilizing some of thé_data

obtained during the measurement phase of this program.

3.5.4 Function Q4 - reflectivity, - The data for this

function is graphed in Figure (3-25) which is the reflectivity
curve for Liberty Mirror Front Surface Aluminum coating No, 747.
This coating was applied to all reflective surfaces. This

function was always utilized in graphical or tabular form,

3.5.5 Module Total Flux output, - With the functions derived,,

the prediction of total flux output is a matter of solving

the equation for total power (equationg 3-34).
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This eqguation can be re-written as:

4

F- £

=1 @ n o | ' .

(3-61)

where 4 = reflector number .
94 = reflectivity for reflector
and C? is integrated between the limits
intercepted by each reflector
Since we are forced to assume that 33 is independent 0f<9
and Y (because of lack of data), then we can separate

- 3-61 and solve independently:

j'fi3‘34n dN = _go§
A .

S qsat,cdn= [Fpgndh = 3rda= 597
A n - |

‘Relating the total flux collected by the four reflectors
(from @ = 1580 to @ = 319) to total useful power radiated
by the lamp (from @ = i80° tog) = 0°9) the percentage df
total useful power radiated (£ ) which is iﬁtercepted by
the reflectors is 96,97%. When the éummations over all
reflectors are completed it is found that the totalrpower
directed into the target volume by the reflpctoré will be

994 watts,

However, losses will be incurred on the lens plate(s) and

baffles where used and a slight amount of this flux will be

at angles which exceed the acceptance angle of the radiometer

.
S
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and will not be seen even for the open reflectors. Therefore,

Until We have the Pveduct:on
jet us defer system efficiency predictionsfpof angular

‘distribution of the flux.

3.5.6 Angular distribution of flux output, - If we now return

to the description of total flux in terms of fs (equation 3-41)s

© @bt

Fe' y f[‘?*’lf 9 9> ?3‘144*“(? (I-Ccccp) dpdPde

and integrate for power over 1© intervals of @ we secure a rough
angular distribution of the same total flux secured in the
previous summation, ?he results of this integration afe
plotted as cummulative watts as a function of 63;(tbe uppper

1imit of integration) in figure (3-26).

From this distribution it can be seen that only 980 watts'are

" within the radiomeer acceptance half-angle and that appfoximately

790 watts are within 3 degrees of half-angle.

3.5 .7 Prediction of Module Efficiency, - With the total fiux

output andthe angular distribution determined, it is now
possible to predict efflciency for different module configurations
and for different limiting half-angles for each of these

configurations,

For example using a .895 transmission factor for each lenticular
plate, to account for the two surfaces, slight quartz
transmission losses, and lenslet edge losses, we can make the

following output predictions:



MODULE CONFIGURATION HALF~ANGLE WATTS
t LIMIT OUTPUT
REFLECTORS —~ONLY 30 - 190
40 882
5C 932
TOTAL - 980
TWO LENS PLATES 30 633
4° 706
50 . k;\ 746
TOTAL 785
ONE LENS PLATE 30 o 624
©
5° . 7%
TOTAL - 877

3.5.8 Beam irradiance crossection, - Beam irradiance crossection

for a given distance from the module is determined from beam
power as a function of angle (@) and origin on the exit

pupil,

1

The methods used to transform the flux distribution to a plane
at a given distance from the module exit pupilvare in most
respects the same or analogous to those‘used in transformation
from the arc defining disc to the reflectors. Only the limits

and the coordinate systems change.

The beam irradiance crossection at 60 feet from the module
which results from the flux distribution across the reflectors
described in sections 3,5.,5 and 3,5,6 is shown in figure

(3-27). It will be noted that for values below about 0,5° the
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prediction is extrapolated from the progression of adjoinihg
values, Extrapolation was used for this region, because
the available description of flux at very small half-angles

did not have the required resolution,



4 MEASUREMENT PROGRAM AND RESULTS

4,1 Parameters to be Measured, - The measurement portion

of the program, as it was originally conceived, was concerned
with total module output power, angular distribution of
the energy, and uniformity of intensity in an infinite
array., As the wider range of éttractive glternatives for
~the final system was indicated, the measurement task was
expanded, The additional data provided a broadér basis for
evaluation, including review of the specification,and target
parameters, before proceeding with any adjustment of final
design, Planning of the expanded measurement task provided
for securing data relating tos
1. Efficiency relative to angular distribution,
2. Beam pattern modification achieved with various
module éonfiguratiohs including one léns plate,
two lens plates, and lens plate with baffles,
3. Effect on efficiency in achievement of‘beém,
pattern modification, | .
4, Angular distribution of energy from Qarious'
module configurations, |
S. Spectral distribution across the beam for the
different module coﬁfigurations. | 7
6. Contributions to efficiency, béam péitern, angular
distributidn and spectral distribﬁtion by individual

reflectors.

These measurements were taken at distances of 15, 30, and

60 feet from the module.



4.2 Measurement Facility and Instrumentation

4,2,1 Module Housing and Mounting, - A 9 X 9 X 8~foot room

was constructed to house the solar simulator module and thel
turning mirror, The front wall of this room has a double
door that is remotely opened and closed, This door gives
rapid, safe access to the measurement area when the module
is operating, The interior surfaces of the room and the

module supports are painted optical black,

Mounting frames,battached to the rear walllef ﬁhelroom,
support'the module. The output of the module is directed

down because of the anode-down operational reqﬁifeﬁent'of the
HgXe bulb, The turning mirror, which is mOuntedfat.a 45-degree
angle to the simulator normal, directs the.flﬁx ihto'the
measurement;area The mirror dimensions are 32 X 45" X 3 inch
and the mirror has a front surface Liberty Mirror 747 coatlng.
The mirror is flat to within 7 frlnges/radial inch, The

reflectivity curve is.shown in Figure 3- ,

4,2,2 Measurement Area, - The measurement area is approximately

50 feet long, measured from the front of the room, The length
of the beam path inside the room adds about 10 feet to this
distance, The area is about 10 feet wide and more than 10 feet
high., One side of the area is enclosed with‘hea§y, black
curtains, The other side is a wall which is ﬁaihted_opticai
black. ‘ | |

4.2,3 Module Supports, - A system of frames support the module
reflectors (See Figure 3-22)., The individual reflectors can be

positioned at different locations along the opticai axis of the

" module. This feature permits accurate focusing of individual
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reflectors. (Refer to Section 4.,3.2). In addition, the

effect of off-focus operation of each reflector can be studied,

The lens plates are mounted below the reflector assembly, They
are attached to four support bars, extending from the assembly,
(Figure 4-1). ’

4,2,4 Radiometer, - An Eppley Mark III radiometer is used to

measure the irradiance of the radiant energy. The radiometer

was supplied with a calibration certificate giving the sensitivity
>of the instrument. A copy of this certificate along with

the derived calibration curves is illustrated in figure 4-2

and 4-3. The time constant of this instrument is 0.8 second,

A complete description of the characteristics of the Epply

Mark III radiometer is contained in the manual supplied with

the instrument, (17)

4.2 5 Radiometer Cart, - The radiometer is mounted on a cart

which is motor-equipped to rémotely position the radiometer at
different co-ordinates on the X and Y axes, These axes are
perpendicular to eadh other as well as to the optical axis of
the simulator (See figure 4-4), Figure 4-5 shows the radiometer

mounted on the cart,

The cart is also equ}pped with a water tank and pump to supply
cooling water t§ the radiometer, The capacity of the tank is
approximately 8 gallons, This system maintains the water
temperature within i 1°C aﬁ about 2500; over a period of

several hours,

The cart is moved manually on the Z axis (parallel to the
optical axis)., Since the cart is not moved often, remote

motorized operation on the 2 axis is not necessary. A pair of
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rails constructed from angle stock and mounted on ﬁhe floor

guide the cart when it is moved on the 2 axis,

To position the cart, refefence lines were carefﬁlly_marked

on each rail, 15, 30, and 58.4 feet from the médule. Therelis
another set of references lines on the cart located, one on
each side, at the base of the cart., The ogerators found

that when the lines on the cart are brought into registration
with the lines marked on the rails, the cart can be positioned

on the Z axis with a repeatable accuracy of better than % inch,

Two reversible single-phase induc tion motors are used to move
the radiometer on the X and Y axes, The motor outputs are each
geared to a roller chain, The X axis chain drives a trolley
across the cart, The Y~axis motor and roller chain are mounted
on this trolly. The Y axis chain drives‘a smaller trolley to
wﬁich the radiometer is attached. Limit switches are located
at each end of the two trolley runs, Figure 4-6 is a schematic

of the motor control system.

Each of these trolleys drives a precision 10-turn potentiometer,
The moveable arm (pole) of each potentiometer preseﬁts a-
voltage which is proportional to the position of the radiometer
on the X and Y axes, That is, the output from each potentiometer
represents the positioh of the radiometer on its axis, These
outputs, along with the connection to a reference voltage |
supply are brought out of the measurement area to a control

console.

4,2,6 Control Console, - A console was constructed to house

various power supplies, controls, meters, and circuits, (See

figure 4-7). Figure 4-8 is a schematic diagram of the control
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console circuits,

The outputs from the X and Y potentiometers are each

connected to one side of a d'Arsonval movement galvanometer,

The other side of the meter is connected, in series with a
limiting resistor, to the moveable arm of a 10-turn potentiometer
mounted on the panel of the control conso{g. The shaft of the
potentiometer is connected to a lo-turn precision dial, A
four-pole, three position switch is mounted on the control

panel next to the potentiometer and below the meter, When the
switch is in the center position, the motor is off. The motor

direction in the other two positions is indicated on the panel.

To position the radiometer in accordance with a particular dial
setting, the motor switch is turned in the préper direction
until the meter indicates a "null", The radiometer positions
obtained using this method proved to be repeatable within less
then % inch, The maximum distance traveled by the radiometer
on the X axis is 85.9 inches and on the Y axis 75.8 inches,
This wéuld give  an error in positioning accuracy of 0,33% of

total range in the case of the Y axis,

A number of additional circuits and controls were incorporated

in the console to aid in automating the data collection and
reduction, The output from the radiometer is amplified by a
‘high-gain, chopper-stabilized, operational amplifier, The
amplifier output is connected to a switch and an analog correction
circuit, This circuit automatically corrects for the radiometer
non-linearity above intensities of 190 watts per square foot.

The output from the correction circuit is connected to a switch

and one end of a 10-turn potentiometer with a graunded center tap.



This potenfiometer is geared to another pqtentiometer;_
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‘which is designated as the radius potentiometer. The pole

of the radius potentiometer is connected to one side of a
galvanometer through reference circuitry. The other side of
the meter is connected through a compensation circuit and a

switch to the pole of either the X or Y potentiometers,

Setting a precision dial on the radius potentiometer nulls the
meter. When the meter is null, the voltage on the pole of the
grounded centér'tap potentiometer is proportional to the
product of the corrected amplifier output (irrédiance) and the
radius from the center of the pattern, This computation is
correct if the center of the beam pattern has been accurately
determined., The evaluation team found that the center could
be determined from peak intensity readings and symmetry of
feadings around the center. The accuracy of this procedure

was better than 0,.2%,

A switch on the control panel connects a digital voltmeter to

one of four voltages, including the ampiifier output, the
corrected amplifier output, the product of the correcﬁed

output and the radius, and the X or Y potentiometer output,

When the data was taken, somé of these factors were not numerically
recorded since they are included in the plotted data. (See

section 4.4) They were necessary, however, in the initial

evaluation of the instrumentation accuracy.

Another switch on the control panel selects either’ the
corrected amplifier voltage (irradiance) or the irradiance
radius product as the Y input to an X-Y plotter, The X or ¥

potentiometer outputs are switch selected to produce the X
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input to the plotter, Both of these signals afe attenﬁated
to provide the proper scale for the plotter. They Y
input also uses the amplifier section of a VTVM as.a ,
buffer. A manual-plot push button on the panel is used to

control the plot command, In figure @- 9) the'operator

'adjusts controls., Table 4-1 lists the maigr’components

used in the instrumentation system and inciudeS'pe;tinent_

specifications,
4,3 Measurement Technique

The procedures empldyed in recording the data wefe developed

to provide rapid accumulation and accurate results,

At the beginning of_the.measurement period, the effect of

radiometer operation with its shutter open and closed was

4investigated. The peak intensity of the beam which was being

measured was quite high in most cases. For example, the
irradiance at the center of the beam was approximately 1, 8
solar constants in the case of the reflectors without lené
plates measured at a distance of 30 feet from the module,
With the amplifier gain set to place this reading near the
top of the digital voltmetér range, there was no.measureable
output, with the shutter.closed. Since high peak intensities
were a conditioh encountered during almost every measurement

run, background readings were not recorded,

In the case of some of the narrow band filters, the peak
intensity was relatively low, A background reading of
approximately 0,001 millivolt was measured at the output of

the radiometer, With the radiometer located at a fixed




TABLE 4-1
INS TRUMENTS

10-Turn Potentiometer
Clarostat Series 62JA
Linearity + 0,25% :
Resolution 0,026%

10-Turn Potentiometer Dial

Helipot RB Series
Dial Accuracy 0.,05%

Amplifier (Used on Radiometer Output)
Dymec Model DY-2460-A-MI
DC Gain Accuracy + 1,0%
DC Gain Stability + 0.01%°C
+ 0.01% per week at constant temperature

Zero Drift 1 microvolt per week maximum at constant
temperature
0.5 microvolt +/°C max1mum temperatur
coefficient

Input Noisgse 4 m;crovolts p~p max,, 0 to 1 cps, referred to.

summing point, .

Digital Voltmeter
Digitec Model 210
Accuracy 0.2% Full Scale
Resolution 0,05% full scale

Point Plotter
‘Moseley Model 7590A
Accuracy 0,1% full scale

Polar Planimeter
Keuffel & Esser Model 62 0000

Accuracy 0,3%

Radiometer

Eppley Model Mark III Serial No, 6897-D compared with the Eppley
group of reference standargs, at a radiation intensity of
approximately 76 watts/ft, <, The derived calibration curves were
provided, ,
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position the readihg fluctuated about this value, The
average value of 0,001 millivolt background remained
constant across the beam except at ‘the outer fringes, In

the case éf a few of the narrow-band filters , the radiometer
output readings on the fringes with the shutter open were the
same order of magnitude as the background, readings. In other
words, the intensity is quite low.  Since the éignificance |
of the measurements in the fringe areas is questionable,
these areas were not included for purposes of'power

computatiéns. ¢

The amplifier whidh was used has a zero correction cbntrol.
This control was adjusted to offset the average 0,001
millivolt background, The fluctuations represent a émall
error in the reading.' As an example, the peak readingvfor
é filter with wavelength limits of 295 to 332 millimigrons,
measured at 30 feet, is 0,470 millivolt at'the radiometer
output, The maximum amplitude of the fluctuations was
approximately 0,001 millivolt, This produces a reading

error of +.0,2% of full scale,

At the beginning of the measurement prograﬁ, it becéme
obvious that is was convenient to relate the position of
the radiometer on the X and Y axes to control panel dial
settings, 6.45 units on the potentiometer dial are equal
to one inch of movement on the X or Y axis. The dial is

divided into 1000 units.

Data were recorded and plotted at intervals of 20

potentiometer dial units and, in some cases, 10 units, The

radiometer was positioned as described in section 4.,2.6, After
a setting period of 5 seconds, the data were recorded, The



radiometer time constant is 0,8 seconds., (See section

4.2.4)

4,3,1 Individual Reflector Measurements, - The evaluation
team determined the output of each reflector by removing the

other reflectors and, in some cases, block}ng a portion of
the output of a reflector, As an example, reflector number
4 normally blocks a portion of the output from reflector
number -3, Reflector 4 was replaced with a section of black
stove pipé with the same size and shape as number 4, This
pipe blocked the same amount of flux as reflector 4 did,

without contributing to the output as 4 normally would,

4,3.2 Module Alignﬁent; - The focus of each parabola was
checked by using a G.E, 1493 projector lamp. The light output
was projected on a screen about 30 feet away. The lamp was

" moved on the optical axis to obtain the sharpest'circle on
ﬁhe screen, This procedure was followed with the reflectors
mounted in the module support frames, The HgXe lamp was then
positioned with the arc intensity peak at the common focus

of the reflector segments,

In experimenting with the effect of moving the individual
reflectors off focus, it was found that the moment of angular
power distribution (mean F ) could be aecrea‘sed. The
information derived froﬁ this study proved invaluablg in
determining the true shape of the arc as well as its power
centroid., The segmented reflector is a powerful tool for

studying the arc shape,

This led to d realignment of the reflector elements in the

module; The segments were then aligned to give the minimum
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_ composite moment of angular distribution. Once this was

done the position of each reflector and the bulb with

respect to the base plate of the module support was recorded, .
Module alignment for this design is then simply a matter of
positioning the reflectors and the bulb in accordance with

these measurements, , .

4,3,3 Wide Angle Enerqy, - The maximum aperature half angle
of the radiometer is 7.5°, All measurements were taken in
a plane perpendicular to the optical axis with the radioﬁeter

normal always parallel to the optical axis,

The total power output from the module did not increase after
the module had been realigned, However, more power was
contained within a smaller angle, i, e, the moment of angular
power distribution decreased., This indicates that there is

virtually no flux present at angles greater than 7,50,
4.4 Data Processing and Reduction

The data obtained from a measurement run appears in two
forms.
1. An X-Y plot of the irradiance and'power as a
" function of position (Figure 4-10), and
2, A data sheet with entries recbrded by the operator

for each point plotted, (Figure 4-11),

Pertinent information about the expériment, such as radiometer
aperature, filter wheel position, etc,, is recorded on both
data sheets, This particular experiment was an X axis run,
The potentiometer dial setting and amplified radiometer output

~are recorded for each point plotted. The corrected amplifier
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output, and the product of the corrected output and the
radius were not recorded, since these factors appear in
the plotted data., A few of the radius potentiometer readings

were recorded for use in computing the power plot scale factor,

The points of the irradiance and power plots were connected
with straight line segments, A sufficient number of points
were plotted to produce a good approximation of the actual

curves. Dashed lines are used to differentiate the irradiance

curve from the power curve, The power dips to zero at ﬁhe

center because the radius is zero at this point,

4. 4.1 Scale Factor, - The horizontal scale on the plotted

data is always related to actual position of the radiometer

on the X or Y axis., The horizontal axis scale factor describes

this relationship.

F( - ‘ff-o-7 - 6"3*7
H 6.95

(4-1)
The numeral 41,07 represents the number of potentiometer dial
units per inch on the plot., Since 6.45 potentiometer units

represent one inch of radiometer movement, each horizontal

inch on the plot equals 6,37 inches of radiometer travel.

A voltage‘divider on the vertical input to the plotter was

ad justed to accomodate different peak intensity signals, This’
was necessary in order to place ﬁhe plot of the peak power

and irradiance feadings near the top of the graph without
going off scale, Greater reading ease and accuracy make this
requirement essential, Therefore, the vertical scale factor
is not a constant and must be computed for each measurement -

run, A vertical scale factor for the irradiance curve is
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shown in figure 4-11, The computation of this factor

is similar to the power'curve scale factor calculation,

Four points on each graph were chosen to obtain the vertical
scale factor for the power curve, One point near the top of
each lobe of the curve, and one point near the bottom of each
lobe were selected, The amplified radioﬁéter output reading
was multiplied by the corresponding radius at each of the four
points, This numeral was divided by the vertical height,
measured in inches on the plot, at each point, These fgctors
are design.ated by mv, R, and vertical inches in the scale

factor equation. The computations from the four points were

averaged,
R myv / . (_L
Kv,o‘ 6,45 )L 300 Jlvertical inches/{C.08%7 )44
| (4-2)
Where

R

6.45 = the radius converted to inches
»%?%%r- = Radiometer output voltage (the
>

amplifier gain was 300) millivolts

The slope of the radiometer

o)

The dimensions of the vertical scale factor are watts/in2

calibration curve mv/’watt/in2

4,4,2 Total Power Computation, - Each lobe of the power curve

was integrated using akéolar planimater, The power

P = T K‘H.KVP Integrated Area (4-3)
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If a filter had been used, this result would be multiplied.

by a filter factor, This represents the power measured after

the turning mirror, -yThe reflectivity of the mirror waé determined
from the lamp spectrai data supplied by the manufacturer.( 2 )
and the ;eflectivity curve for'the turning mirror aﬁa the
reflectors. (Figure 3-".), This factor was computed to be 89% .
Thus the actual modulé output power is higher than the measuréd

output by the reciprocal of this factor.

4. 4.3 Filter Factors, - A filter factor was not received from

Eppley with the UG-~11l filter, This filter is most useful,
since it covers a broad region of the ultraviolet, Project
personnel computed a filter factor»using the method described
by Eppley in their radiometer manual, (17) The spectral curve
(supplled by Eppley) for a HgXe lamp was carefully replotted

on a large sheet of graph paper. The transmittance curve for
the UG-11 filter was also handplotted on the same sheet, and
the product of the transmittance and spectral curves was
plotted, The integrations with the planimeter were performed
several times, producing a filter factor of 2,11, In communication
with the Eppley firm, measurement personnel obtained from them
a filter factor of 1,53, When the discrepancy between this '
figure and our calculated filter factor was pointed out, Eppley

recomputed the factor and arrived at 1,90,

Project personnel checked some of the other filter factoré,-and
they were in close agreement with our calculations, with the
exception of the filter covering the region from 386 to 423
millimicrons, The Eppley factor for this filter is 3.39, as
opposed to our computed factor of 2,53, A list of filters

appears in table 4-2 and table 4-3,
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The data obtained from the filter measuremenés was used.
in evaluations of spectral uniformity and distribution,
Because this data was used to determine the relative
contribution by spectral region, the use of the filter

factor is not necessary.

4,4,4 Automatic Data Reduction, - Since this instrumentation

system provides an accurate and rapid plot of the power and
intehsity functions, it is a powerful tool in the evaluation
of a solar simulation module, The engineers feel that the
system can be further automated if future evaluations of this
type are undertaken, By automatically integrating the power
curve, the efficiency of data reduction can be increased,
This can be accomplished with a number of scalers., The
output from the scalers can be displayed, plotted or printed

out.

Computation of the scale factor also can be incorporated in
the instrumentation, If this is ‘done, the power can be.read
directly, A printer with a totalizer could read out the

total power at the end of each data run,



4,5 Estimate of Data Accuracy

Each step in the design of the instrumentation was

carefully studied to minimize measurement errors, Precision
components such as the 10-turn potentiometers and dials

were used thfouqhout. (See table 4-1) The technique of using
the meter nulls to indicate position eliminates many possible

sources of error,

The staﬁed accuracy of the planimeter is 0,3% with repeated

. careful measurements, except where the area is less than

10 square inches, Almost all of the data plotted produced
areas larger than 10 square inches, and the integrations were

performed several times on each curve,

in section 4.2.6, the error in positioning the radiometer

was stated as % inch or 0.33% of the radiometer travel. This
was determined by carefully measuring the position of the
radiometer for a particular dial setting, The procedure was
repeated many times at the same dial setting and at a number

of different settings, The error includes the effects of
mechanical slip between various gears, hysteresis, and erroneous

null reading or dial setting by the operator.

The error in plotting a given point is a function of the
accuracy of each component in a chain of instruments and circuits
starting with the radiometer and ending with the X-Y plotter,
Another source of error is noise contributed by the various
components in the system, The effect of this can be seen as a
slight vertical modulation of the character printer. With the

radiometer positioned at a fixed location, the point is

plotted several times, From the distribution of these points,
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the maximum error due to the system noise was found

to be + 0.5%,

The accuracy of the‘radiometer is not stated in either
the manual or the calibration certificate. An estimate

of éystem error will be computed without the radiomeﬁer.
Table 4-4 lists the factors involved in tomputing the
power and their relative accuracy figures., The géin of
the amplifie;.was checked using a Calibration Standards
precision voltmeter with a specified accuracy of + 0.65%.
The gain accuracy of the amplifier was found to be within
+ 0.3%., The noise does not enter into the power
computation since it is averaged in the integration with

the planimeter,

It can be seen from equations 4-2 and 4-3 that these
factors (with the exception of the voltage dividers, the
VIVM amplifier, and tﬁe X-Y) combine as a product to compute
the total power, The three exceptions listed aré combinéd
in the amplitude of the vertical plot, The fractional

error of the product of two (or more) numbers is the
algebraic sum of their fractional errors, In the case of
division, the error of the quotient of two numbers is the
algebraic difference of their fractional errors. Therefore,

the system error (without the radiometer) is within + 1,9%,

i.e. the computed power is within + 1,9% of the true reading,
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TABLE 4 - 4

Components Used in Estimate of Error

FACTOR ' ACCURACY
Radius | +0.5%
Amplifier ‘ ! + 0.3%
Voltage Dividers + 0,3%
VTVM Amplifier + 0,1%
X~Y Recorder + 0,1%

| K +0.3¢

H
Planimeter + 0,3%



4.6 Measurement Data

| The execution of the expanded measurement task outiined
in section 4,1 was accomplished through 345'measg;ement
runs on various configurations and elements of_fhe module,
Prior to receipt of the actual reflector elements,'92' |
of these runs were made using an approximate 4‘inch

focal length paraboloid to make preliminary studles of

the source and the operation of the lense plates

One of the malin reasons for the large number of‘runs was
the number of module configurations to be measuréd '72-

of the runs were made upon the complete prototype reflector’
system without plates, 33 runs were made on the two V
plate configuration; and 29 runs were made on the one-plate

conflguration

Since the individuallreflector segments wefe.sd powerful

a tool in studying directional distribution of flux about
the source and spectral changes over \Q ' 119 runs were
made using the individual reflector segments or sometimes
combinations of them., These runs were used to balance the'
final module alignment and to verify individual ségment 

performance,

For the study of angular distribution, as opposed to mérely
determining collimation angle, 55 runs were made with
apertures, and to investigate the uniformity of intensity
by spectral regions, 89 runs were made with filters., In

addition 6 runs were made using both apertures and filters.
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A typical series of runs on a particular configuration was

as follows:

NO RUNS FILTER AXIS zZ PURPOSE
5 —— X,Y 15 Irradiance Crosséct;on
2 m—em—= Y-80, 15  (Intensity Only)
’ Y+80 Verify Symmetry
2 12 ' X,Y 15  Infra Red Crossection Index
2 8 X,Y 15  Visible Crossection Index
2 3 XY 15  U.V. Crossection Index
2 em———— X,y 30 Irradiance Crossection
2 emm—— Y-80 30 (Intensity Only)
Y+80 - Verify Symmetry
1 12 X, 30 I.R. Crossection Index
1 8 X 30 Visible Crossection.lndex
1 3 X 30 U.V., Crossection Index
2 e X,y 60 Irradiance Crossection
- Y-120 60 (Intensity Only)
Y+120 Verify Symmetry

As the measurement program progressed, some of these runs

were dropped and others substituted., For instance,’the off—axis,
intensity-only runs proved to be unnecessary after the three
basic configurations had been checked, We found that no
additional information was obtained by running filﬁets on

both axes at 15 feet so these runs were dropped. The

irradiance crossection on Y axis was retained for one value

of Z rather than the three values used initially,

Later the broad band filters for the U.,V, and I.R. were used
instead of the three narrow banid filters, particularly on

the individual reflector segment runs, The apertures, which
were not included in the typicai runs, were added, and'many

special runs were made to check for certain losses, to check



5. MODULE PERFORMANCE

We shall present the results of measurements made on
the prototype, we shall compare these results with the
performance predictions, and we shall discuss the

significance of any differences, We shall concentrate

on

1., total output,
2, angular distribution, and
3. beam irradiénce crossection
for each of thresconfigurations:
1. prototype reflectors only .
2, prototype reflectors and two lenticular plates, and
3,‘ prototype reflectors and one lenticular plate,

We shall discuss the uniformity of intensity for total

flux and by spectral region for each configuration,

5.1 Reflectors Only Configuration

An understanding of the performance of the reflectors only
(without the lenticular plates) is basic to an ﬁnderstanding.
of the other configurations, Figure 5-1 shows the réfléctors
and the source, without the lenticular plates, in operation,
Reflector #4 was not in place at the time figﬁre‘s—l was
taken, Reflector #4 overheated, due to flux interéepted by
its back from reflector #ﬁ. The coating of #4 darkened
considerably, and it was removed from the system, .The power
measurements are thus for reflector #1, 2, 3,'and.5,' If
reflector #4 is to be retained iﬁ the system, it will have

to be much thinner, and it may require special cooling.
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special spectral regions, and to measure effects of

element positdional changes,

While the data from only about 25 of these runs is directly
included in the following section, almost all of the runs
were brought to bear upon the evaluation of the module,
}the refinement of the mathematical model, *and the cross
verification of data, The normalizing, clear description
and interpretation which would be necessary to make all 345
runs suitable for publication is clearly beyond the scope

~of this program,



5. 1,1 Total output, -

MEASURED TOTAL OUTPUT (WITHIN 7.5° | 1000 WATTS

PREDICTED TOTAL OUTPUT (WITHIN 7,50)] 933 WATTS

Potal flux brought down by the reflectors only (with #4

removed) was measured in runs #529, #535, &nd #5382 as

1000 watts :5,9%? The measured total output should be

*For this estimate, the Eppley radiometer is assumed to have

an error of 12% of reading.

ad justed upward because of the following factors:
1. Reflectors #2 and #3 had some surface porosity
and thus had a 1ower<34_than the value used in
computation,
2. Reflector #3 had some less due to a turned-down
edge,
These fabrication faults would be avoided by the use of
giass reflectors. The extent of the loss due to these faults
is extremely hard to estimate, and we prefer not to speculate

on the amount of this loss.

A logical explanation of the differences is contained in the
previous discussion of electrode radiation in section 3.5.1.
It seems likely that electrode radiation is understated in
e/ec{,‘rode
zones not having a direct view of the eathods tips causing
net ~
an overstatement of the mext arc radiation in those zones,

Hence, reflectors 2 and 4 should be below prediction which

they were.,
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On the other hand, output from zones viewing the electrode

‘tips at favorable angles should exceed predictions and

reflectors 1 and 3 do this, (Further corroborating
evidence for this explanation will be seen when spectral
peculiarities by zones are considered,) Reflector #4 had
a predicted output of 47 watts, but when operated alone it

>

produced only 34 watts,

The intensity in watts per square foot and in percentage
relative to beam center as a function of radial distance.
from beam center is tabulated in Table 5-1. The data was

derived from runs #529, #535, and #582,

5.1.2 Angular Distribution, -

MEASURED MEAN & - 2.15°

PREDICTED MEAN 8 - 1.70°

Angular distribution was measured using apertures on the
radiometer and was also calculated from beam pattern and
system geometry. The agreement between measurements and
calculations was remarkably good with the largest deviation
being 3,2% and mean deviation of 1,9%. The final aperture
runs on the reflectors only were runs #561, #563, #565, #567,

and #569,

The breakdown of the flux output of the reflectors by one-degree

half-angle increments 1s as follows:
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HALF-ANGLE WATTS CUMMULATIVE
INCREMENT INCLUDED WATTS INCLUDED
(DEGREES )

0tol 195 195

1 to 2 280 475

2 to 3 164 639

3 to 4 129 768 *

4 to 5 | 67 835

5 to 6 65 900

6 to 7.5 100 1000

A This distribution is compared in figure 5-2 to the predicted

design theoretical distribution, An adjusted prediction curve
is also shown which removes the reflector 4 contribution
from the original prediction and substitutes a ,88 reflectivity
in the prediction instead of the ,897 figure originally

used,

The flux is definitely distributed over wider angles than
predicted, The mean flux half-angle is 2,15° versus a
prediction of 1.7°. The flux within 2° is 20,7% less than the

ad justed prediction and that within 3°© is 15,2% less,

Some contribution to wider angular distribufion came from the
fact that the outer rim of reflector 1 protrudes too far
inside reflectof 2 when both segments are on focus and
vignettes approximately two degrees of that reflector's view,
This segment was therefore aligned relatively high. This
aggravated a problem with reflector 1 which already existed,
This segment was designed very close to the bulb and because
of time limitations was not offset, although this step was

considered, This was a mistake, The segment focus should be
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offset. By offsetting we mean making the focﬁs of the
paraboloid an angular ring by offsetting the focus from the
optical axis before revolving the figure through © . (See
Figure 5-3). Since a large portion of the view from high
values of(p on this segment is blocked by the cathode 'this
course would reduce the mean resultant angle of the actual

flux viewed

From this discussion, it can also be seen more ciearly thet
the necessity in the prototype to align this'segment:high.
increased the view of the cathode and degraded the angle of the

actual flux.,

Of far greater importance, however, in accounting for the
discrepancies between prediction aﬁd performance are the
differences between factual shape and size of the afc and
assumptions made in representing the arc ip the.predictions;
The position of the arc centroid and the non-equivalence of
luminance and radiance distributions in the arc make up the
ma jor share of the discrepancy. These factors were discussed

in sections 3,3,6 and 3.5.2.

2.1.3 Beam Irradiance Crossection, - Figure 5-4 illustrates
the relative beam irradiance crossections for the reflectors-
only at the three distances from the module, These plots are

of the data previously included in Table 5-1,

Figure 5-5 compares the measured 60 foot pattern with that
originally predicted, The main discrepancy is seen to be in
the peak intensity which was predicted to be 138 watts/ft2 and
measured at 96 watts/ft2, That this is almost solely a function

of the discrepancy in predicted angular distribution can be seen
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from the third curve which was secured by substituting the
measured angular dlstrlbutlon into the prediction calculatlons
For this purpose it was necessary to assume that the -

measured angular distribution of flux was spread evenly over
the module exit pupil. The prediction technique has proven

to be quite satisfactory:for design requiremente.

-

5,1.4 Uniformity of Intensity, - Taking the measured beam.

irradiance crossection and assuming a large hexagonal array

of modules producing identical patterns, it is possible to
compute the intensity at any point in thekélane to which the
pattern applies, If the module centers are given X and Y
copordinates then a poiht P at Xp and Yp will be a distance

[( Xp -XQQ—CYP )zll— from module .L . ‘I’hls dlstance is

also the radial distance from pattern center of module A_aﬁd

.a corresponding intensity applies from theAbeam irradiance
crossection, Summation of the contributions by ali modules
within a dietance of less than the radius of the beam irradiance

crossection will give the resultant intensity at point P,

A series of calculations were made for each of the planes for:
which the measured beam irradiance crossections wete available.
These calculations were made for modules arrayed on 27-inch
modvle The 15.59-1nch Ce"teél 1Sot-acen‘f
and 15,59-inchpcenter-to-center distance%fe the direct ane

relationship of two and three array centers when each individual

array is on 27-inch centers,

The resultant total array point intensities®*were then related
to the average array intensity. Selection of the maximum point
deviation over the entire pattern then gives the deviation
essentially in terms of the target specification of #50 percent

deviation, using a one-inch-diameter detector, Integrations to
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£ correspond to the target specification of #5 per cent,
using a one-foot-square detector, have not been made and this
area has bgen treated by estimates from the maximum point

deviations,

The percentage of maximum radiant intehsi;y deviation

resulting over the pattern for the reflectors only is as

follows:

FEET FROM 27-INCH 15,59-INCH
MODULE MODULE CENTERS MODULE CENTERS:
15 239.0 : 46,7

30 ‘ 77.3 15,9

60 11.1 2,1

These results illustrate the effects of the basic beam
irradiance crossection and the degree to which beam modification
is necessary. ©On 27-inch centers, uniformity Of‘intensity would
be outside the target specifications o almds£,40 feet from

the module., On 15,59-inch centers, however, the uniformity

is within target parameters at approximately 15 feet from the
moQule, |

The problem to be ovefcome in dealing with this beam pattern

is that the flux distributed in the low angles causes hot
spotting under the module center and the point on the optical
axis is the point of maximum deviation throughout the target
volume, It is interesting to note that at 60 feet from the
module it is enefgy distributed within less than 0,6° which is

causing the peak in the beam irradiance crossection,

5,1.5 Spectral Uniformity, - Detailed spectral distribution

measurements and evaluation were beyond the scope of this

program, Still, approximately one~third of all runs made on
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actual module configurations utilized interference

filters to study variables by spectral region, This approach
is based upon the premise that uniformity of irradiation must
include uniformity within spectral regions as well as in
total. In many cases, the importance of spectral uniformity

may become more significant than total uniformity,

Again in this area, filtered measurements by zones utilizing
the individual reflector segments were especially effective
in demonstrating both chromatic changes with changes in the
view of the arc (through(? ) and in demonstrating chromatic
changes across the arc (along v ) and therefore with angular'

distribution, e

Spectral beam patterns and deviations for the reflectors only
varé graphed in figure 5-6., The beam patterns,based on runs
#180, #182, #184, and #186,are presented in terms of the |
percentage of flux in the particular spectral region to the
total flux for points at regular intervals across the module
beam. The dafa for these curves was taken at 30 feet from

the module,

The region from 295 millimicrons to 332 millimicrons (filter 3)
was used as an indicator for ultraviolet, the 515 millimicrons
to 573 millimicrons region (filter 8) for visible, and the 1100

millimicrons to 1900 millimicrons region fér infra-red,

The deviations of region point intensities from region average.
intensities over the entire pattern were then weighted on the
basis of contribution of the point deviation to non-uniformity

of that region at that point in a one solar constant array,
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The deviations across the beam from the reflectors only are
substantial with the UV contributing over 20 percent excess
near the beam center and IR low by almost 18 percent,
Examples of a couple of the more spectacular chromatic
peculiarities by zones around the arc are seen in both the
UV and the IR peaks near the center of the beam., The UV
peak is largely contributed by reflector 1 and probably

has as 1ts source tﬁe edge of the small hot plasma.ball.
The IR peak is made up by the combination of two peaks from
reflector 1 and reflector 3, The sources for these are very
probably the hot cathode tip in the case of 3 and the hot
anode center in the'cése of 1. There is no evidence of

high contributions in this area by reflectors 2 or 4 at all.

Note also that the UV excess and the IR deficiency in the

- center of the beam tend to mask each other in the total

intensity.
5.2 Two Lens Plate Configuration

Figure 5-7 shows the operating_module with two lens plates

in position, Although this view shows the bottom of both

lens plates, the angle of the view of the top lens plate from

the optical axis is less than the angle at which the bottom

plate is viewed, For this reason more visible flux can be

seen from the top plate, Of course,in final configuration, the

whole module would be enclosed in a cylindrical housing and

only the bottom plate would be wvisible,

5.2,1 Total Output, -



5.2,1 Total Output, -

MEASURED TOTAL OUTPUT (WITHIN 7.5°) 635 WATTS

PREDICTED TOTAL OUTPUT (WITHIN 7,5°) 785 WATTS

>

Total flux brought down by this configuraﬁion measured in

runs #207, #227, and #239 was 635 watts, but only 465 watts

of this total.were in the basic square pattern. The remaining
output was in the throw-out squares adjacent to the flats of the
base square, and this flux would be removed by baffles for
strict adherence to the prescribed pattern. The absolute

and relative intensities along the beam radius are tabulated

in Table 5-2,

Figure 5-8 shows the beam pattern for this configuration at
a distance of 60 feet from the module, The throw-out squares
can be seen off the sides of the base square., Integration of
total flux for this pattern had to be done specially since
the simple intensity-radius product was not applicable over
the whole beam radius, The restatement of coordinates of
intensity points in terms of the square pattern was straight
forwa:d even if time consuming, The verification of this
procedure provided'one of the main reasons for the early

off-axis intensity runs,

The predicted total output for this configuration Which.is
comparable.to the €635 watts measured was 785 watts, The
discrepancy of 150 watts or 19.1% is substantial and accounted

for by the followlng facts:
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Loss of energy on the prototype lens plates was
higher than would be the case with molded plates
because the surface is interrupted by the support
structure of éins and bands, Frosted and darkened
lenslet edges also contributed to these highér

lens plate losses, >

The visible flux being scattered by the pins and

~ lenslet edges is quite evident from the bottom

plate in figure 5-7 where the bulk of the flux is

not within the view angle, Also, the vignetted
corners of the square pattern from this configuration
seen in Figure 5-8 are caused by the supporting pins

at'lenslet corners in the prototype plates,

The excessive losses due to support structure
including the pins, bands, and lenslet edges was
calculated to be 93 watts based on the energy incident
on the two plates and the actual angular distribution
of that energy. These unusual prototype losses

were not taken into account in the prediction,
Another factor not contemplated in the original
prediction is concerned with the fact that the lens
plates‘tip some of the energy originally distributed
within 7.5° to larger angles and this flux is not, |
therefore, within the radiometer view angle, THis
factor is calculated to account for 41 watts,

In two plate operation the partial lenslets become
very ineffective. The absence of the opposite side

of the full lens at the second plate causes vignatting
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of essentially all flux diverging from the
optical axis of the module and evenh some of the
smaller angle converging flux received from the

corresponding lenslet in the first plate,

This factor caused excessive losses of approximately
16 watts, These losses would have been closer to

26 watts if the support and tip losses had not been
netted out of incident flux previously. This faétor
was also not taken into account by the prediction,
However, this can be corrected easily by'two techniques.
The lens size and plate shape can be coordinated to
minimize the ‘edge partial lenses,‘making the plate
slightly oﬁt of round if necessary;’Thé:ﬁajor'portion
of this loss can be avoided by usé of priéms,on the
first plate partial lenslet to slightly'éffset'its

image on the second plate partial lenslét,_

5.2,2 Anqular Distribution, -

2,59

2,8°)

MEASURED 465 wATTS ({§

1l

PREDICTED 633 WATTS ( €

Since this configuration produces an abrupt angular cut off
and in this particular case at a low half angle, aperture runs
were not appligable to its output., Neither were predictions
made directly ih terms of angular distribution, However, the
predictions of module output for configurations operating at

different half angles are based upon this type of data,

Unfortunately, for the two plate system, we can only directly
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verify operation at one half-angle for each set of lenses
used, Actually, none of the vpredictions correspond'directly
to this set of lenses, but since the system was treated
nominally as a three degree system let us compare the
predicted 633 watts output for a 3° half-angle two lens
plate system to the 465 watts measured in the basic pattern
fo§ the prototype. Three factors must beaéonsidered.

1. The prediction was based on a three degree
half-angle lens and the assumed conditions for
the prediction would be satisfied if the lens were
a round one having the relationship é%t==tAw3°,
However, the actual lens used is square having a
2.67° relationship at the radius of the inscribed
circle and a 3.77° relationship at the corner of
the square, If we re-calculate from the predicted
angular distribution for this lens we find that
the prediction becomes 624 watts so that shape causes
only a 9 watt discrepancy in the prediction,

2. If we again re-calculated using the measured angular
distribution out of the reflectors and the square
lens shape the answer produced ié 506 watts. Thus,
the angular distribution difference is by far the
largest factor of difference between predicted and
measured performance accounting for 120 watts,

3,‘ If we now compute the unusual prototype losses
applicable to the transmitted energy it is found
that they account for 41 watts which is also the
difference between the 506 watts in 2 above and the

465 watts measured,
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It should be noted that while unusual prototype:lOSSes-
calculated in 5.2.1 amounted to a total of iSO watts these

were from all energy down and the 41 watts relate34onlj‘to

the energy accepted by the pair of Square lenslets, Thus,

for this particular lens design, the unusual losses 6f 109 watts
are not important since the energy from which they‘&ere lost
would not have been accepted by the lens plgtes into the

base pattern, It can also be seen, however, that‘the unusual
losses applicaBle will be different for each half-angle dealt

with,

It can now be stated that this configuration with two molded
lens plates having the same lens'design would put 502 watts
in the base square, This includes the édjustment of the plates

to reduce partial lenslet losses,

Ninety percent of the energy in the measured pattern for this
lens design is within 2,5° half-angle, However, with a molded
lens plate ninety percent of the energy would be within 2,3°

half-angle,

5.2.3 Beam Irradiance Crossection, - Figure 5-9 illustrates

the relative beam irradiance crossections for the two lens
plate configuration at the three distances from the module,

These plots are of data previously included in Table 5-2,

i

This configuration with the image of the top p;ate lenticles
at»approximately 15 feet instead of infinity was alsb measured
and evaluated, The beam pattern at approximately the focal plane
is shown in Figure 5-10, The stepped patterns of the overlapping
lenticle images, which at this distance have not yet become

large enough t o essentially cover the entire pattern, can be
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clearly seen, Also élearly seen in this illustration are

the throw-out squares and their rélaticnship to the base
pattern, These throw-out squares are more prominent in this
operation because of the additional spillage reSﬁlting'from
the necessarily greater plate-to-plate diétance;‘Tﬁe 60 fobt
pattern from this higher focus is much larger as‘canjbé,séen
py comparison of the picture of this péttérn‘iﬁ‘Figu£é S-Il :
to the 60 foot pattern under normal operation previously

shown in Figure 5-8,

5 2 4 Uniformity of Intensity, - Using the three beam

irradiance crossections, the same series of calculations

as those described in section 5.1.4 were made.

The complete series of calculations for tﬁe configuration
focused at 15 feet were not made since the lens acceptance
'angle could ndt be adjusted to operate in combination with the
reviced focus. The energy angle accepted has far more effect

than the plane of focus selected,

deviation fo avevaqe avvay inten s',f),

The percentage of maximum radiant intensityjAresulting over
the pattern for the two lens plate configuration focused

at infinity is as follows:

FEET FROM 27-INCH 15.59 - INCH
MODULE MODULE CENTERS  MODULE CENTERS
15 | 90,4 5.8
30 47.2 8.1
60 7.4 3.9

On 27-inch centers the pattern is unacceptable until just
beyond the 30 foot distance from the module. The pattern would
be acceptable on 15,59-inch centers at approximately 11 feet

from the module,
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A greater energy half-angle must be accepted to provide
uniformity within the target specifications at the 20 foot
distance from the module with this cpnfiguration.on 27 inch
centers, The very uniform intensity pattern with sharp edge
drop off producea by the individual module of this configuration
does create standing-wave patterns or inte;sity ripple

throughout the irradiated zone.

5,2.5 Spvectral Uniformity, - Spectral beam patterns and

deviations for the two lens plate configuration are graphed
in Figure 5-12, The beam patterns are based on runs #227, #229,

#231, and #323 which were all made at 30 feet from the module,

Local deviations across the beam have been almost entirely
eliminated by this configuration, While the deviations‘computed
for the U.V. and visible regions are still relatively high,

tﬁis results,. to a great extent, from making thesé méasurements
on all energy down from the unbaffled configuration.‘The
deviation curves are pretty flat and removal of IR from throw-
out patterns would substantially reduce the level of these
deviatipns by increasing the percentages of UV and visiblev

energy in the total base pattern energy. Measurement data

- would have to be taken on the baffled module or in the pattern

nearer to 60 feet to effectively separate the base pattern

energy,
5.3 One Lens Plate Configuration

No illustration of the one-plate configuration has been

included because this configuration is produced by merely

removing the second plate from the two-plate configuration which
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was illustrated in Figure 5-7, Of course, the support
bars would be shortened and the final module would be

*

about 20 inéhes shorter,

5.3.1 Total Output, -

-

MEASURED TOTAL OUTPUT(WITHIN 7.5°) | 805 WATTS

PREDICTED TOTAL OUTPUT (WITHIN 7.5°9)| 877 waTTS

‘Total flux brought down by this configuration measured in
runs #246, #253, and #267 was 805 watts. The absolute and
relative intensities along the beam radius are tabulated
in Table 5-3, The output of 805 watts éompares with a
prediction of 877 watts, In the difference of 72 watts or
»8.2% of prediction, several factors have been combined;

1. Total output of the reflectors was 20 watts
greater than predicted increasing the discrepancy
by approximately 18 watts after plate losses,

2. Prototype.lens plate support losses were excessive
by approximately 50 watts

3. Energy tipped out of the view of the radiometer
would be approximately 45 watts,

The energy tipped outside 7.5° would still be lost using
molded lens plates and in fact would also apply on energy
saved‘by eliminating the support structure. Therefore, the
output using a molded plate with the same lens design would

be 849 watts, It should be noted that there is no loss incurred

due to partial lenslets in this configuration,

5.3.2 Anqular Distribution, - As we have seen in section 3,3.11,

| with this configuration, we are dealing with a relatively
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selective alteration of angular distribution in achieving -
the final beam, Lower half angle energy is dispersed relatively

much more,

Final aperture runs were not made on this configuration nor

were calculations made across all éngles as'they were for

thé reflectors-only configuration, Calculations for two zones

do, however, illustrate this selective dispersion., Although

in the resultant beam there is approximately 24 percent léss
energy within 2° half-angle than in the energy received by

the plate there 15 in the beam only about 4 percent less energy
within 5° half-angle than in the incident energy. For this
configuration too, the predictions of module output for different

half-angles were based upon predicted angular distribution
the reflectors

‘data, Withjslightly higher total{output distributed over wider

angles Ehe comparison of approximate one-plate system performance

to that predicted would be:

HALF ANGLE . PREDICTED WATTS MODULE
LIMIT WATTS OUTPUT OUTPUT

30 624 501

4° 717 | 626

50 796 716

5.3,3 Beam Irradiance érossection_ - Figure S—l3 iiluétrates

the reiative beam irradiance crossections for'thévoge‘léns.
plate configuration at the three distance#%rom the module, These
plots are of the data previously included in'Table 5-3, The
more rounded intensity peak with more gradual falloff are

most efficiently achieved with the one-lens-plate configuration,

5.,3,4 Uniformity of Intensity, -~ Again, using the three beam

irradiance crossections, the series of uniformity calculations

were made. The percentage of maximum radiant intensity deviation
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to average array intensity resulting over the pattern for

the one~lens-plate configuration is as follows:

FEET FROM 27-INCH 15.59 INCH
MODULE _ MODULE CENTERS MODULE CENTERS
15 24.8 4.0

30 3.3 .6

60 1.0 o

For this configuration the deviations are well within the
target specifications above 15 £t., on both 27-inch centers

and 15,59-inch centers, It is quite possible that it would

be advantageous in conjunction with other design considerations
to reduce the lens half-angle if the target uniformity is

adequate,

5.3,5 Spectral Uniformity, - Spectral beam patterns and
deviations for the one-lens-plate configurations are graphed
in Figure 5-14, The beam patterns are based on runs %253, #255,

#257, and #259 which were all made at 30 feet from the module,

This configuration produces a high degree of spectral

uniformity with the maximum deviation being 4,5 percent,
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6 SOLAR MODULE FUTURE

6.1 Summary of Program Results

In the course of this program, we have tested a number of
design concepts and mathematical models, and have foﬁnd
thorough coﬁfumation of these concepts and models, We shall
summarize these concepts and models: >

1. The use of the simplest system which will meet the
optical requirements,

2, The use of a Segmented reflector system to collect
flux over a large range of angle(y and yet still
maintain a small enough module diameter for packing
multiple arrays and a large @nough mean K for
obtaining a proper distribution of flux by angle @ .

3. The use of one or two lenticular plates to shape the
beam as desired without introducing excessive loss
or chromatic qberration, and to integrate the
reflector output and destroy the adverse correlation‘
between o« and @ and between @ and  or X .

4, The use of a baffle system after the first lenticular plafe’
to control stray flux and prevent re~reflection,

5. The use of a soft beam profile so that modules
can be aligned with reasonable tolerances withoué
the danger of holes or excessive hot spots,

6. The use of a small module so that multiple arrays
can be used to extend intensity and/or operating 1ife.

7. The use of a simnle symmetric disc model to represent
the arc,

8. The use of a distribution function F703)to describe

the flux versus angle relationship.
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6.1, cont,

The use of various mathematical techniques including
mapping techniques to find the new beam after each
transformation,

The use of individual reflector segments to study

‘any given source,

e

-In addition, we have developed a technique for automating certain

aspects of the measurements, and we have considered possible

further automation of these measurements,

The measurements made on the prototype support the mathematical

models very strongly, and the measurements and models state

clearly what can be accomplished with present sources and what

cannot be accomplished with present sources, The following

statements define these limits:

lo

High module efficiency* (25 to 30 percent) can be

achieved with a small (7.5 inch) module radius,

*Efficiency as here used is total module output related
to total power input at the source,

2,

The target of 2%half-angle requires a larger module in

order to meet efficiency and uniformity targets,

Half-angle of 3° to 4° will allow the required efficiency

and will produce a uniformity far better than the

target specification,

The serious chromatic aberration often present in

solar modules can be essentially eliminated,

The module can be constructed with elements which lend
themselves to fabrication at a reascnable cost on a production

basis,



6.1 cont, 1

6.2 Specification of Simualtor Parameters

Specific performances of prototype configurations have

thoroughly confirmed the approach described for valuation

of the operating parameters for the module and to a great

extent for solar simulators more generally.~Complete
summarization of the combinations of results of changes in

these parameters for all possible system configurations is far
beyond the scope of this program. However, the direct relationship
of efficiency with the angular distribution curve, of uniformity
with angular distribution, and similar direct relatibnships, e
when combined with the parameters peculiar to specific
configurations, begin to present a clear picture of alternatives
in the selection of a particular system to meet a given group

of requirements,

- The results of this program provide a far sounder basis for
determining the degree of accuracy which is reasonable in the
simulation of each factor than has ever been available, The
task now at hand is the balancing of these factors to produce
spécifications. This balancing must be accomplished in terms of:

1. Importance of parameter in relative to other
parameters affected,
2. Initial system cost and system operation costs,

3., Test requirements,

6,2,1 Total Output - Efficiency, - High efficiency is the

principle answer to holding down initial system cost and the
costs of operating the system which,in the longer run, can Dbe
much more sighificant, Higher efficiency reduces the number of

modules required, reduces the number of lamps used and the amount



of pbwer used, and reduces the excess heat which must be
removed at substantial cost in both initial equipment and

. in operating power,

It is suggested that this parameter has too often been traded
off unwisely in over refinement of spectral distriﬁution match
and overemphasis on small (3430 of Qmay - The criterion suggested
is that there always be a clear test requirement justification
before efficiency is significantly degraded in the refinement

of another factor,

6,2.2 Anqular Distribution, - The angular distribution of flux

must first be smooth enough and, where necessary, broad enough
to produce the beam irradiance crossection required for
uniformity of irradiance, Once that requirement is satisfied,
the angular distribution must be no broader in order to avoid
_excessive irradiance of éreas which should be shadowed and

avoid increasing the problem to be dealt with at array edges,

6.2.3 Representative Module Adaptations, - Having generally

reviewed total output and angular distribution, the most effective
approach is probably in the comparison of the approximate
characteristics of several representative module adaptations,

The characteristics for fourteen adaptations are tabulated in
Table 6-1. These adaptations range in efficiency (Watts output/
Power into 1amp) from 20,.5% to 33,7%. Half-Angle within.which

90% of the output energy is contained ( @90) range from 2.85°

to 7,5O and the maximum half-angle of output energy (F3mq$ }’

ranges from 3.0° to 7.5°.

Adaptations 1 thru 4 illustate the range of the two lenticular

plate configuration between Bgo = 2.85° and 4.74°. Adaptyl is not




6.2.3 cont,

practical, but adapt, 2 shows that the prototype will
successfully operate between 15 and 17 inch centers for 2

arrays which would be on square centers,

Adaptations 5 thru 7 present the range for the one lenticular
plate configuration betweené%oof 3° and 5%, Generally, the
one plate systems have outputs 11 to 12% greater than the
comparable 2 plate systems and have the softer beam profile
resulting in much larger values c>f(5n‘,,‘,\)t .. It should not be
overlooked, however, that thelgq, values of the one plate
adaptations range only from 15° to .26° above the comparable
2 plate adaptation and that only 10% of the energy is e

included in the much wider range beyond (3, .

Adapt, 8 compared to Adapt, 5 and Adapt, 9 compared to
Adapt. 1 illustrate'the powerful leverage exercised by arc
size, As noted in the table footnote, the caléulatidns for
the Xe lamps. are based on comparative size of arc based on
isobrightness data for the lamps related to comparable data
for the SAHX2500F, While there is every reason to believe
such a base is valid for comparison, these results should be

confirmed by actual lamp measurements,

Adaptations 10 thru 12 take the next step in showing the
advantages in higher output and smaller E; derived from the
lack of proportionate growth in arc size with growth in lamp

wattage,

Adaptations 13 and 14 illustate the effect of increasing module

size while using the same source, In these adaptations the size

increase is achieved by elimination of multiple array capability.



b.4.3 cont, 1

While Table 6-1 is not exhaustive in Ifs coverage of
possibilities, a careful review of it especially in combination
with the preceding discussion of these parameters should give

a good grasp of the interacting parameter curves,

6.2.4 Beam Pattern and Uniformitv of Irradiation, - An array

of solar modules will not match the uniformity of solar
radiation, However, the requirement for uniformity has

probably been understated, For example, what is the significance
of data on output or life of a solar cell on a space vehicle

if the solar cell may have been subjected to a 150% hot spot?
Where irradiation of small areas within the larger test volume
affects measurement data, a uniformity of something nearer

+ 10% from mean irradiance, tested with a one inch diameter

sensor, would seem more reasonable, It might be noted that such

a specification alone would probably suffice,

As we have seen, the soft beam profile has the greatest

promise for higher degrees of uniformity.

6.2.5 Spectral Uniformitv, - We have considered spectral

uniformity as an essential part of uniformity of 'irradiation

and spectral distribution match cannot be achieved without spectral‘

uniformity. Even where spectral match is imperfect, spectral
uniformity is very important, If an array does not have spectral
uniforﬁity, then calculation of the effect of spectral mis-match
is not possible, for one would have to deal with a standing-

wave rainbow pattern throughout the test volume,

Including unformity by spectral regions under the same +10% from

mean irradiance, testéd with a one-inch diamter sensor, would

Seem reasonable,



6_2.5 Cther Factors, - Many other factors will undocubtedly

enter into the balancing of specifications to some extent,

Two further factors seem worth mentioning here, .

Effective system running time is important since a space
mission can well exceed the life of ainlablé sources, The

the qevrce
process of selectinglitself, however, should put emphasis on
its rated life and maintenance of output. The source must be
compatible with the module and it is recommended that the
initial module output intensity be on the order of 1.2 to 1.33

solar constants so that sources can be utilized to the

point of 80% or 75% maintenance of. original output,

Spectral distribution match is the other factor and this depends
on the source spectrum and on the amount we are willing to

degrade efficiency by filtering to -improve the match,



€.3 Complete Engineering Prototype

Once the balancing of'test requirements and cost factors

has resulted in a set of simulator parameter specifications
attention must be centered on realizing an operating system
conforming to these specifications,., The design adaptation
and construction of the complete engineer}ng prototype

and its evaluation is the principal requirement in
accomplishing this end, A review of the reQuirements for the
complete engineering prototype and the program to produce

it seems in order,

6,3.1 Source Selection, - As we have seen, the flux source is

a critical component in the system and its selection warrants
first attention and thorough coverage, Thé short arc lamp is
the only source with any degree of demonstrated capability,
through adequate data and history of operation, for continuous

duty application in the next few years,

Short arc sources should be evaluated using the prototype
reflector segments for zonal studies of contributions to
total flux, angular distribution of flux, and spectral
distribution, Arc size and effective life of the source are

two of the most important characteristics to be evaluated,

While spectral distribution will be far short of that desired,
it would appear that lower UV content and higher contiuum of
the Xe lamp may be more desirable. Evaluation of some larger-

wattage sources should be included,

The present automated measurement capability, which should
probably be extended somewhat, and the capacity for rapid

evaluation by zones will simplify this task greatly,
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3,2 Reflector Adapntation, - The reflector system of the

prototype must then. be adjuéted in accordance with:

1. the selected source,
2. the selected (3 limits,
3. the problem with reflector 4,

the advisability of offsetting reglector 1,

the selected method of sealing the module, and

(o)} w D
.

the verification of slumped glass reflector performance,

6.3.3 Lenticular Plate Adaptation and Molding, - The new

lenticular parameters depend on the 6% and Gma} acceptable
and any beam pattern ad justments required by final module
array center-to-center distances, Checkout of lenticular
design can probably utilize the prototype lens plates with
the adjusted lenslets, These plates would then be molded once

allrelements have been checked out,

6,3,4 Module seals, - Several methods of Sealing the module

have been considered and should be investigated,includino:

1. a single replaceable seal around the entire
pléte,

2. four replaceable quadrant seals,

3. more than four plate sections sealed separately,

4. a permanent compensated, fusion seal of the plate
to the module fully tested over thé full temperature
range prior to further assembly, and a removeable,

steel-flange, seal at another point on the module,

6.3.5 Housing and Cooling Provision, - Design of housing

configuration.with provision for the seals and coolant flow

must also be accomplished, Orientation of the module, that

Y s phase
is overhead or side array, md%t pe taken into account in this phase,



6,3.6 Array edge modification, - The use of a modified

_ _ sKivt
lenticular plate on modules at the array edge to reduce ghyt

losses and avoid the requirement for removal of unnecessary
heat load from the chamber should be very effective,
A prototype of this modification could utilize the protdtype

lens plates with modified lenslets.

6.3.7 Power and control provision, -~ Power supply, ignition,

and power regulation for the short arc source must be
provided for each module, Provision for monitoring and control

of the module should also be included,



6.4 Conclusions

This program has confirmed the concepts and mathematical
models and thereby quantified the interrelationships between
parameters and described the limits on what can and cannot

be accomplished with present sources,

&>

It is now required that the foliowing parameters be balanced

and specifiéd:

Irradiance range,

1,

2. Uniformity including spectral uniformity,
3. Largest tolerable and or .
4, Array orientation (side or overhead)

5. Spectral match

6. Running time requirements,

Based on thése parameters, it is recommended that a complete

engineering prototype be designed, fabricated, and evaluated,

The results of this program have demonstrated ﬁhat an array
of thése modules will provide higher éfficiency, will have
better uniformity of irradiance including spectral uniformity,
will be more flekible, will p;ovide longer running time, and
will have lower operating and initial cost, than any previous

solar simulator system has provided,
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: Tab1e3i--1 B

TECHNICAL DATA FOR THE WESTINGHOUSE SAHX=-2500F
MERCURY-XENCN SHORT ARC LAMP

ORDERING ABEREVIATION | sarx-2500F (1)
EILECTRICAL
Watts (lamp only) , 2500
Starting Current : 65-~80 Amperes, DC
Operating Current : N 50 + 5 Amperes,
Operating Voltage ~ 50%*5
Ignition Voltage (short pulse-0.5.sec. max.) 50,000 Volts, peak
Open Circuit Voltage (nﬂ.n:.nmm) - 70 Volts, DC
MECHANICAL
Max, Overall Length (not including flexible wire leads) 13 inches (330 mm)
Max, Bulb Diameter 2,68 inches (68 mm)
Electrical Terminals Flexible wire leads
Arc Gaps Lamp Cold - 6.0 + 42 mm

CPERATING REQUIREMENTS

Operating Position Ver‘bicf.})i 10° (anode down)
Max, Allowable Seal Temperature hso°C .

Cooling (Under usual conditions) Normal Convection
PERFCRMANCE

Initial Radlati_ng Efficiency (Radiant Watts, 2000& ' '

- 75,000 &, from Arc Only) : 5% (approx.)
Maximum Brightness : 1050 ¢/m? (approx.)
Average Brightness (Measured along centerline of

arc between Cathode and Anode) 500 c/xm? (approx.)
Rated Average Life (@ 8 hours per start) 100(3) L
Output Maintenance at LOO hours . 70% (min) (L)

FOOTNOTESs '
. (1) The SAHX-2500C differs from the SAHX-2500F only in that is has two
mounting collars whereas. the latter has none.

(2) Temperature measured at the junction of the quartz glass and the
graded glass seal,

(3) Tentative - Subject to further tests.
(L) Values up to 85% have been obtained during limited tests to date.

DJA-es
L-26-64



' THE EPPLEY LABORATORY, INC.

SCIENTIFIC INSTRUMENTS

NEWPORT, R.L
o U.S.A.
fable 4 =2 PILTER FACTORS
: AND
JFILTER LOCATION
Instrument Model Mk Iy Filter Wheel Marking A-6
Wavelength Reference Filter Factors
Position Limits Wavelength Source Mercurv-Xenon _
1 265- 298 270 10.40
2 276- 318 292 . 9.75
3 295- 332 312 6.08
_4 323~ 352 335 5.57
5 350- 38l | 365 - 3.58
6 386- 423 LoS 3.39
7 L15- 160 L35 | 2.27
8 515- 573 550 1.6l
9 555- 600 580 1.91
10 600- 800 700 | 3.69
11 800-1300 . - 1000 | 1.89
12 1100-1900 1500 | 2.46
13 Blank
Filter wheel is advancéd by rotating in a counterclockwise direc-
tion as viéwed from top.
Date of Test:23 November 196l IN CHARGE OF TEST.
e /!';; ‘(//@’
The E aboratory, Inc. P, T, eriffin
?7§ _ Senlor Scientific Assistant
By: ‘ . bcuoles
buberv131ng Physicist
Newport, R, I. _
Shipped to: Linear Inc. Date: 25 yovember 196l  S.0. 12083

3823 Imerson

Lvanston, I11l.
60201



FILTER FACTORS
FILTER LOCATION

. U.S.A.

AND

Instrument Model Mk ITI

_ THE EPPLEY LABORATORY, INC.

SCIENTIFIC INSTRUMENTS
NEWPORT, R.L

. Filter Wheel Marking -

The Eppley Laboratory, Inc.
By: ¥W.‘J. Scholes

Supervising Phy3101st
Newport, R. I.

Shipped to: Linear Inc.
823 Emerson

Evanston, Ill.
60201

o Wavelength Reference Filter Factors
Position Limits Wavelength Source Ho Yenagn
‘1500-2250 my 1850 mu 2.8l (B-12)
2 1850-21100 2100 2.11 (C-12)
o3 2300-2800 2550 1.92 (D-12)
b RG Cutoff 687 1.11
5 uell 265-38h mu 325 253 1,96
6
7
5
9
10
11
12
13 -
Filter wheel is advanced by rotating in a - ! ... direc-
tioh as viewed from top.
Date of Test: 15 March 1965 "IN CHARGE 3? TEST K ‘}
F., A- L

F.%. Gri fl ‘
Senior 5c1entilic,Assistant

Date: 15 March 1965 . S.0.13082
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N 'Béléﬁrl‘ntensity Pattern—Reflectors Only

Watts Per Square Foot Relative [ntensity
Radius 15 ft. (a) 30 ft. 60 ft. 15 ft. (a) 30 ft. 60 ft.
(inches) '
0 852 331 96 100 100 100
2 696 - - 82 |
3 - 244 - ‘ “ 74
4 539 - - 43
6 383 164 64 45 49 67
8 234 . | - - 27
9 - 129 - 39
10 152 - - 18
12 100 97 45 12 29 47
14 54 - - 6
15 - 52 - 16
16 40 - -
18 29 30 33 3 9 34
20 21 - -
21 - 21 - 6
22 15 - - 2
24 9 16 18 1 5 19
27 3 13 - 4
30 1. n 10 3 1
33 9 -~ 3
36 8 7 2 7
42 3 4 1 5
48 3 4
54 3 3
60 2 2
66 4 1 T

(a) Measurements in feet indicate distance from module.




Table 5 - 2

~ Beam Intensity‘ Paﬁern—wa Lens Plates

Watts Per Square Foot Relative Intensity
Radius 15 ft. (a) 30 ft. 50 ft. (5 (2 | 30 60 ft.
(Inches) :

0 324 86 23 100 100 . 100
2 334 - - 103

3 - 88 - * 101

4 325 - - 100

6 239 85 22 74 98 96
8 187 - - 58

9 - 84 - 97

10 119 - - 37

12 80 83 21 25 96 93
14 49 - - 15

15 - 69 - 79

16 28 - - 9 _

18 14 46 21 4 53 93
20 n - - A

21 - 28 - 32
22 - - 2

24 4 12 21 1 14 93
27 2 4 - 5
30 - 4 21 4 94
33 - 4 - 4
- 36 - 3 15 4 68

42 - 2 4 2 17
48 - - 1 2
54 - - -

60 - - _

66 - - -

(o) Measurements in feet indicate distance from module.
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. _Be‘é/m lnténsi’t_y Pattern—One Lens Plate

Watts Per Square Foot Relative Intensity
Radius (5 ft. (a) 30 ft. 60 ft. {5 ft. (a) 30 ft. 60 ft.
(inchas) , '
0 211 66 19 100 100 100
2 202 - - 96
3 - 65 - - 99
4 184 - - 87
6 163 63 18 77 95 99
8 141 - - 67
9 - 59 - 90
. 10 113 - - 54
12 87 53 17 41 80 94
14 65 - - 31 ‘
15 - 45 - 69
16 47 - - 22
18 30 38 16 14 58 86
20 17 - - 8
21 - 32 - 48
22 9 - - 4
24 5 25 14 2 38 76
27 1 19 - 1 29
30 - 14 12 22 65
33 - 11 - 16
36 - 8 10 1 54
42 - 3 8 5 .42
48 - 1 6 1 .31
54 - - 4 21
60 - - 2 1
66 - - - 2

(a) Measurements in feet indicate distance from module.
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Figure 3 - 25

ajuapiau] JowWioN
iR Painsoaw, ;
SNOYIIW Ni HLONITIAVM

uolda|}ay

— {]OISSILUSUDI |

002 oot 0’8 B : ) . or [N [ X4 B 8 9 r v
] T T 1) ; _
N T i _
“ w
, T
i |
(11 i i
-+
i
i
. 1
K ) T ;
M “ ' I + T
-} L
| i { ;
|1t w mi_ m ; I
!
\
}
i
o
| i
i 1
L
| /
L ; /
1]
b4
ALK
P4 ML A
1L P
P
\\\
| P |
! 1 1_

oz

oe

or

0§

09

[+73

o8

06

ool
%



i

‘ ‘ LIBERTY MIRROR DIVISION

LIBBEY-OWENS-FORD GLASS COMPANY

Front Surface Aluminum Mirror No. 747

Spectrophotometric curve shown in the visible region
is measured at normal incidence,

1.00

ag

om0

o0 Reflection
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0530

040

030

2.0

0.0

. .

.0.00 -4
40 20 4 40 0 500 20 40 & N 00 20 H 0 N 00

Wave length in millimicrons
*When the coated element is used at angles other than normal, curve peaks

will shift toward shorter wave lengths (down scale). This variation is
dependent on degree of angularity from normal incidence.

SPECIFICATION No. 1050

Reflectivity

The mirror shall have not less than 889, total re-
flectivity for light in the visible region as measured
with a Weston photronic cell with a Viscor filter and
a tungsten lamp supplying light at an angle of inci-
dence of 22.5°. The coating has high reflectivity in
the ultra-violet region.

Adherence

No visible part of the mirror coating shall be re-
moved by the cellulose tape test described here:

Test: The tacky surface of cellulose tape shall be
carefully placed in contact with a portion of
the mirror surface and firmly rubbed against
that surface. It shall then be quickly removed
with a snap action which exerts the greatest
possible stripping action on the mirror film.

REVISION C.63

Hardness

No evidence of film removal or film abrasion shall
be visible to the eye when the following test is applied:

Test: A pad of clean dry cheese cloth (previously
~ laundered) 3 inch in diameter, V% inch thick,
bearing with a force of one pound on the
coating shall be rubbed across the coated
element in any direction 25 times.

Note: During the above test, care should be exer-
cised to prevent contaminating abrasives
contacting the coated surface causing slight
sleeks. : '

Corrosion Resistance

There shall be no noticeable deterioration of the
finished mirror when given the salt atmosphere test
described here:

Test: The mirror shall be placed in a thermostati-
cally controlled cabinet with a salt atmos-
phere for 24 continuous hours at a tempera-
ture of 95°F. The salt atmosphere shall be
obtained by allowing .a stream of air to
bubble through a salt solution containing 114
pounds of sodium chloride per cubic foot of
water. '

Effect of Temperature

The coating shall function satisfactorily and shall
not be damaged by exposure to an ambient tempera-
ture of minus 60°F and plus 500°F.



<y

! EPTAB|
THE EPPLEY LABORATORY, INC.

SCIENTIFIC INSTRUMENTS

NEWPORT, R.1.

Figure 4 - 2 u.S-A.

STANDARDIZATION
OF
EPPLEY RADIOMETER FOR USE AT
HIGH RADIANT FLUX DENSITIES IN VACUUM SYSTEMS

(incorporating a temperature compensating thermistor circuit)

Model Mk III Serial No.:6897-D Resistance 350 ohms at 25 ©C
This radibmeter has been compared with the Eppley group of reference
standards, at a radiation intensity of (approiimately)

76 w £t-2 and at an average temperature of 20 o©g,
As a result of this comparison, the enclosed calibration curves
were derived.
The vacuum curve is applicable at ambient pressures of 10'“ mm Hg

and below.

The circuitry of the temperature compensator has been adjusted to
afford best compensation over a range of ambient temperature of -

+10 to +50° cC.

i

Date of Test: 20 November 196l IN CHARGE OF TEST,. °

' : . d. Griffin
The Eppley Laboratory, Inc. Senior Scientific Assistant

By: . J. Scholes 4@}/4£%442

svpervising Physicist
Newport, R. I.

Shipped to: Linear Inc. - Date: 25 Fovember 196l §,0,12083
v 823 Imerson
Evanston, Ill.
60201
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a_»}ona"bs'rmi. ,% '~ lamp Watts: 2500
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Figure 3 = 3

POLAR RADIATION DIAGRAM
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Figure 4 - 10 Actual Data Piot Sample

HALT £ Puct £17

=]

3

=t il

bl

i

“ad ]
Fi4
‘

v (1)

PESARSSREE

el e SR TR
3

egs

——— e

4PR 1 G 1365

"D WBe Gis  WEUOTS 200D
pravreperey

e oo
— e bd o]

e ey

—

- ——

ORSSNDOPE

PEDBPRRER

POSORRBIDE
DOBPREDEHS




ey

Fig

f,-,.

u - '
re S 14_Spectral Beam Pattern and Deviation—One Lens Plate -

Per Cent Region Energy to Total

R B
W
o

M
i

]

\1100-19Q0m//

15— %
‘ 295-332 vy
10 / ™ .
wif\w _e
. o- _._-,._...—0--....--0---0---9--0-0-0--......-,__ - ’__‘,,-o-
5 oo 515-573 my

Beam Cross-Section

TR o TR P I R A R O 3, i BT e SR A 265 ) T Ko

- 20 Module Region Deviation As A
. Percentage of Region Array Intensity

%

/ 295-332 my

/ 515-573 my

v oo~

1100-1800 my

Beam Cross-Section

T N Com AL T N A o AR 1 s AR AR T T I A AA AP NS S 05453 B P Ko PSR i e e i o




.y

Figure 5 - 12 Spectral Beam Pattern and Deviation—Two Lens Plates
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Figure 5 - 6 Spectral Beam Pattern and Deviation—Reflectors Only
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Figure 5 = 7 Beam intensity Pattern—One Lens Plate
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Figure 5 = 9 Beam intensity Pattern—Two Lens Plates
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Figure 5 - 4 Beam Intensity Pattern—Reflectors Only
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Lewis Research Center, NASA




Figure 3 -1

o+zo-solar
simulator
module

37°-—Greatest Known
Flux Collection

11,7°9--Low Acceptance Angle

' Lenticular Plates
8" Diameter

Ellipsoid Annular Focus

LINEAR, INC.
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Beam Pattern at 60 Feet with Two Lens Plates
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5 = 10 Beam Pattern for Two Lens Plates Focused at 15 Feet




T ‘“lBeam Pattern at 60 Feet for Two Lens Plates Focused at 15 Feet
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