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PERFORMANCE, SYSTEMS DESIGNS, MODIFICATIONS, RADIOMETRY,
OPERATIONAL PROBLEMS, AND CORRECTIVE PROCEDURES

ASSOCIATED WITH AN 1.75 METER OFF-AXIS SOLAR SIMULATOR

Charles H. Duncan

ABSTRACT

Solar simulator performance characteristics are defined in terms of sys-
tem geometry and the definitions of radiant energy. The accuracy, precision,
and calibration of the instrumentation utilized for total and spectial irradiance
measurements are discussed. The primary standards from which these meas-
urements are derived are identified. The performance, sub-systems designs,
modifications, operational problems, and corrective procedures of an 1.25
meter off-axis solar simulator modified to obtain an 1,75 meter test diameter
are discussed in detail. The modified simulator is capable of producing an
irradiance variable from 164 mw cm~2 to 6 mw cm~2 over an 1.75 meter dia-
meter test plane with an uniformity of 2% and a stability of 1%. The spectrum
correlates with the air mass zero solar spectrum sufficiently for the perfor-
mance of thermal balance tests, materials degradation tests, and solar energy
converter tests. The coilimation of the system is 1.5° half-angle. The opera-
tional problems discussed are: spectral stability and its effect upon thermal

control material absorptance; ozone generation and control; optimization of




4

iii

spectrum and efficiency of system; degradation of optical and mechanical com-
ponents resultant from envirroniment; and, electronj: and thermal malfunc~-
tions. The performance capabilities have been verified by the orbital per-
formance of explorer XXXVIII which received its pre-launch environmental
test in this simulator. Explorer XXXVIII is attaining temperatures in orbit
within a few degrees of those predicted on the basis of the solar simulation

test and has experiencad no thermal or power problems during the first eleven

months in orbit.
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I. INTRODUCTION

The performance, design characteristics, and operational problems of an
off-axis solar simulator, prior and subsequent to a modification which increased
the test beam diameter, are the primary subjects of this paper. The optical,
radiometric, electronic, thermal, and mechanical design analyses required for

the modification are the secondary subjects. The derivation of solar simulator

performance and design characteristics from the radiometric definitions of '
radiant energyl""‘ and simulator geometry is the tertiary subject. The pri-
mary emphasis is upon the optical and radiometric aspects of the solar simula-
tion component of a space environment simulator. The components of a space
environment simulator which provide pressure and heat sink simulation are not
discussed in detail.

The performance and design characteristi:.s of a solar simulator are de-
rived from the definitions of radiant energyl'4 and system geometry in orde‘r
to alleviate any confusion which might result from conflicting nomenclatures
and symbols currently in use among the various technologies and sciences which
involve radiant energy.5"'1'7 Photometric units and definitions have been avoided
because these have no pertinence to either the performance or design of solar

simulato~s.18-20 The description, calibration, accuracy, and precision of the

instrumentation utilized in the measurement of the parameters which characterize

solar simulator performance is presented. The primary standard(s) from which J

the calibration of each instrument is (are) derived is identified. The performance |




and design characteristics of the simulator, prior and subsequent to the modifica-
tion which increased the nominal beam diameter from 1.2 meters to 1.75 meters,
are covered in detail. Major problerms, which have been experienced, affecting
solar simulator performance integrity are identified and discussed in detail.
These problems are: 1 - excessive ozone generation by radiant energy sources;
2 - degradation of reflective optics; 3 ~ degradation of spectrum of simulator; 4 -
excessive equilibrium temperatures experienced by components within the system,;
5 ~ electronic malfunctions which compromise the integrity of the performance
characteristics of the simulator; 6 - maintenance of irradiance uniformity within
test volume; 7 - degradation of efficiency and spectrum of radiant energy source;
8 - thermal control systems malfunctions resulting in destruction of components
within system; 9 - source self-destruction; 10 ~ fluctuations of input voltage to
system greater than design tolerances; 11 - pressure fluctuations and contam-
inants in fluid used for cooling; 12 ~ corrosion of materials used for various
components resulting from environmental conditions; 13 - maintenance of en-
vironment around simulétor to minimize or eliminate contaminants; 14 - malfunc-
tions introduced by perturbations from data acquisition systems; and, 15 - the
acquirement and maintenance of optimum system efficiency. Methods which
have been evolved either to eliminate or to minimize each of these problems
are given.

The material is presented in the following order: 1 - discussion of the

objectives and purposes of solar simulation; 2 - the derivation of solar simulator




performance and design characteristics from considerations of system geometry
and definitions of radiant enexrgy; 3 - a description of instrumentation used to
measure performance characteristics; 4 - a discussion of the optical design and
performance of the system prior to modification; 5 - a description of the con-
straints, requirements, and objectives imposed upon the modification of the
system; 6 - a discussion of the design analyses and final designs involved in the
modification; 7 ~ a description and critique of the performance of the modified
simulator; 8 - a discussion of specific operational problems and methods evolved
to eliminate or minimize these problems; 9 ~ a discussion of test experience
with Explorer XXXVII; and 10 - summary.

The experience gained from the operation and performance of the solar
simulator described in this paper indicates that adequate characterization of the

21-31 can be obtained with an off-axis

air mass zero (AMO) solar irradiance
solar simulator utilizing an integrated optical design. This characterization

can be obtained with a system which has a large relative aperture, or low
f/number. The advantages accruing to a large relative aperture system are:
substantial cost reductions over a system utilizing a small relative aperture
since total costs of a system are inversely proportional to the relative aperture,
and a more compact system with the cdﬁsequent reduction in space requirements.
The disadvantages associated with systems of large relative aperture are: the

difficulty of obtaining uniformify of irradiance within the test volume because

of imperfections existing in the optical components of the system and the




relatively small distances between points on the effective source of radiant
energy and points within the test volume; and, the larger collimator required

- to obtain irradiance over a specific test area because the projected area of the
collimator which provides irradiance within the test volume is an inverse func-
tion of the relative aperture of the system. The simulator herein discussed has
provided solar simulation for thermal balance tests of spacecraft and spacecraft
components which subsequently have performed in space well within design
tolerances. It has also provided adequate AMO solar irradiance simulation for
thermal control materials degradation tests as well as tests of energy con-

version devices.

II. BACKGROUND AND THEORY

" A solar simulator is a device used to simulate the AMO solar irradiance.
Solar simulators are used for thermal balance tests of spacecraft materials,
degradation studies, energy conversion devices calibrations and tests, and
calibrations and testé of sensors, experimental packages, and components of
spacecraft. In general, the true space environment is not simulated. The true
space environment in addition to AMO solar irradiance, consists of energy from
the sunlight reflected from the earth, thermal energy from the earth, very low

* pressures, very low temperatures, low or no magnetic fields, electi'ons, pro-
tons, and other nuclear partibles of various energies, cosmic radiation, micro-

meteoroids, etc. Solar simulators are generally used in conjunction with a




vacuum chamber and thermal shroud which will simulate the space environment
sufficiently to allow thermal balance tests to be performed.32"4-5 The test and
calibration of energy conversion devices, sensors, experimental packages and
components of spacecraft are sometimes accomplished using a solar simulator
without vacuum or cold shroud. Material degradation studies sometimes employ
devices to simulate the charged particle environment (i.e., electrons and protons)
in addition to AMO solar irradiance, vacuum, and cold shroud.25-52 At the
presen’ time most medium to large solar simulators (minimum diameter of
beam > 80 cm) are part of a facility which can maintain pressures <107 torr and
temperatures < 90°K ,32-45 Thege types of solar simulators consist of four
basic parts: 1 - an enclosure which can maintain a pressure <107° torr; 2 - a
shroud within the enclosure through which fluids, with temperatures < 77°K, can
be circulated; 3 - an optical system to provide radiant energy over a test volume
located within the thermal shroud and vacuum enclosure; and, 4 - a source or
sources of radiant energy. The optical system design can be either on-axis or
off-axis and the sources can be utilized either in a modular or integrated design.
Integrated design means more than one source provides radiant energy to any
point within the test volume. Solar simulators which characterize AMO solar
irradiance most accurately employ off-axis optics and an integrated optical de-
sign for the radiant energy sources 32745

The optical design of a solar simulator, in general, consists of four basic

elements: 1 - a source mounted inside a collector which images the arc at a




point along the optical axis; 2 ~ a field lens placed at the position of the are
image; 3 - a projection lens which images the field lens onto the plane of the
collimator or some adjacent position; and 4 ~ a collimator which directs radiant
flux into the ;est volume. Figure 1 represents the geometry of a typical solar
simulator system.

The radiometric definitions of radiant energyl"8 along with the symbols
for each definition suggested by references one through four are listed in
Table I. The corresponding units, in the cgs system for radiometric quantities,
which are used in this paper, are also shown. The column headed "object
space" refers to source characterization definitions and the column headed
"image space' refers to definitions characterizing radiant energy incident
upon a surface from a source of radiant energy.

The characteristic of the source which is most important in solar simulator

design is the radiance, symbol N, units of watts em™2 ster ~'and the correspond-

“ing characteristic within the test volume is the irradiance, symbol H, units of

watts cm™ 2, Radiance élways refers to a source of radiant energy and irradiance
always refers to radiant energy incident upon a surface from a source of radiant
energy.

Other characteristics of the source which are useful in solar simulator
optical design are: the radiant intensity, symbol J,, units of watts ster™?; the
radiant emittance, symbol W,, units of watts cm™?; and, the radiant flux, symbol

P,,units of watts.

.
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Other characteristics of the radiant energy within the test volume of a
gsolar simulator which are useful for some applications are: the radiant flux,
symbol P;, units of watts; - the irradiation, symbol I;, units of joules cm”?,
The radiant flux or radiant power (P) is considered as the basic definition
in radiometry and is equal to the mean power of the radiant energy averaged over

8

a period much greater than the oscillation period.” The relationships among the

source characteristics and the radiant power are:

.t
g, = | B, at
2 Jo © (1)
dP,
e —l 2
Jo = do, @
aP,
3
Wo aAO cos &, 3)
. = ‘aPO @)
i dwy dA, COS a

where w is the unit solid angle, A, is the area of the source, and a, is the angle

formed by a perpendicular to an element of area dA, and the direction of

em. ssion of the radiant flux. The corresponding relationships among the




characteristics of radiant fiux within the test volume of a solar simulator are:

t
» u = j P, dt
i ) i (5)

au,
i, = dA, cosa,

(6)

dP,
H * R Gosa; (7)

where «, is the angle formed by a perpendicular to an element of area dA; and
the direction from which radiant energy is incident upon dA;. The relationship
between radiance and irradiance for any optical system is:

€' NA, cos o, cosa;
H = Y (])

length between the source of radiant energy aii! the surface whereH is determined.
The relationship between the radiant flux in the test volume of a solar simulator,
P,, and the radiance is obtained by integrating Equation 8 with respect to the

|
where €' is the optical efficiency of the optical system, and 9 is the optical path
. area of a plane within the test volume (A;) and is:

!
€ NA0 cosa, A, cosa;

* | | Py = 52 (9)
|
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Equation 9 states that the radiant flux incident in the test volume is directly
proportional to /the optical efficiency of the system, the radiance of the source,
the préjected drea of the source, and the projected area of the collimator; and,
inversely proportional to the square of the optical path length between the sourcs
and the plane of the test volume where the radiant flux is measured. Figure 1
is an optical representation of a typical solar simulaion systeim of the type
described in this paper.

From an inspection . Figure 1, the following relationships are obtained.
The solid angle over which radiant flux is collected from the sources (w,) is:

A, cosa,
@y = 52 (10)

and the solid angle over which radiant flux is incident on the collimator () is:

_ Ai cos @,
Dy T S 2 (11)
i }

The relationship between 8,, 3, and 3 is:

5, + 8, +z, = & (12)

where z; is the optical path length between the collimator and a point in the test

volume.

R S
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Each of the quantities listed in Table I are also functions of wavelength. The
notation used in this paper when spectral properties are discussed will be in

accordance with Equation 13:

A
2
(Syn\bol)Kz__}\l = J‘ (Symbol)}\id}\

My (13a)
Ny = Ay T M (13b)
AN S A, <A (13c)

where A, is the shortest wavelength for which the quantity is measured, A, is the
longest wavelength, and A, is the value of the quantity for an infinitesimal band-

width centered at A ;.

III. PARAMETERS CHARACTERIZING SOLAR SIMULATOR PERFORMANCE
The parameters which characterize solar simulator performance are iisted
in Table II together with the symbols, units, and nomeaclature for each as used

in this paper.

A. Mean Irradiance, Mean Radiant Flux, and Mean Radiant Energy Within

Test Volume

The mean or average values of ihe radiant energy (U,),, radiant flux,

(P;),, and, irradiance (H), within the test volume in cylindrical coordinzivs




at sorme time t are, from calculus:°3

j U, (r,0,z) dv
v

de
\4

U;), =

H(r,0,2z) dv

v
JdV
v

(H)e =

11

(14a)

(14b)

(14c)

where j dv is the volume integral of the solar simulator test volume,
v

'The mean values of the radiant energy, radiant flux, and irradiance for a

time interval equal to At are:

J:: (U;), dt
;) = <U1>t2-t'1 - t

[
Jo

(15a)
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12
J (P;). dt
0
<Pi> - (Pi>t2-t1 - t (15h)
[
0
f (H), dt
<H> = <H>t2-:t1 = = t (15¢)
[ a
0

The symbol without the subscript, t, - t,, will be used throughout this paper to
represent the quantities of Equations 15a, b, ¢ when the time interval is one

second.

B. Efficiency, Optical, Electrical, and Total

The optical efficiency of a solar simulator, ¢’, is defined as the quotient of
the radiant energy incident upon any plane r, 4, at position z within the test
volume by the total radiant energy emitted by the sources. The efficiency of
the conversion of electrical energy to radiant energy (<) by the electrical
components of the solar simulator is defined as the quotient of the total radiant
energy emitted by the sources by the total electrical energy supplied to the sources.
The total efficiency of a solar simulator, ¢, is defined as the product of ¢’ and
ey or € = ¢' €"and is a function of the transmission, absorption, and reflec-

tion characteristics of the optical components of the system, the effective
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transmission of apertures and obstructions within the optical system, the ef-

ficiency of collection of radiant energy from the sources, the ratio of the useful
. energy in the test volume to the total energy in the test volume, and the con-

version efficiency of electrical to radiant energy for each radiant source. The

efficiency of a solar simulator, ¢, is defined by Equation 16:

) i !
n

n n”
¢ = e'e’ = Z s ViZ T a’ipiZlﬁLiL“im (16)
=1 =1

i=1

where
£, is the conversion efficiency of electrical to radiant energy for each source,
v, is the collection efficiency of radiant energy emitted by each source,
7, is the radiant transmittance of each optical element in the system,
a, is the radiant absorptance of each optical element in the system,
p; is the radiant reflectance of each optical element in the system,
; is the effective transmission of each obstruction and aperture in the system,
Q is the ratio of useful energy in the test volume to the total energy in the

test volume.
n is the number of sources used in the simulator,

. n' is the number of optical elements in the optical system of the simulator, and

n" is the number of apertures and obstructions in the optical system of the

F, simulator. | J

B sttt
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The total electrical power (P,) input to the radiant energy sources of a solar

simulator is equal to:

P, = Z v I, (17)

where V is the voltage in volts, I is the current in amperes, and nis the number
of radiant energy sources in the system.
Total electrical power input to the system is related to total radiant power

output of the sources (Po) and total radiant power incident in the test volume

(P;) as:
€
P, = €"P, = ZTP, (18a) ;
P, = e¢eP;, = €'¢" P, | (18b)

From Equations 7, 15b, 15¢, 17, and 18b, the following relation betWeen system
efficiency, electrical power input, average irradiance and area of a plane in

the test volume is obtained:

<_. Zn: Y I’> | (19)

_ =1
€ - -zHJ) A cosa,

,,,,,,,,,,,
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The parameters of Equation 19 are more easily measured than those of

simulator.

C. Uniformity of Irradiance

i
{
Equation 14 and is more useful for determinations of the efficiency of a solar 1
|
|
|
1
|
|
|

The uniformity of irradiance within the test volume of a simulator (A)is
a measure of the deviations of individual irradiances from the mean value of
irradiance for all positions within the test volume averaged over a time interval
much shorter than any period of system oscillation which would effect the mean
irradiance value,

The definiting equation for uniformity of irradiance is:

_ ‘AH(min) +AH(max)‘ '
A = 100 2<H> (20)

where

9P,
AH(mi_n‘) = <H)— dA; cosa, ) .

1

and,

9P,
AH(max) = aAi cosa, J o - (H) '

1

T —— i s
i o g O i P Ly
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D. Stability of Radiant Flux

The stability of the mean radiant flux within the test volume of a simulator
W), -t is a measure of the variations in radiant flux for the time interval
t, - t, from the mean value of the radiant flux averaged over the time interval
t, =t

The defining equation for stability is:

AP_1 + AP,

(min) i(max)

= 21
‘l’tz,_tl 100 2<Pi>t2—t1 ( )

where

Api(min) = (Pi)tg"‘tl - (at)min ;

and

R

au,
i(maxy — \adt/) ..~ /\Pi>t2-t1

E. Mean Spectral Irradiance

The mean spectrum for all positions within the test volume of a solar
simulator for some time, At, which is much less than any period of system
oscillation which effects the spectrum of the simulator is given by a tabulation
or graph of 'HM versus \; over all wavelengths of interest. For solar simulators, J

the variations of Hy of the solar simulator as compared to Hy of the AMO
i 1
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solar irradiance are of more interest than the tabulations of Hy | of the solar
simulator. For this reason, the data for the spectrum of a solar simulator are
sometimes presented in the form of tabulations or graphs of the percent of the
total energy of the simulator per wavelength interval averaged over the measure-
ment interval and the percentage variation from the corresponding AMO solér
irradiance averaged over the same wavelength interval, The percentage varia-
tion is sometimes represented by the ratio of solar simulator irradiance to the
AMO solar irradiance for each bandwidth of interest. The wavelength intervals
are generally set equal to 10 nm for wavelengths shorter than 1000 nm and 100 nm
for wavelengths greater than 1000 nm when a detailed presentation of the spectrum
is desired.

Measurements are usually made from 250 nm t6 2500 nm. The equations
used to calculate the percent of the total irradiunice per bandwidth Aﬂki for the
solar simulator (S.S., and the AMO solar irradiance (AMO) for each wave-
length interval, A\, contained between the shortest wavelength measured, A,
and the largest wavelength measured, A ; the variation ), between the solar
simulator and the AMO solar irradiance; and the ratio of solar simulator

irradiance to AMO solar irradiance are:

— =y
| H)
AH = 100 —_
M Mo (22)
[ 17 1 _—

e e e e
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A“}\i(s S.)
d))\i = 100 MM(AMO) -1 for
L‘i
AH}\L(AMO) N
d))\i = 100 Tmi(s,S) -1 for i(s.s.) =
-
AH}\i(s.s.)
Ratio = ‘
atio AH}vi(AMO)

F. Uniformity of Spectral Irradiance

DNis.say 2 O\ | (AMO)
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(23a)

(23b)

(23c)

The uniformity of spectral irradiance within the test volume of a simulator

(T}\) at some wavelength A, is a measure of the deviations of individual

spectral irradiances from the mean value of the spectral irradiance at wave-

length \, for all positions within the test volume averaged over a time interval

much shorter than any periods of system oscillation which eifect the spectral

irradiance. The defining equation is:

AH}»i(min) +m}\i(max;

T}\_ . = 100 2<H}\ i >

i

where

(24)
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and

9P, X,

° A"M(max) = <aA1 cosa1>m” <HA,>

G. Stability of Spectral Radiant Flux

The stability of the mean spectr.l radiant flux within the test volume of a

simulator (x}\.) Epmt at some wavelength A, is a measure of the variations in
i _ ,

the spectral radiant flux for a time interval t, - t, from the mean value of the

spectral radiant flux at wavelength A, averaged over the time interval t, - t,.

Tha defining equation is:

Api}\ {(min) +AP5.}\ j(max)

X - 25
( }\ )t _tl 100 2<Pl}\ )t "'tl ( )
| where
Api}\i(m‘in) = <Pl>\>t -ty "\t min;
r , and
% ,
|
1 ) U, |
T Apiki(max) . ot Joax ~<Pi}\i>c2~t.l

:
,’
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H. Collimation or Solar Beam Subtense Angle

The collimation of a solar simulator or solar beam subtense angle is defined
in the same manner as the solar subtense angle, i.e., the solid angle determined
by the quotient of the area of the source array as observed at a point within the
test volume by the distance between source and observation point. The apparent
area of the source array at any point within the test volume is the product of the
magnification of the system (M) and the area of the source array (Ao). When
ilie sources are arranged in a nearly circular array, then the area is proportional
to the diameter of the array. The maximum plane angle (¢) equivalent of the
collimation solid angle (¢, ,..) is generally specified when solar simulators are
discussed. The defining equations for the solid and plane collimation angles of

a solar simulator are:

‘ 2
MAoc;os ay wM(rocc)s “0)

c’;ﬁs ter = 52 ~ T 52 (263)

Mr,cos a, r,
¢ = 2 arc sin 5 = 2 arc tan 3 (26Db)

1

where M is the magnification of the optical system at the point of observation

in the test volume; A, is the area of the source array; ¢, is the angle formed by
the plane of the source array and a perpendicular to the optical axis, & is the
optical path length between the source array and the point of observation in the

test volume, r is the radius of the source array in the prinéipal plane of the
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projection lens array, and §, is the optical path length along the axis between the
principal plane of the projection lens array and the plane containing the surface

. of the collimator,

, I. Divergence or Solar Beam Incident Angle

The divergence or solar beam incidert angie (7y ) of a solar simulator is

ster
defined as the solid angle subtended by a plane parallel to the optical axis of the test
velume and the radiant energy source array as observed at a point within the

test volume. The corresponding plane angle (7) is defined as twice the angle
subtended by a line parallel to the optical axis of the test volume and the point

on the source array, as observed in the test volume, which is lociied mest

distant from the parallel line to the optical axis. The plane divergengs gagle ()

is equal to the sum of the plane collimation angle (¢) and the angle formed by

the line in the test volume which includes the point of cbservation and a line
parallel to the optical axis of the test volume. This apgle is equal to o, of
Equations 6 and 7. The divergence is always equal to or greater than the col-

limation angle. When the collimation angle bisector is parallel to the optical
axis, a; is equal to zero 'degrees an’ the divergence is equal to the collima;cion. ,
The defining equations for the solid and plane divergence angles of a solar

> | simulator are:

MA, cosa, mAZ2 v
Vster = ¢ster + % ster 52 + 4(Azz +l'.2) (27&) J

< o o ";J, s
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r A
Y # 2 arc tan (‘g"?‘+ z> (27b)
\ 1

r

‘ where Az is the distance between a perpendicular to the optical axis at radius
r equal r; and a plane perpendicular to the bisector of the collimation angle at

r equal r, sec a,.

J. Re-reflected Energy

¥
The energy incident within the test volume of a solar simulator which is

reflected back into the optical system by a test object and re-reflected back into
the test volume is termed re-reflected energy (I"). The re-reflected energy is
deterr;lined by the geometry of the simuiator optical system, the test object, and
the reflectivities of the surfaces of the optical componénts of the simulator and
test object. It is generally expressed as a percent of the mean radiant energy
incident within the test volume (<U1>> . The total amount of re-reflected energy
within the test volume of an off-axis simulator is small but can be large for an |
on-axis system. Measuremeiuts of the total energy re-reflected inté the test
volume are difficult since a detector must be used to measure the energy vﬁthin
the tost volume and the introduction of the detector into the test volume intro-
duces perturbations which causes uncertainties in the measurements.' I is de~

s fi'ned by Equatioﬁ 28 where <U 1> is the mean value of the energy in the test -

volume before introduction of the test object and {U;)" is the mean value of the

O A e a E S S
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energy after introduction of the test object.

_ Uy’ _<U1ﬂ
= 100 <Ui> —J (28)

<Ui>’ is a function of the energy at each point within the test volume U; and the
reflectivity of the test object at that point (o,) as well as the reflectivity of the
component of the optical system which causes the re-reflection p, and the trans-
mission of the optical system between the test volume and the optical component

which introduces re-reflections (7). <Ui )’ can be defined by Equation 29:

Uy = Uy + ey 7R L’ U py dV (29)

vnere the integration of the volume interval is over all points common to both

Uj and P

K. Configuration and Dimensions of Test Volume

The configuration of the test volume and the dimensions of the test volume
are determined by the optical system of the simulator. The configuration is the
surface of revolution which encloses the useful test volume and is generally a
quadric surface. A cylindrical coordinate system (r, @, z) is used to describe
the dimensions and configuration in this paper in which z represents the optical
axis, 6 = 0° refers to the vertical with respect to the physical dimensions of the

enclosure housing the simulator and r is the radius of the test volume.
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L. Vacuum

The vacuum obtainable within the enclosure containing the test volume is
expressed in units of torr which is equal to 1/760 of a standard atmosphere or
1.33 x 10”2 Newtons cm” %, The vacuum obtainable within the enclosure has no

effect upon the optical design or performance characteristics of a solar simulator.

M. Shroud

The shroud inside the enclosure containing the test volume of the solar
simulator is maintained at some temperature expressed in degrees Kelvin.
The temperature of the shroud has no effect on the optical design but can effect

the simulator performance by providing thermal energy into the test volume.

N. Contamination

The molecules inside the simulator enclosure which are detrimental to the
reflective and transmissive properties of optical surfaces within the enclosure is
called contamination. These molecules come from vacuum pump oil, and othér
materials which may be located within the enclosure. Contamination manifests
itself by a change in the spectral reflectance or transmission characteristics
of optical components within the vacuum enclosure and may effe -t the measure-
ments of spectrai; irradiance, spectral fidelity, and spectral staility. Con-
tamination can be monitored by placing disks of evaporated alminum within
the encldsure near the optical components and measuring 4i¢ spectral reflectance

at frequent intervals.
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A measure of the contamination present can be obtained by the changes in

spectral radiant reflectance (Aphi) t

or spectral radiant transmittance
2" %1

(A’T}\ )t “t, which occur within a wavelength interval A\ centered at A, within
i/t

a specific time interval (At = t,-t 1) . The change in reflectance or trans-

mittance for a wavelength interval, A\ = A, -~ A, centered at A, is:

Doy, .

A’TA

The change in reflectance (8p), .
2

1

i

ICATCAN

100 ( 1)(;}\ )(t 1)t2J (303»)
n i 1
”7—}\. t, (T}\i t;

100 | ‘zm)t ) ~ (30D)

of the incident

. or transmittance (A7), _
1 2

ty

irradiance (H) ) for all wavelengths included between A and A is obtained by:

(BTY¢ e, = ;\) (31b)
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The contamination of optical components can be expressed by means of Equa-
tion 30 when spectrum is a prime performance characteristic of the test and -
by Equation 31 when total irradiance is the prime performance characteristic

of the test

O. - Angular Aperture and f/no

The angular aperture on the radiant energy source or object side of a solar
simulator (AA,) is the angle subtended by the source array at the principal plane
of the field lens; on the test volume or image side (AA,), the angular aperture
is the angle subtended by the collimator at the principal plane of the projection
lens assembly. The f/no on the object side (f/no,) is the quotient of the focal
length of the collector by the diameter of the source arra& s the f/no on the
image side (f/no)) is the quotient of the focal length of the collimator by the
diameter of the collimator upon which radiant flux is incident. The defining

equations are:

o T AT 2

f/no, = P (32¢)
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f/no, D._,, (32d)

where D, is the diameter of the gource array, f  is the workinyg focal length of
the primary collector, D, ,, is the diameter of the collimator upon which

radiant flux is incident, and f__,, is the working focal length of the collimator.

IV. INSTRUMENTATION FOR MEASUREMENT OF SOLAR SIMULATOR

PERFORMANCE CHARACTERISTICS

A, Total Radiant Energy Measurement Instrumentation

The characteristic of the total radiant energy which is measured is the ir-
radiance. This is measured with several types of total radiation detectors: 1 -
an Eppley normal-incidence pyrheliometer; 2 - an Angstrém compensation
pyrheliometer; and, 3 - a Hy-Cal pyrheliometer. Uniformity is sometimes
measured with a square Heliotek P/N one ohm~cm solar cell of area equal one
square centimeter.

The normal-incidence pyrheliometer consists of a fifteen junction bismuth-
silver thermopile with a thermistor temperature compensating circuit.

It utilizes a circular receiver 5.5 mm is diameter coated with Parson's black
lacquer. The thermopile is mounted inside a blackened brass tube with a dia-
phragm which limits the field of view to an angle of 5°43'30'". The tube is filled
with dry air at atmospheric pressure during manufacture and is sealed at the

viewing end by a removable insert carrying a 1 mm thick quartz crystal window.

g Lyt A 71 T T P
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The resistance of the pyrheliometer is 5100 at 25°C. The time constant of the
pyvrheliometer is approximately twenty seconds and the sensitivity is 1,00 mvolt
per 2.18 x 1072 watts cm™ 2, The pyrheliometer is temperature compensated and
the changes in sensitivity which have been observed for the range of temperatures
10°C to 50°C have been less than one quarter of one percent. The pyrheliometer
has been in constant use for six years and the observed change in sensitivity has
been less than 2% of the initial value,

The Angstrc'im compensation pyrheliometer utilizes two parallel manganin
strips which are sprayed with Parson's black optical lacquer on the upper surfaces
mounted inside a cyclindrical metal tube diaphragmed so that the rectangular
aperature of e;lch strip is 4.2° by 10.6°, The strips are 20.0 mm x 2.0 mm
x 0.015 mm in dimensions. A copper-constantan thermocouple is attached to

each of the strips so that good thermal contact is provided. The thermo-

couples are electrically insulated from the strips. One strip is exposed to
radiant energy while the other strip receives electric'al current. The current
from the thermocouples mounted to each strip is then equalized utilizing a
galvanometer. The process is repeated with the roles of the strips reversed.
Several measurements are averaged to obtain a value for the irradiance. The
irradiance is equal to a constant times the square of the current necessary to

maintain equal outputs from the thermocouples or:

H = cI? (33)
The value of the constant c is obtained by periodic calibrations and is 86.2 watts

em™ 2 amp~2 when H is in watts cm™2 and I is in amps. A variation of 3% from ) |
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the initial value has been ohserved in c. This large change was caused by in-
ternal damage caused by rough handling when the detector was shipped to Ames
Research Center for use aboard the Convair 990 aircraft.

The Hy~Cal pyrheliometer utilizes a proprietary sensor termed an "Asymptotic
Hy-Therm" which is a registered trade mark of Hy-Cal Engineering.m

This congists of a thin constantan disk over a cavity in a heat sink of cop~-
per. The disk is bonded to the heat sink at the periphery of the disk to form the
thermocouple junction. A thin copper wire is attached to the center of the disk
which forms a differential thermocouple between the center and periphery of the
disk which generates a signal directly proportional to the incident radiant flux.%9
The circular sensor is approximately 3 cm in diameter and is coated with col-
loidal graphite. The sensitivity is approximately one m volt per 2.8 x 10”2 watts
cm™ 2 varying about 20% among a group of production pyrheliometers purchased
by the author. The sensor is protected with a window fabricated from optical
grade enartz and has a response time of approximately 0.25 sec. The pyrheliometer
is temperature conpensated for the temperature range 10°C to 50°C.

The Heliotek one cm by one cm P/N solar ¢ell with base resistivity of one
ohm centimeter is mounted on a slide within a metal track two meters in length.
The slide can be positioned at any point along the track by means of a motor and
pulley arrangement. The track is mounted at the geometrical center to a holder
placed within the test volume of the simulator. The track cé,n be positioned to

any desired aﬁgle within + 1 degree by means of another motor, gear box, and
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shaft encoder mechanism. The cell is operated near shoxt circuit current with
an electrical load of 0.2 ohms. The cell is used to measure uniformity and
stability at atmospheric pressure; no problems are encountered which result
from the dependence of near short-circuit current upon the temperature of the
cell,’® The spectral response of the cell covers a bandwidth which is less than
the bxndwidth of radiant energy incident in the test volume. The cell is sensitive
to radiant energy of wavelengths 400 nm to 110 nm. This cell can be used to
measure uniformity because the spectral uniformity of the system is equal to
zero percent. The spectral response and linearity of cell response with ir-
radiance for this cell is shown in Figures 2 and 3,

The ‘&r;gstrﬁm compensation pyrheliometer is used as the basic standard
to calibrate the other detectors. The calibration of the Angstrc’im pyrheliometer
is accomplished periodically by comparison with the primary group of pyrhelio-
meters maintained by the Eppley Laboratory at Newport, Rhode Island which
are compared frequently with the World Mefeorological Organization Standards

d.57"61 The calibrations are based on the

maintained in Davos, Switzerlan
International Pyrheliometric Scale 1956 (IPS 1956) which yields an absolute
accuracy of + 1 percent at worst and most probably = 0.5 percent.62 The re-
producibility or precision of the Eppley group of standards is +0.,29%50 based on
the Davos standaréls. The precision of the Angstrb’m compensation pyrheliometer

is £0.5%. An uncertainty of +1.0% is introduced when the other detectors are

compared to the Angstriim. The precision of both the Eppley normal incidence
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pyrheliometer and the Hy-Cal pyrheliometer is abovt 1,0 percent. This yields
a root mean square (rms) value of the error in the magnitude of the absolute
accuracy of the radiant energy measurement of +1.8% when considerable care
is taken in the standaydization of the secondary pyrheliometers.

The primary standards, upon which the IPS (1965) is based, are:52 1 - the
absolute calorimeter maintained by the Smithsonian Institution which is used
for the calibration of the Abbot silver disk pyrheliometer;63 and, the absolite
ohm and amp which are used for the calibration of the original AngstréSm
compensation pyrhe’lio.nrwsterf"""'ﬁ-5 In each case, the calibration is accomplished
with the sun as the source of radiant flux. Both calibrations assume no varia~
tionsl'occur in the radiant flux from the sun at one astronomical unit (A.U.).

The mechanical equivalent of heat (4,186 joules per calorie) is utilized to relate

the values obtained from the two types of standards.

B, Spectral Radiant Energy Measurement Instrumentation
The spectral radiant energy measuremeni instrumentation measures

6€ with ultrasil quartz

spectral irradiance and utilizes a double monochromator
prisms as the dispersive element. An integrating sphere is mounted at the
entrance slit of the monochromator. The spectral irradiance transmitted

through the exit slit of the monochromator is incident upon one of three de-

tectors which are used to cover the bandwidth of wavelengths. The signals from

each of the detectors ares amplified by a high gain, high sensitivity synchrous
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amplifier67 and subsequently recorded on either magnetic tape or a strip chart,
Calibrat*ons are obtained from a standard of spectral irradiance®®-69 certified
by the National Bureau of Standards (NBS).

The monochromator optical design employs reflective optics for all com~
ponents except the prisms. It is a constant deviation instrument utilizing two
nltrasil quartz prisms, each 50 mm in height and 76 mm across the hypotenuse.
The refracting angle is 32.5°. The incident radiant flux transverses each prism
twice because the rear surface of each is aluminized which results in an effective
refracting angle of 65°. The entrance, intermediate, and exit slits are 10 mm in
height and are adjustable in width from 0,01 mm to 1.00 mm. The height of the
entrance slit can be varied from 10 mm to 1 mam by means of a built-in diaphragm.
The ultimate resolution obtainable with the instrument at 500 nm is 1.00 nm
which corresponds to a linear dispersion in the exit glit of 5 x 10”2 mm per nm.
The stray radiant flux wavelengths, greater or less than 10 nm of the center wave-
length which is incident on the exit slit, is less than one part in ten thousand of the
incident flux from the center wavelength. The integrating sphere is constructed
of two hemispheres each 10 cm in diameter. The entrance aperture is circular
and has a diameter of 2.5 cm; the exit aperture is rectangular and is 3 mm wide
and 13 mm in height. The exit aperture is mounted coincident with the entrance
slit of the monochromator. The apertures are arranged on the surface of the
sphere so that all radiant flux incident through the entrance port is reflected

a minimum of one time by the wall of the sphere before becoming incident at the

o
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exit port. The sphere wall is coated with five mm of magnesium oxide (MgO)
which is obtained by burning magriesium in air. The MgO coating covers ap-
proximately 64 percent of the interior sphere walls, with the remainder of the
area devoted to entrance and exit ports. The MgO coating is of nearly uniform
diffuseness and reflectance. The efficiency of the sphere is approximately five
percent.

A multiplier phototube designated 1P-28 with an S-5 response is used to
detect signals between 250 nm and 700 nm; a 7102 multiplier phototube with an
S-1 response is used between 600 nm and 1000 nm; and, 5 lead sulfide (PbS)
detector is used between 800 nm and 2600 nm. This provides afiequate coverage
of the spectrum to allow scaling factors to be computed at the overlap regions.
The signals from. each of these detectors are amplified with a lock-in amplifier
which is free of zero-drift and zero-error problems. This amplifier allows
the detection of very weak signals superimposed on a high noise background to
an accuracy of ong percent. The gain stability is 1/4 of one percent. The inci-
dent radiant flux is modulated at 11.3 Hz before entering the entrance port of
the integrating sphere for one set of instrumentation; and, is modulated at 33
Hz at the position of the ‘intermediate slit for a second set of instrumentation.

The strip chart recorder has a gain stability of 1/4 of one percent and a pen

error (recording line width) of 1/4 of one percent.

The instrumentation is calibrated with 1000 watt quartz iodine tungsten lamps

certified by the NES. The lamp is zalibrated for a current of 8.30 amperes at
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approximately 120 volts and 60 Hz. This yields a color temperature of approx-
imately 3100°K. A table of the spectral irradiance of the lamp in units of mw
cm~2 nm-! per wavelength bandwidth when the detector is 60 cm from the source
is supplied with each lamp. The lamp current is maintained within 0.01 amp of
the nominal value when the instrumentation is calibrated and is monitored either
with a precision ammeter or a digital voltmeter used with a calibrated shunt.
The distance between the lamp filament and the entrance aperture of the in~
tegrating sphere is measured to an accuracy of one mm when absolute spectral
irradiance values are desired. Radiant ﬂu)';: from the standard lamp and the
source measured is incident upon the identical portion of the integrating sphere
wall for all cases in order to minimize errors which would result from nor;—
uniform diffuseness and reflectance characteristics of the wail material.

The spectral irradiance for the unknown source HM (s.5.) for eack

wavelength bandwidth centered at A, is calculated from Equation 34:

H , - G(std)A v(s.s.)>-H
N (S.8.) G(s.s.) V(std) A (std) (34)

where G is the combined gain of the amplifier recorder combination referenced
to unit amplification, Vis the voltage output from the recorder, S.S. is the
soley simulator or unknown source and std is the standard lamp.

The reproducibility of measurements obtained with this instrumentation is

+1 percent when sources of similar spectral irradiance are measured and
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+5% when large gains (103-105) are introduced by the electronics for either
the standard or unknown source. The uncertainties inherent in the values of
HM (std) furnished with the standard lamps range from 8% at 250 nm to 3% at
2600 nm.59-70 This yields a maximum rms value of the error in the values of
spectral irradiances " 9.4% at 250 nm and 5.8% at 2600 nm when considerable
care is exercised in the performance of the measurement.

The primary standards upon which the spectral irradiance is based are two
blackbodies maintained by the NBS; one operated at 1400°K and the other at
2400°K, The temperatures were obtained by the use of platinum vs. platinum
10 percent rhodium thermocouples for the ?400°K blackbody and an optical
. pyrometer for the 2400°K blackbody. The thermocouple and pyrometer were
calibrated by the Heat Division of NBS. The values of the spectral irradiances of
the blackbodies were obtained from Planck's radiation law using a value of
1.19088 x 10™!?wattcm® and 1.4380 cmK for the first and second radiation
constants respectively. The scale used to determine temper;imre is the
International Practical Temperature Scale (IFTS) which is based on six fixed

points from the boiling point of oxygen to the freezing point of gold.r“"“v3

C. Goniometric Measurement Iustrumentation

Goniometric measuremsits sre chtgined with either a pinhole camera or

theodolite. The pinhole camars ussd consists of a cyclindrical tube 36 cm in

length and 5 cm in diameter. A circular aperature, 1.0 mm in diameter is placed
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at the geometrical center of the tube at one end and a ground glass screen is
placed at the opposite end. Circles are inscribed on the screen corresponding
to planar angles, in respect to the geometrical axis of the cylinder, of 1/2°, 1°,
1-1/2°, 2°, and 2-1/2°. For very accurate measurements of collimation and
divergence a theodolite positioned on the optical axis of the solar simulator
or a line parallel to the optical axis is utilized. The accuracy of the pinhole
camera is ten minutes of arc; and, the accuracy of the theodolite is one second

of arc.

V. OPTICAL DESIGN AND PERFORMANCE CHARACTERISTICS OF

SIMULATOR BEFORE MODIFICATION

A brief description of the optical desig;l ofv the simulator before modifica-
tion is given below. More detailed descriptions exist in the literature.’3~78

The sources for the simulator are mounted to the top of a vertical cyclindrical
tank which ts located adjacent to the horizontal vacuum enclosure. Power supplies
and electronics for each source are mounted in a rack located beyond the en-
trance aperture to the vacuum enclosure, a control console to operate and
monitor the simulator is located nearky. The housing for the optical system
ronnects the source array with the vacuum enclosure by means of a transition
tube which utilizes an optical element to accomplish the vacuum seal. The

cyclinder housing the source array and the transition tube are equipped with

liquid and gas cooling systems to remove thermal energy from the enclosures
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which could damage either the sources or the optical, electronic, and mechanical
components of the subsystems.

An optical schematic of the system before modification is shown in Figure
4, Nineteen 2500 watt high pressure xenon compact arc lamps were used as the
source of radiant energy. Each xenon arc was provided with a power supply,
starter, cables, and electronic control system so that independent operation of
each source could be accomplished. Each source was mounted to the top of the
source tank within an aconic collector and was provided with mechanical adjust-
ment capabilities in three dimensions to enable precise positioning of the arc

plasma with respect to the aconic surface of the collector. The aconic collector

- is a three zone ellipse with a nominal focal length of 385 cm. The clear

aperture of the collector is 25.4 cm in diameter. Radiant flux from the xenon
arc is collebted over a solid angle which includes most of the flux emitted by
the xenon plasma. The xenon plasma is reimaged at the position of the field
lens. The "zoned" ellipse provides a smear focus of the arc plasma at this
position. The uniformity of irradiance in the plane of the field lens is directly
prencrtional to the uniformity which can be obtained in the test volume, The
xenon plasma is smear focused to eliminate the large variations in the radianée
of the source which is characteristic of high-pressure arc lamps. A more
uniform irradiance over the plane of the field lens can be obtained by placing

properly designed uniformity filters at this position in the optical system.

The field lens becomes the scurce for the projection lens assembly and is
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located in respect to the principal planes of the projection lené assembly such
that the image of the field lens is coincident with the plane containing the surface

. of the collimating element. Filters which modify the spectral irradiance of the
image existing in the plane of the field lens are generally placed at a position
near the front projection iens element. The collimating element, which was an
off-axis parabola, reflects the irra‘diance incident upon the front reflecting sur-
face into the test volume of the vacuum enclosure. The field lens and first com-
ponent of the projection lens assembly consisted of seven optical elements each,
Each of the seven elements of the field lens was magnified to the dimensions of
the collimator by the projection lens asseibly. This allowed seven additional
integrations of the radiant flux from the sources to be accomplished before the
flux was incident within the test volume. The more integrations of the radiant
flux from the sources, the more uniform the irradiance within the test volume.
The total number of integrations of the radiant flux is equal to the product of
the number of radiaat sources and the number of elements in the field and
projection lens assemblies or n;, = n_ n where n, 'is the total number of
integration: of the rz;.diant flux, n_ is the number of sources used, and n, is
the number of elements ia the field lens.

The performarize characteristics of the simulator before modification are
[ shown in Table III.

The area of the plane located at the center of the test volume and perpendicular

. to the optical axis was 1.24 % 10% cm?, the radiant flux incident on this plane was
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variable from 3 x 10° watts to 1.6 x 102 watts with no spectral filters in the system
and from 1.8 x 103 watts to 97 watts with seven spectral filters in the system.
The mear irradiance obtainable within the test volume was variable from 8 mw
cm ™2 to 242 mn cm™ by the use of one to nineteen sources and the adjustment of
the power input to the scurces. The maximum irradiance when seven spectral
filters were ingerted into the optical system was 148 mw cm~2, The uniformity
of irradiance within the test volume was five percent. Figure 5 represents the
uniformity of irradiance over a typical plane in the test volume. The solar

cell described above was used to obtain the data. The diameter of the plane was
scanned for 22°30' increments of & starting with &= 0°. The stability of ir-
radiance was one percent for intervals of t greater than 1 second and less than
105 seconds. The maximum plane angle collimation was 4° total or, as more
generally stated, 2° half angle. The dimensions of the test volume, which was a
section of an ellipscid, were: minor axis diameter equal 120 cm; major axis
diameter equal 132 cm; and, depth equal 244 ¢m. The test volume was located
concentric to the center of the vacuum enclosure and cold shroud which provided
a cyclindrical volume within the enclosure with a diameter of 280 cm and a depth
of 460 cm for location of fixtures, collimator, and test objects. The ultimate
vacuum obtainable within the chamber is 10~ 9 torr and the shroud can be main-
tained at any temperature between 77°K and 525°K. The f/no of the collimator,

which was a 43°10' off-axis section of a parabola was £/2 and the £/no on tlie

object side was £/2.8.
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The contamination within the vacuum chamber varies with the test objects
placed within the chamber; the contamination in the chainber as determined by
a change in the spectral reflectance of alumiram (Ap) for the system without-
test objects was: Ap < 2% for each 10 nm spectral bandwidth in the interval
from 250 nm to 2500 nm.

The spectrum of ¢he simulator was: either xenon modified by the optics of
the simulator; or, xenon modified by spectral filters as shown in Figure 6.
The spectrum was invariant with position within the test volume so that the
spectral uniformity was zero percent. Spectral stability was < 5% for tests of
2 x 105 sec or less but became quite large:(40-60%) for some wavelength
bandwidths for tests conducted over a f)eriod of several months. This is dis-

cussed in detail beiow under Simulator Uperational Problems.

VIi. OBJECTIVES, REQUIREMENTS, AND CONSTRAINTS FOR
MODIFICATION OF SYSTEM
The objectives to be obtained through modification and redesign of the
optical system of the solar simulator were:
1 - Increase minor axis diameter of test volume to 180 cm;
2 - Irradiance within test volume to equal 168 mw c¢m™2 with seven spectral
filters in optical system;
3 - Uniformity of irradiance within test volume to equal 5%;

4 - Collimation angle to be <40°;
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5 - Stability of irradiance to be <1% for periods of one second to 105 seconds;

6 - Spectrum of simulator to correspond to spectrum of AMO solar irradiance
. for spectral intervals of 10 nm to 1080 nm and intervals of 100 nm from
1000 nm to 2600 nm as shown in Equation 35:

(H)(400 nm - 250 nm)g ¢ |
1.40 _>.. <H>(400 nm — 250 nm)AMO .‘Z_ 0.60 ; (353)

(HY(700 nm - 400 nm)g .

1.10 2 GHY (700 nm - 400 nm),,., = -9 (35b)
(HY(1000 nm =700 nm)g .
‘ 1.20 2 ZHY(1000 nm - 700 nm),,, = 0-80 (35¢)

(H) (2500 nm - 1000 nm)g, ¢
1.30 2 Zg}(2500 nm - 1000 nm),,, = 070 (35d)

7 - Spectral uniformity to equal zero percent;
8 - Spectral stability to be <5% for periods of one second to 10° seconds;
9 - Re-reflected energy to be <2%.
The requirements imposed upon the optical redesign were:
1 - Increase minor axis diameter of test volume to 162 cm;

. 2 - Irradiance within test volume to be >1.40x 10™! w ¢cm™? with no spectral

filters in the optical system;

3 - Spectrum to be spectrum of xenon modified by optical system; J
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4 - Uniformity of irradiance to be 10% for test volume 162 cm in diameter
and 80 cm in depth;

5 ~ Stability of irradiance to be <1% for periods of 60 seconds to 105 seconds;

6 - Collimation angle to be <6%

7 - Spectral uniformity to be <10%;

8 - Spectral stability to be <10% for periods of 60 seconds to 2x 10° sec.

The constraints imposed upon the modification of the system were:

1 - Vacuum enclosure not to be enlarged;

2 - Source housing not to be enlarged or repositioned with respect to Qacuum
enclosure;

3 - No modifications to bé made to vacuum enclosure or thermal shroud;

4 - Test volume to remain concentric with axis of vacuum enclosure within
fifteen cm;

5 - All components of existing system to be utilized insofar as possible
except for new collimator nnd new sources of radiant energy;

6 - Solar simulator to remain operational throughout modification excebt
for period of 21 days when new collimator would be installed;

7 - Modification to be completed within’ 120 days;

8 - Modification to be accomplished with no increase in man power and
limited increase in budget;

9 - Whether modification was successful or not, a solar simulation test had

to provided for spacecraft Radio Astronomy Explorer-A (RAE-A) before
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scheduled launch date which was 150 days from the start of the modifica~
tion. Test to be performed with existing solar simulator system if the
requirements of the modification were not accomplished iu time for the

RAE"A tGSt °

VII, MODIFICATION DESIGN ANALYSES, SPECIFICATIONS, AND FINAL DESIGNS

A, General

The performance specifications which were required of the modified system
dictated the procurement of a new collimator and new source of radiant energy.
The new source of radiant energy required modification of the power supply,
starter, cables, and electronics control system assgociated with each source.
The new source introduced additional radiant energy onto components of the
system which required modifications to the liquid and gas cooling systems.
The new optical design required mechanical modifications to the transition tube
between the source housing and the vacuum chamber. The specification and
procurement of a new colllimator were identified as the most critical items in
the modification. Qualification of a new source of radiant energy and the speci-
fication of the optical design » be used in the modified system were identified ”
as the next most critical items, The taodifications to the electronic, thermal,
and mechanical sub-systems and components could not be specified until the

new source was qualified; and, the optical design was established within reason-

able limits.
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B, Collimator |
The schedule for completion of the modification negated the procurement of
' an off-axis parabola for the collimating element. The surface of the collimator
whick could be manufactured within the schedule had to be spherical. The di-
mensions of the collimator were established by the geometry of the existing

enclosures of the solar simulator system, the mechanical stability of the ma~

|
{
’ terial of the collimator, and the design requirement for the minimum diameter

of the test volume, The material from which the collimator was to be formed

was to be government furnished equipment (GFE) to the vendor who contracted

to manufacture the collimator., A disk of radius r and thickness z would be GFE

to the vendor. The radiug of the disk was determined fromn Equation 36:

S S ri(ﬁin)
Tvae 2 Yo 2 Feol1 2 ~Cos v (36)

where r, _is the radius inside the shroud of the vacuum chamber, r is the

radius of the useful portion of r .oy, is the radius of the collimator, r,is

vac?
the minimum radius regquired in the modified simulator and  is the angle a
: normal to the center of the collimator forms with the optical axis of the solar

simulator test volume. Values for r, ., r,, and r; were 145 cm, 120 cm, and

81 em respectively., ¢ was limited to 21° & 1° by the mechanical restraints of

the modification, i.e., no modifications to be made to vacuum enclosure and

position of source housing with respect to vacuum chamber to be invariant.
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These values were substituted in Equation 32 for the worst case condition of

\ which was 22° as:

145 Cm_?_ 120 cm_>_rco“_?_’927'18 = 87.4 cm .

The radius of the collimator which was procured was 116 cm. The thickness
of the disk was determined by the material of the collimator blank and the
diameter of the blank. Past experience with the existing collimator, which was
constructed of 6061 aluminum, indicated that aluminum should be used for the
new collimator. The collimator would be attached to a mounting frame inside
the vacuum chamber at three points. The approximation was made that the |
ceater of mass of the disk before forming would equal the center of mass after
forming. The displacement of any point on the surface of the collimator from
the equilibrium position could not exceed one minute of arc or 2.88 x 1074
radians. The ratio of stress to strain was calculated for elements of the sur-
face which were maxima and compared to the values of elastic moduli for 6061
aluminum. The calculations indicated that ten cm of 6061 aluminum would be
sufficient so that the displacement of any point of the surface would be < 2.88 x 10~ 4
cm per cm,

. The thickness of the bilank which would yield a collimator with ten cm thick-
ness at the center would depend upon the method of fabrication. Three methods
were possible, machine to proper contour, form proper contour by bumping

technique, or form by explosive technique. The first method would require a
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|
|
|
blank of thickness >> 10 cm and would increase weight by an undesirable amount. {
The latier two techniques had not been used in fabrication of components as large {‘

as 232 ecm in diameter but had been used for much smaller components. ticher

of these latter techniques would remove a minimum of material so that a 10 cm 1
thick blank could be used. The bumping technique involved pounding the surface ‘
into the proper shape and the explosive technique involved igniting a charge of }
high explosive at the proper distance from the blank inside a suitable enclosure.
Each of these techniques involved the risk of blank destruction but each had the ‘
advantage of nﬁnim;zing weight, cost, and fabrication time. The blank pro- 1
cured was 234 cm in diameter, 10.2 cm thick and weighted 1180 kilograms. The
material was 6061 aluminum. The initial forming was accomplished by use of 1
the explosive technique which yielded the required radius of curvature without i
additional machining. The surface of the blank was Kanigen plated after forming |
to a thickness of 0.155 + 0.025 mm in order to obtain a more suitable surface
for optical polishing.! The collimator was coated with evaporated aluminum
after it was placed within the vacuum chamber of the simulator. No protective
overcoat was applied because the collimator can be realuminized whenever
the reflectance drops below an acceptable level more economically than it
could be cleaned if the surface were protected by an overcoat. Not using an
overcoat offers the additional advantage of increased reflectance at all wave-
lengths with a consequent increase in efficiency of the system. The spectral

radiant reflectance of the surface, of the mirror is about 2% less than that obtaired

1Collimator was fabricated by Tinsley Laboratories, Inc., Berkeley, California on Contract NAS-5-14337
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for aluminum deposited upon glass or quartz which would be equivalent to an
integrated absorptance of about 10%. Figure 7 is a photograph of the collimator

mounted inside the vacuum enclosure,

C. Optical System

Solar simulator optical design differs from most other design of optical
instruments in that a faithful representation of the source in the image plane
is not desired but rather a transformation of the source into an image of uni-
form irradiance is desired. Solar simulator design is similar to searchlight
design in this respect.79"83 Uniform irradiance within the test volume is ob-
tained by reimaging the source within the optical system in such a manner that
an area of uniform irradiance is obtained. This image then becomes the object
for the projection lens assembly which is located in respect to the collimator
so that uniform irradiance is obtained in the test volume. Irradiance which is
invariant with position along the z axis can be obtained only when the secondary
source is imaged at infinity by the collimator projection lens combination and
the variation of z is less than or equal to a functional relationship of the radius
of the collimator, the angle a normal to the collimator forms with the optical
axis of the test volume and the collimation angle of the simulator or, to a first
is:

approximation, z

i(uniform)

@;

: < -
Zi(uniform) = r(coll) cos y ctn 2 (37)
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where z. is the range of z over which irradiance is uniform with the

i(uniform)

origin of z at the collimator, Yis the angle formed by a tangent to the surface
oi the collimator and a perpendicular to the optical axis of the test volume and
is equal to one half of the off-axis angle at which the collimator is placed.

Substituting the values »f r__,, = 81 cm, cos = 22° ctne,/2 = 3%Z;

(uniform) (minimﬁm) is:

z = (81 em)(.927)(19.1) = 1432 cm .

i(uniform) ;..

The radius of the test volume with uniformity = 0% at any point z, will be:

;
r.v. = Teor1, COS ¥~ Z; tan 7 (38)

The geometrical requirements for the modification were:

rp y, 2 8lcmfor z; between 157 cm and 237 cm (392)
w; < 6° (39b)
Fry. o Tehy M (39¢)
20° <y<22° (39d)

where ry . is the radius of each element of the field lens and M’ is the magnifica-

tion of the system hetween the field iens and the test volume.

The geometrical constraints on the modification were:

Az S 304 cm (distance from collimator to field lens) (40a)
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red, 2 20 em fixed by coilector design (40b)
(Ar(oz) £ 15 cm) (40c)
§,+8, ® 8, +8, (before modification) £1094 cm (4.04)
field lens to be aperture stop of system (40e)
collimator to be field stop of system (409)

Equations 33-36 were the basis for the optical redesign of the system. Sub-
stitution of the requirements of Equation 35 into Equation 34 showed that the
desired radius of the test volume could be achieved by imaging the fieid lens
on the collimator. However, a ray trace of the system indicated that the shroud
inside the vacuum chamber would become the field stop for the system unless the
position of the field projection lens array was changed. The field and projection
lens assembly had to be repositioned 60 cm toward the collimator in order for the
shroud not to become the field stop of the system wliich was within the constraint
imposed by 36a.

The relocation of the field-projection lens array allowed the calculation of
the focal lengths and apertures of the field projection lens array to be ac-

complished by use of Equations 41:

_ tan wy
Mang ~ tan Wy (413-)
8‘1
M = -5 (4 1b)

where »; and o, are the plane angles corresponding to Equations 10 and 11 and

8, and 3,' are the object and image distances of each optical component of the

system. The requirement of uniformity £10% for a test volume of radius 81 cm




50

and depth 80 cm imposed upon the modification also had to be considered in the

calculation of the optical characteristics of the field, projeéction, and collimator

(OM) 0 fOr all points within the total volume or:

tan @

tan
M s tan w, -
ang éMnng ' 0

M, (42)

p
=M

|
|
l
. elements. This was equivalent to a £10% variation in angular magnification
Tang
Calculations of the uniformity obtainable with various optical configurations
were performed by computer using Gaussian optics.* The field lens which was
the secondary source for the system was assumed to radiate as a series of
. point sources onto equal areas of the collimatoxj.. Each of these areas of the
collimator was traced into the test volume. A comparison of the ratios of the
areas in the various planes of the test Volu.me.' indicated the uniformity which
would be obtained with the optical parameters introduced into the calculations.
Similar traces of the skew rays were also made. The field-projection lens ar-
ray which resulted from these calculations is shown in Figure 8. The optimum
optical design which resulted from these calculations is shown in Figure 9. The

field lens array is imaged at the plane BE which is determined by the intersec-

tion of the marginal rays from the outer elements of the projection lens assembly.

each element of the field lens. The uniformity of irradiance on this plane

approaches #zero and is limited by imperfections in the optical system and the

*Performed by Spectrolab, Division of Textron, Inc., Sylmar, California on contract NAS-5-9244.

This results in irradiance on plane BE which is conjugate to the irradiance on 1




uniformity of irradiance obtainable oy h field lens element, The nominal 1
beam diameter is defined by the marginal rays emanating from the central ‘
element of the field lens. Uniformity along the z axis is a strong function of
pogition as can be seen from the figure since the marginal rays from the outer {
elements of the field lens diverge rapidly beyond plane BE with a consequent ‘
reduction in the diameter of the usable test volume. Each element of the field

lens provides irradiance over a cone angle equal to the off-axis angle of the

collimator, consequently each element of the iield lens irradiates a portion of

the collimator with only the central cone angle, equal to the off-axis angle, being

irradiated by all of the elements. The optical path lengths for radiant energy

emanating from each of the field lens elements to any plane perpendicular to

the optical axis of the test volume vary by approximately 8% which increases

the value of the uniformity of irradiance.

D. Radiant Energy Source

A xenon compact arc high pressure lamp rated at 2500 watts was used in the
simulator prior to the modification. A xenon arc was selected because of the
spectral radiance and operational characteristics of the lamp. These sources
have been reported in the literature. 3492

The radius of the minor axis of the test volume was required to be increased

to 81 cm from a previous value of 60 cm. The assumption was made that the

efficiency of the system after modification (¢ ) would be related to thekefficie.mcy’




of the system before modification ¢, within the limits showr in Equation 43:

6, %€, 2 6y (0.70) (43)

A mean irradiance of ,140 w ecm”? was desired in the test volume with a
maximum of seventeen lamps providing radiant energy. Two lamps were to be
available in case of a malfunction during a thermal balance test. Equation 17
shows the relationship hetween electrical power input to the system as a func~
tion of the efficiency of the system, mean irradiance and area of the test
volume, The increase in area (8A) of the test volume was obtained from

Equation 44:

r2-p2
A = (....a, ,,")sz (44)

r?

N

Substituting the minimum value for efficiency shown in Equation 43 along with
thie increase in area of the test volume determined by Equation 44 and the re-

quirements listed above into Equation 19 yields:

i

0.70 €, ) 0,70 €y

17 140 mw cm™2 (A, +DA) cos a; (. 140 mw cm™2)(1.82 A,) cosa,
E Vi I
i=1

. 364 A, cos a;

(45)

€y
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r
The values for A, and €, were 1,24 x 104 cm? and 6.5 x 10”2 respectively.
{ Setting cos a; = 1 we obtain:
- (.364)(1. 24 % 10%)
« = . A = 4 .
;Vi Y cEx 10°7 6.94 x 104 watts (46)

The wattage (W) required of each lamp is then this value divided by seventeen

or:

., 4
i W= 6.94 x i(% watts 4082 watts (47)

The worst case condition would require a source rated at 4082 watts to obtain
1.40 x 10"} watts cm™? within the test volume with no spectral filters in the
system, The comparable value for the lamp with seven spectral filters in the
system is 6632 watts.

The only xenon compact arc which was available commerically which could
be used without extensive modifications to the lamp cage and collector was
rated at 4200 watts, since this lamp would provide sufficient radiant energy to

. meet the requirements of the modification, it was selected for use in the modi-
fied system. The lamp is 41 cm in length with a bulb diameter equal 61 cm,
operates at 30 volts zuil 140 amperes at rated wattage, requires 50 K volts

ignition voltage, and will withstand 200°C temperature on the quartz to metal

seals at the electrodes. The effective area of the arc is an ellipsoid with
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|
|
1
|
major and minox diameters of 6.0 mm and 1.6 mm. The lamp can be dperated 1
from 1800 watts to 4600 watts and has % rated life of 1000 honrs, {
’ The spectral irradiance of one of these lamps was obtained at the following |
intervals: 0, 24, 48, 136, 216, 428, 520, and 652 hours total elapsed operation 1
time. The lamp was oparated at a constant power of 3660 watts with the current
maintained & 138 + 2 amperes. The radiant energy from the lamp was collected
over a solid angle of 5,41 x 10™% 7 ster and compared to a standard of spectral
irradiance obtained from the National Bureau of Standards. The Leiss instru-
mentation described previously was used to obtain the data. Figure 10 shows
the spectral irradiance of the lamp att <4 x 10°% sec; t < 105 sec; t <106 sec;
and t < 2 x 106 s..-, The lamp exhibits a rapid spectral diminution for wave-
lengths <600 nm during the first 24 hours, or 4 x 103 sec, maintains a nearly
constant spectrum for the next 100 hours, (t <10 ¢ sec) decreasing to the
spectrum shown for 312 hours (t <10° sec) which remains constant to 520 hours,
(t <2 x 106 sec) then another rapid diminution of the spectrum begins. This
study indicated that the useful life of the lamp is about 500 hours and that the
lamp should be operated for 24 hours before spectral measurements of the ir-
radiance in the test volume of the simuiator are obtained to allow for the initial
diminution uf the spectrum below 600 nm., -
. The geometry of the lamp, viz.,the limitations imposed by the anode and
cathode, is such that radiant energy is radiated into a solid angle ¢ upproxi-

mately 2,77 steradians. The surface area of the arc which provides this radiant
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energy is approximately 2.83 x 10°! c¢m?2, The radiant flux from the lamp
averages 1890 watts, the radiant intensity averages 23 watts ster~! and the
radiance averages 788 watts cm™2 sier~!. The conversion efficiency of electri-
cal energy to radiant energy for the lamp is the quotient of the radiant flux by the

electrical power or approximately 0.45.

E. Electronic

The source of radiant energy to be used with the modified sysiem required
a current input to the source and operating voltage for the source to be within

the limits of Equation 48:

28 volts < V., < 32 volts (48a)
60 amps < I, £ 160 amps (48b)

The power supplies, starters, and cables before modification, were limited

to a maximum current of 110 amperes and provided voltages in excess of

those specified by eguation 48a. The power supplies were mounted in a rack
located near the source housing with individual shelves provided for each supply.
The starters were located on the top of the source housing and were connected
to the power supplies with a cable approximately 6 meters in lengti. The
mudification to the power supplies was accomplished by the installation of new
power transformers, filter chokes, silicon controlled rectifiers, and rectifier
diodes. The only complication in the modification was the requirement

to package the new components into the same space occupied by the old
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components. The complication was thermal, not electrical in that the new compon-
ents generated more thermal energy which had to be dissipated. Two small fans
. were installed to furnish air to the heat sink of each supply and performed' ade-
quately. New cables with a current capacity of 160 amperes were installed in the
system. The same starter was used for the lamps as previously with a parallel
circuit consisting of a shorting bar and solenoid installed which provides a con-
‘l duction path for more than 80% of the current to the lamp after la.ap ignition is ac-
complished. The ignition of the lamp activates the solenoid which completes the
parallel circuit by pulling the shorting bar into position. The electronic control
system consists of an error amplifier, radiant flux sensor and control circuitry
to control the current output either as a function of some predetermined current
or as a function of some predetermined radiant flux incident upon the sensor,
These two modes of operation are referred to as current mode and light mode
rospectively. In the current mode of operation,lamp current is maintainedat a
predetermined level by a frequent comparison of the potential difference
across a shunt internal to the power supply and a stable reference potential
difference. Constant current is maintained by the control circuitry which varies
the firing angles of threze silicon control rectifiers in a three phase bridge
network. In the light mode, the irradiance incident upon the sensor generates
a voltage which is compared to the reference voltage by means of a feed back
loop with the error amplifier and the current is adjusted by the control circuitry

as before to maintain a constant voltage output from the sensor. The sensor is
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provided with circuitry so that the position of the sensor in respect to the source |
of radiant enexrgy is not critical and the voltage generated by the sensor can be
‘ adjusted to any value which is convenient for comparison to the reference

voltage.

F. Thermal
| The source housing and transition tube is cooled by a recirculating gas
system and a heat exchanger. Figure 11 is a photograph of the source housing and
Figure 12 is a photograph of the transition tube with cover installed. The heat
exchanger coils, the holder for the field lenses, and the turning flat inside the
source housing are provided with a liquid recirculating cooling system connected |
to a cooling tower located outside the building. The tower operated near rated j
capacity before modification of the system when the outside air temperature |
exceeded 30°C. It was immediately obvious that the thermal capacity of the
cooling system would have to be increased. The additional thermal energy

which had to be dissipated was approximately that given by Equation 49

Y] wa ~
AU'I‘hermal = UThermal(b) (Tv-b_—]> = 0.68 U'[‘hermal(b) 49)

where W, and W_ is the power input to the sources before and after modifica-~

{
tion. The components of the system dependent upon the cooling tower liquid to o

peratures were: field lens assembly, seal lens flange, source holder, blower

maintain operational temperatures at less than the maximum permissible tem- J
o
|
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motors, turning flat, and heat exchange coils. The flow rate of gas through the
source housing could not be increased without major modification to the source
housing, heat exchanger, and connecting ducts. The components of the system
dependent upon the recirculating gas system were: 1 - source of radiant energy;
2 - aconic collectors; 8 ~ light sensor in control circuit of power supply; 4 - trans-
fer optics assembly; and 5 - transiticn tube connecting the source housing to

the vacuum chamber. The transfer optics and trunsition tube obtained additional
cooling above that provided by the gas recirculating system: flow by means of two
blowers which directed gas within the source housing onto the components.

The flow rate obtainable with the gas recirculating system was not sufficient
to provide adequate cooling of the aconic collectors with a 4200 watt source.
Additional cooling was provided to each collector by bonding 6.4 mm diameter
copper coils to th(;, rear surface of the collector. Bonding was accomplished
with a high temperature epoxy cement. A solenoid value was placed in series
with each inlet supply line to the collectors to control the flow of coolant.

The heat exchanger was provided with additional coils which doubled the
effective area for thermal energy transfer to the coolant.

The materials of the liquid coolant system were fabricated of materials
which were compatible with water, ethylene gylcol, or liquid nitrogen.

The liquid circulating subsystems are connected in parallel with coolant
either from the cooling tower or water lines in the building so that the capacity

of the cooling tower is not exceeded. Coolant is supplied to the subsystems at
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pressures in excess of 5 x 103 gm e¢m™? through the use of pumps installed in the

. supply lines.

The transfer of thermal energy from the electrodes of the radiant source
to the gas recirculating through the housing is a function of the electrode sur-
face area and velocity of gas flow. The velocity of the gas provided by the
blower of the heat exchanger was too low to provide sufficient thermal energy
transfer between the electrodes and the gas to maintain the temperature of the
electrode <200°C. Additional surface area was provided for the cathode of
each source instead of increased velocity of air flow. A small fan located near
the cathode would be required to provide the additional gas velocity required.
This would introduce an additional obstruction into the system which would de-
crease efficiency and engender additional thermal problems. The additional
surface area was obtained by mounting ten brass fins, each 6 cm wide by 8 cm
long by 0.25 mm thick, in good thermal contact with the cathode of the lamp.
Each fin is mounted perpendicular to the direction of emission of radiant
energy from the collectors. The obstruction factor for the fins of each lamp
is less than 5 x 10”3, The addition of the fins to each lamp resulted in a re-
duction of 50°C or more in the equilibrium temperature obtained by the cathode
of the lamp. Figure 13 is a photograph of a lamp assembly with the cooling
fins installed. Figure 14 is a photograph of the source array showing the water
cooling coils added to the collector, source base plate, lamp cage, starter posts,

and adjustment controls.
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The transfer of thermal energy from the turning flat to the coolant is ac-
complished by circulating the coolant through copper coils attached to the rear
of the mirror. The mirror is constructed of aluminum which is nickel plated
by the Kanigen process to a thickness of 1.55 % 0.25 x 10™! mm. The reflective
surface is evaporated aluminum of thickness equal 70 nm with a protective over-
coat of SiO, of thickness equal to one half wave at 560 nm. The coating of the
mirror reflects on the average aboui 85% of the incident energy and absorbs
15%. The equilibrium temperature obtained by this mirror before modification
was 20° = 3°C. The equation of heat flow for thermal equilibrium conditiong?3-94
indicated that the change in temperature between the front face of the turning
flat and the coolant was directly proportional to the energy per unit time inci-
dent upon the surface of the mirror and inversely proportional to the constants
of the material. Therefore, it was assumed that empirical data could be used
to predict the equilibrium temperatures which would be attained by the com-
ponents after the modification since the only change would be an increase in the
thermal energy incident per unit time upon the component.

Empirical data which had been obtained for several values of electrical
power input indicated that the maximum temperature rise of the mirror would
not exceed 5°C with the projected 68% percent increase in electrical powe:
input. Similar data for the field lens array and vacuum seal flange indicated

no modification to the thermal control systems for these components was

necessary.




The temperatures achieved by these components after the modification

verified the previous empirical data as no deviations greater than £2°C from

. those predicted were obtained, Temperature vs electrical power to the system
for each of these components plus a typical collector are shown in Table IV.
An inspection of this table indicates that all of the components are attaining
equilibrium temperatures which are less than the established minimum allowable
temperatures. The temperature attained by the atmosphere of the source
housing can be further reduced by the circulation of liquid nitrogen through heat
exchanger coils of the source housing thermal control system. This has not
been done to date because the cooling fins installed on the negative seals of the
radiant energy sources have maintained the seal temperatures at an acceptable
level. The temperature of the projection lens array could be reduced by the
addition of water cooling coils to the lens holder. No problems have resulted
from the temperatures attained by the projection lens to date. The thermal

systems provide adequate capacity to dissipate the thermal energy which would

result if the sources were operaied at 5000 watts,
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G. Mechanical

A new transition tube was necessary hecause of the revised optical design
which resulted in a movement of the field and projection lens assembly 60 cm
along the optical axis toward the collimator. The rear element of the projection
lens was the vacuum seal element of the system before modification and was
placed at the position of the penetration into the vacuum chamber, Figure 15
is a photograph of this tube installed in the system as seen from the test volume.
The images of the source array in each of the projection lens elements can be
geen in this view. The optical redesign required two vacuum seals to be ac-
complished with the disadvantage that the field and projection lens assemblies
would not be accessible for adjustment without the aid of some mechanical link-
age mechanism. The mechanism was designed into the system which allowed
accurate positioning of each of the elements of the array. The transition tube
was constructed of 9.35 mm thick stainless ste;al which was rolled into a cyclinder
60 cm in length and 42.5 cm in diameter. Flanges werc installed at either end of
the cyclinder to accomplish the vacuum seals. An indium seal was used at the
position of penetration into the vacuum system and the quartz lens with a silastic
gasket* was installed on the other end. The temperature limits for the indium

and silastic seals are 156°C and 200°C respectively.

*Gasket molded from 916 silastic manufactured by Dow Corning
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Vil., PERFORMANCE CHARACTERISTICS OF MODIFIED SIMULATOR ‘
The performance characteristics of the modified simulator are listed in {

. Table V., The area of the plane located at the center of the test volume and per~

|
pendicular to the optical axis is 2.42 x 10 4 em?2, the radiant flux incident on this ‘
plane is variable from 4 x 103 watts to 2 x 102 watts with no spectral filters in ‘
the system and from 2.7 x 103 watts to 1.4 x 102 watts with seven spectral filters ‘
in the system. The mean irradiance within the test volume with no spectral

filters is variable from 8.6 mw cm™2 to 164 mw cm™2. This variation is obtained

by the use of one to nineteen of the sources and the adjustment of the current input

to each of the sources. The mean irradiance with seven spectral filters in the

optical system is variable from 5.9 mw cm ™2 to 113 mw cm ™2,

The uniformity of irradiance within the test volume is 10%. The uniformity

of irradiance for the plane perpendicular to the optical axis located at z = 250

cm is 1.9% and is shown in Figure 16. The view is from the rear of the test

volume looking toward the collimator, the minor axis of the test volume is the

plane defined by ¢ = 48°38' and 228°38"', the major axis is the plane defined by

@ = 138°38' and 318°38'. The off-axis angle of the collimator is indicated by

s in the figure and is equal to the angle fcrmed by the vertical with respect to

the vacuum enclosure and the major axis of the test volume. Contours are
shown for areas in wich the variation of AH from (H) is 107° watts cm™?. The
stability is 1% for periods of ong¢ second to 24 hours. The collimation is 3° for

any point within the test volunie; the divergence is <5°. The test volume is a
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section of an elliptic paraboloid with minor axis 86.5 cm, major axis 89 ¢m and

depth 244 cm. The optical axis of the test volume is parallel to the geometric

axis of the vacuum chamber and is the line defined by r = 1.8 cm, § = 270°

when r = 0 is the geometrical axis of the vacuum chamber and & = 0° as shown

in Figure 7. The ultimate vacuum obtainable in the chamber remained constant

at 10~? torr. The temperature range of the shroud also remained constant,

77°K to 523°K. The modifications performed had no effect on the contamination
present in the system which remained constant, i.e., no changes in spectral
reflectance >0,02 for 10 nm bandwidths to 1000 nm and .100 nm bandwidthe to 2500 nm
of an aluminum sample located within the vacuum enclosure.

The spectra cf the simulator with no spectral filters and with seven
spectral filters in the optical system are shown in Figure 17 along with tﬁe
AMO solar irradiance. The correlation of Hy (s.s.) to Hy (AMO) is much
better than that obtained with the unmodified simulator for both spectra. The
spectral uniformity (T) of the simulator is 0%; the spectral stability (X) is less
than 5% for periods less than 2 x 105 sec. Spectral stability is an extremely
critical parameter for most solar simulation tests and is discussed in detail
helow under Operational Problems.

The re-reflected energy 1s less than or equal to 2% over 75% the test volume.
The portion of the test volume included within the planes defined by the re~
reflection line of Figure 5 and the test volume diameter at & = 90° can introduce

re-reflections from this portion of the test volume to the collimator and back
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into this portion of the test volume. The maximum energy that can be re-

reflected within this portion of the test volume is deteymined by the geometry

. and spectral reflectance of the test object. The general formula for the com~
putation of this energy has been given as Equation 29, The maximum value of the
reflected enaergy observed to date with a test object located within the portion of

the test volume which can introduce re-reflections from the collimator is 3%.

IX, CRITIQUE OF PERFORMANCE CHARACTERISTICS OF |
MODIFIED SIMULATOR
The performance characteristics of the modified simulator equal or ex~
ceed the re'quirements imposed vpon the modification, However, the constraints
imposed upon the modification compromised the performance characteristics
which are possible to achieve with this type of simulator. In particular, per-
- formance was compromlsed by these constraints:
1, Vacuum enclosure not to be enlarged;
2. Source housing not to be repositioned with respect to vacuum enclosure;
3. No modifications to vacuuia enclosure or thermal shroud;
4, Same aconic collectors to be used; and,
5. Modification to be completed within 120 days.
v The constraints imposed by one through four of the above determined the

geometry of the system. Item 4 was not compatible with items 1 to 3 with the

result being a loss in efficiency of the system. The efficiency of the system was ﬁ
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i
reduced approximately 256% (from .065 to .048) by these constraints in that the {
collectors were sised to form an image of each radiant energy source at a dis- ‘

. tance greater than the initial position of the image by 60 em. The collector

l

7

I design gives maximum eificiency of radiant flux transfer from object to test
volume at the original position which corresponded fo an optical pathlength of
|

|

385 ecm from arc plasma to field lens, The collectors could have heen used

|
|
|
to form an image at this optimum position if modifications to the thermal shroud
and vacuum enclosure could have been accomplished.

An additional serious effect of this refocusing of the image of the arc by the

collector was the non-uniformity of irradiance over th. field lens elements |
obtained at this new position. A uniforraity “ilter had to be placed in the optical

system in order to meet the performance requirements of the modification,

Uniformity of 6% was obtained in one plane and of 15% in the required test

volume before the filter was installed. One filter is used at the position of the

center element in the field lens array. The effective system transmission of

this filter is 0.92 which also reduces the efficienyy of the system. The filter

is a series of concentric circles with density increasing toward the center.

The filter is formed from vapor deposited platinum with a protective coating of
one half wave of 8iO, at 560 nm. The substrate is ultra-violet grade quartz.

The spectral transmission of a filter of this type with + = 0.69 at 560 mm for

0, 24, 1000 hours is shown in Figure 18, The shape of the spectral transmission

curve is Invariant for the range .06 < = <.90, The filter is shown in Figure 19
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and consists of 9 zones with the outer zone having no material deposited upon ]
the quartz. The transmission at 560 nm of each zone progressing toward the {‘
. center is: .92, .84, .75, .66, .58, .50, .42, .27, and .17. The collimator f/no ‘
is 1.4 compared to £/2 previously which accentuates the effects of optical ‘
component imperfections upon uniformity, both spectral and total. However, 1
the quality of the optical components in the modified system is such that min- {
imum deterioration of performance has resulted from this low £/no. The ex- |
ceptional quality of the collimator surface is the prime factor contributing to
the uniformity, both epectral and total, obtainable with the modified system. 1
Uniformity in depth can be aclieved with a high f/no system utilizing a ‘
spherical collimaicz or with a parabola in a low £/no system. Constraint
no. five negated the procurement of a parabola which resulted in the rapid
change of irradiance with pogition along the optical axis of the test volume.
The cost of the total simulator system is a function of the f/no of the system.

The higher the f/no. the larger the vacuum enclosure becomes and the greater

the distance between source and test volume. This results in additional expenses 1
for building and chamber modifications as well as the utilization of additional
laboratory space for the housing of the simulator. Uniformity in depth com-

parable to the planar uniformity obtainable with the modified simulator utilizing

the present spherical collimator would involve expenses equal to the cost of the

system before modification.
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However the present spherical collimator could be refigured into a para-
bola at a fraction of the above costs. Based on past experience, uniformity
throughout the test volume would be 2% or less if a parabola of excellent optical
quality were substituted for the spherical collimator.

Item one of the constraints resulted in a compromise in the re-reflected
energy characteristic of the simulator, The test volume should be located be-
yond the plane of the re-reflection line shown in Figure 9. This plane inter-
sects the nominul beam diameter at: & = 90° z = 355 cm, which is 45 cm
from the rear door of the vacuum chamber. A minimum addition of 200 cm
of vacuum enclosure is essential to obtain a test volume 244 cm in depth.
Several thermal vacuum tests have been conducted in the modified system
with the test objects partially situated inside the plane of no re-reflection from
the collimator. The maximum value of I" which has been observed is 3%.

All of the surfaces tested to date have had surface reflectances of less than 0.30
for more than 90% of the area of the test object.

The average irradiance within the test volume could be increased either
by providing more¢ radiant energy input to the optical system or by increasing
the efficiency of the system. Sources of increased radiant energy could be
used to replace one or all of the present sources. An arc research program
presently in progress at GSFC indicates that a modified vortex stabilized

radiation source of 20 kw utilizing a mixture of eight parts neon to one part

of xenon would increase the average irradiance in the test volume by providing




. T W

L Sy

69

increased radiant energy and improving efficiency through the elimination of

the use of seven spectral filters. The replacement of the present radiant energy

sources in the center and first ring of the source array with 20 kw sources |

would provide an additional power input of 60.2 kw. Assuming the efficiency ;
|

of the system which would provide adequate spectral correlation with AMO |

solar irradiance remained at 0.048, the irradiance possible in the test volume

with eight sources would be:

eW _ (4.8x107%)(1.4x 10° watts)
i (2.42x 104 cm)

0.278 watts em™%  (50)

or approximately two solar constants. The collimation angle could also be
reduced with some optical redesign if a lower efficiency for the ‘ystem

would be acceptable.

PROCEDURES

X. SIMULATOR OPERATIONAL PROBLEMS AND CORRECTIVE 1

A. Spectral Stability, Spectral Uniformity and Material Absorptance

Spectral stability and uniformity which approach zero are critical
requirements for thermal balance tests of materials with reflectance charac~
teristics which are strong functions of wavelength;95 for thermal control ma-
terials degradation tests; and for tests of energy conversion devices.

|
|
The total energy absorbed by each material is a function of the absorption 1 J
characteristic of the material and the spectral energy incident upon the material. l

i
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The equilibrium temperatures of test items which are neither gray nor black

in thermal balance tests have no meaning unless the spectral energy incident
upon the material is known. The spectral energy in each bandwidth of interest
has to be known to apply the results of materials degradation tests and energy
conversion tests.

The integrated spectral absorptance (a,) of each material as a function of the

spectral energy incident in the test volume of the simulator is obtained for all
materials used in each of the above tests. The absorptance of each material

is calculated from Equation 51:

n

Z a(r); H(A); .\' a(A) H(A) dh

_ =1 _ Y0
ax - n - © (51)

Z HOV), j H(M )dA
0

i=1

where a()); is the mean absorptance of the material for wavelength interval
M\ centered at A; and H(\), is the corresponding irradiance. The summation
is taken over one percent of total radiant energy bandwidths. The total radiant
energy absorbed (U, )by the material during the test is the product of the total
incident radiant energy (U;) and the absorptance of the material integrated over

time and wavelength or:

Kf t
U(x) = J JU(T)axdtdK (52)
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where U ,, and o, are in general functions of time and wavelength. The
spectral energy absorbed for each wavelength bandwidth of interest for the
period of the test is obtained from periodic measurements of the spectral ir-
radiance and the assumption that the spectral energy UM varies linearly
between measurements to a first approximation. This assumption is based upon
extensive spectral measurements of several solar simulation systems which
indicate that the spectral energy characteristics of any system can be repro-
duced for any time t <4 x 106 sec. Some of the data upon which this assump-
tion is based are shown in Figure 20 which represents the spectral irradiance
of a solar simulator system at t £ 4 x 103 seconds and t < 10° seconds for two
series of measurements on the same system when the above procedures were
followed. The spectral degradation of the unmodified solar simulator discussed
in this paper is shown in Figure 21, ¢ rve A was obtained at .t = <4 x 103 sec,
curve B was obtained at t = 1.3 x 106 sec. The total elapsed time between
curves A and B was 60 days. Curve C was obtained 180 days after curve
A when all the reflective optics were realuminized and all the radiant energy
sources with operational times in excess of 2 x 105 sec were replaced.

A smaller simulator* which utilized identical components as the unmodified
«imulator with the difference in optical design which effects spectral stability
being the addition of two reflective flats in the optical system has been studied
extensively. An optical schematic of this system is shown in Figure 22. The

change in spectrum with time is shown in Figure 23 which represents the

*X-25 solar simulater manufactured by Spectrolab Division of Textron Inc., Sylmar, Calif.
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spectrum at t < 4 x 103 sec, t < 1.6 x 105 sec, t <1.1 x 10¢ sec and t <1.2 x 106
sec with the simulator in continuous use for the period of the measurements.

Curve D corresponding to t <1.2 x 106 sec was obtained when the simulator
was extinguished so that the transmission optics could be cleaned and the reflec-
tive optics realuminized. The same source was utilized for curve D as for
curves A-C.

It is apparent from the above figures that the spectral energy obtained from
a simulator is a function of the interval between periods of use as well as the
total operation time. This may not be true in all laboratories, especially those
which maintain extremely clean environments. Serious errors in test data may
result if the assumption is made that the spectrum of a system is invariant with
time even if the simulator has not been in use. This is shown in Table VI which
is a tabulation of several materials relevant to spacecraft thermal design with
the absorptance of each material shown for various spectra.

The column headed o contains the integrated absorptance values for the
material of the corresponding row calculated for all wavelengths between 9 and
® according to values of AMO solar irradiance given by Reference 22. The
column headed «, contains the integrated absorptance value of the material of
the corresponding row for the wavelength bandwidtk as shown in column 5 and
the source indicated at the head of each set of columns. Values of the integrated

solar al orptance for this same wavelength bandwidth are shown in the column

various spectra.
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headed 1(A)s. The values of a(A) utilized in the calculations were obtained from
measurements of the subject materials which were made for various spacecraft

except for gold, silver, and aluminum which were obtained from published

data.96

B. Spectral Filters

The spectral filters which are used to obtain irradiance similar to AMO
solar irradiance have been in use for several years. The spectral transmission
of a typical filter at t = 0 sec and t = 4 x 10% sec operation time is shown in
Figure 24. No serious degradaticn of reflectance characteristics have been oh-
served in any of the filters used in a simulation system. One filter was ex~
posed to a thermal environment of 540°C and one was exposed to 2 watts em™ 2
total irradiance and 4 x 10”1 watts cm™? in the bandwidth 200 nm to 400 nm to
ascertain the stability of the filter as a function of temperature and ultra-violet
irradiance. Measurements of the spectral transmission of the filter were ob-
tained at periodic intervals viz., time t= 0, 8.6 x 104 sec, and 2.6 x 105
sec. The results for the filter exposed to 540°C are shown in Figure 25 for
times equal to 0 sec, 8.6 x 104 sec, and 2.6 x 105 sec. The transmission
properties of the filter changed by a large amount. Physically, the filter
appeared to have a thin coating of powder on the surface after an exposure of 103
sec which was not disturbed for the duration of the test. At the conclusion of
the test, the filter was washed with distilled water which removed the powder.
The spectral transmission was again measured with the results shown in curve

D. The spectral transmission characteristic of the filter had completely changed.
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The results for the filter exposed to 4 x 10~} watts em™2 in the wavelength

interval 200 nm to 400 nm are shown in Figure 26 for times equal 0 sec,

8.6 x 104 sec, 2.6 x 105 sec, and 8.6 x 105 sec. The spectral transmission

of the filter is invariant with time. The total energy between 200 nm and 400

nm incident upon unit area of the filter during the test was equal to approximately
3.4 x 107 joules. The radiant flux was approximately 250 times the AMO solar
irradiance in this wavelength interval.

The conclusion obtained from these two tests is obvious. The spectral
filters are very stable in the presence of high ultra-violet radiant fluxes bixt
are easily destroyed by high temperatures. The physical appearance of the
filter is a good indication of filter fidelity in that the filter appears to have a
layer of powder upon the surface when the transmission characteristics of the

filter have changed.

C. Uniformity Filters

The uniformity filters which were supplied with the simulator did not
maintain the initial transmission as a function of position on the filter surface
when exposed to the severe environment existing at the field lens of the sim-~
ulator with a resulting compromise in uniformity of irradiance. A test program
was initiated to identify a coating which would be compatible with the environ-
ment existent at the position of the field lens. Platinum (Pt) with a protective

overcoat of one half wave of silicon monoxide-oxide (SiOx) at 560 nm deposited
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on ultra~violet grade quartz proved resistant to the extant environment at the
field lens. Filters of this type can be produced with any transmission pattern
and effective transmission desired. This is accomplished by multiple depositions
of the platinum with an appropriate mask ingerted between the platinum and the
quartz substrate of the filter. These filters have maintained the initial spectral
transmission characteristic for periods up to four years. Typical spectral
transmission characteristics of these filters are shown in Figure 15, Since
these filters have been in use, no degradation of uniformity has been experienced
with the system. The transmission characteristics which are desired for the
filter can be obtained from irradiance measurements over a plane within the
test volume hecause each point on the test plane is conjugate to a point on one

of the field lens elements.

D. Degradation of Components Resultant From Environment

The environment of a solar simulator should be as free of air borne par-
ticles, water vapor, dust, and dirt as possible. The reflective optics of the
system are especially susceptible to degradation resulting from foreign matter
deposited upon the surfaces. The combination of high temperatures, ultra-
violet radiant flux, ozone, and large thermal gradients which are sttained
when a solar simulator is used also result in degradation of electronic,

mechanical, optical and thermal components and subsystems. Most of the

degradation which effects the mechanical, electronic, optical, and thermal
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components can he avoided by the selection of materials resistant to the cor-
rosive environment, viz, gold plated components, stainless steel components, use
of pure water or non-corrosive coolant in the liquid cooling systems, proper
cooling of components, maintenance of minimum thermal gradients in com~
ponents and subsystems, good mechanical contact between igniter and lamp,
cables capable of conducting the maximum current with minimal losses and

use of paints on subsystems which are ultra-violet and temperature stable.

The most serious of these problems has been the degradation of reflective
surfaces which resnuits in spectrum degradation and loss of system efficiency.
An enclosure has been built around the optical system of the simulator which
is supplied with filtered air. This has reduced the degradation somewhat.
Humidity control is not practica! although most desirable because of the nature
of the building in which the simulator is housed and the physical location of the
simulator adjacent to an outside entrance to the building which cannot be
blocked.

Some of the methods employed to reduce the degradation of the reflective
optics are: application of SiOx overcoat to aluminum surfaces, control of tem-
perature of surfaces within a small temperature interval, deposition of a
barrier layer of SiOx between the nickel substrate and the evaporated aluminum,
use of pure, dry nitrogen to purge the lamp housing and installation of an
electronic air filter to cquition the atmosphere of the simulator room. None

of these methods have eliminated the problem. The deposition of a barrier

. v - s
(AN e st e e bbbt 0 e N e = Qe S e e gt T i T
SN M S T LIS 3 e RN P . Gt 5

P S WA

g N L ety pami




77

layer of SiOx hetween the nickel substrate and tlie evaporated aluminum had
no effect on the degradation but presented a relatively m‘ajor problem when the
components had to be reais  ized. The process of stripping the old aluminum
from the component in preparation for ‘realuminizing also stripped parts of the
Si0x layer but not all of it. The remainder of the layer had to he removed by
optical polishing which was expensive and time~consuming. The major ad-
vantage to the protective overcoat of SiOx on the aluminum surfaces is: cleaning
of the surfaces can be uccomplished without destroying the aluminum surface.
The reflective optics of the simulator discussed in this paper are: the
nineteen aconic collectors; the turning flat; and, the collimator. The solution
to this problem which is used is to realuminize all components before a major test
or whenever spectrum is a major requirement of the test. All of the components
can be realuminized within a 48 hour period if necessary and can be accomplished
as a matter of routine within ten days. The collectors and turning flat are
removed from the optical system when realuminized but the collimator can be
realuminized in the vacuum enclosure of the solar simulator. This is a decided
advantage because the size and mass of the collimator make it difficult to
handle.
The reflective surfaces should not be operated at too low or too high a
temperature. The thimum temperature for minimum degradation has not
Leen established to date. The temperature of the collimator should never be

less than the shroud temperature while the chamber is evacuated. When the
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gsimulator was fire: installed,the collimator was allowed to attain its equilibrium
temperature during a solar simulation test, No temperature sensors were
mounted on the collimator at the time so the temperature could not be moni-
tored., When the gshroud temperature was raised to 20°C and the vacuum chamber
was opened, the surface of the collimator was immediately covered with a thick
deposit of frost and other contaminants. The temperature of the collimator was
approximately -50°C and had trapped most of the particles which were trapped
on the cold shroud bhefore the shroud tempecature was increased prior to'
opening the chamber. This deposit was very difficult to remove and could not
be cempletely removed by cleaning. Subsequently, heaters and thermal sensors
were installed to the rear of the collimator to prevent a reoccurrence of such
depositions. The collimator is always maintained at least 10°C above the
shroud temperature and no further problems have developed. The collectors
and turning flat are always maintaired at a temperature at least 5°C abovge the
dew point to prevent condensation upon the surfaces. Condensation always
leaves a deposit upon the surfaces which cannot be completely removed by~
cleaning. These components are presently operated between 25°C and 80°C in

order to obtsin data to establish an optimum operziional temperature.

E. Optimization of Spectrum and Efficiency of System

The requirement of ¢iose correlation of the solar simulator spectrum te

the AMO solar spectrum results in a loss in efficiency of the system which can
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be as large as fifty percent. The basic problem results from the spectrum of
the source which for compact arc xenon lamps deviates grossly from the AMO
solar spectrum between 800 nm and 1000 nm. To attain a closz spectrum
correlation to AMO solar irradiance with xenon lamps requires the selective
filtration of the radiant flux between 800 nm and 1000 nm, The spectral filters
used to accomplish this filtration also filter the radiant flux between 400 nm
and 500 nm vhich resﬁlts in a deficiency of radiant flux in this wavelength
interval. In addition, after transmission through the optical system of the
simulator, xenon  {eficient in radiant flux below 350 nm as compared to AMO
solar irradiance.

Results from a program of spectral dependence as a function of gas, im~
purities, pressure, and current indicated that compact arc lamps filled with
krypton, argon, or 10% hydrogen -50% xenon would provide additional radiant
flux below 350 nm. Several prototype lamps were obtained with each of these
gases, each with a nominal power rating of 2500 watts. Spectra of argon,
hydrogen-xenon, xenon and mercury-xenon arc lamps are shown in Figure 27,
Each lamp was operated at 2500 watts when the measurement was obtained.
The hydrogen xenon lamp was not suitable for use in a solar simulation
system because the quartz envelope of the lamp was transparent t the hydro-

gen when the lamp was operated. The argon lamps all failed violently before

25 hours of operation could be obiained. The krypton lamps exhibited acceptable

lifetimes i.e., 500 hours, but degraded rapidly in the emission of radiant flux
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below 400 nm in the first 100 hours of lamp operation as shown in Figure 28.
Five of the krypton lamps were placed into the optical system of the solar
simulator. The spectrum of the simulator was obtained with various combina-
tions of krypton and xenon lamps with and without spectral filters. The :pectra
of the simulator with: five krypton and five xenon; five krypton and ten xenon
with no spectral filters are shown in Figure 29. Corresponding srectra of the
simulator with seven spectral filters in the optical system are shown in

Figure 30. An examination of these two figures indicates that a combination

of krypton and xenon lamps is superior to xenon alone and should be considered
for some types of solar simulation tests. However, the krypton lamps were 30%
less efficient in the conversion of electrical power to radiant power which negated
the use of these lamps to improve the efficiency of the system. The major ad-
vantage accruing to the use of krypton lamps is the increased amount of radiant
flux below 400 nm which is incident in the test volume. However, with the advent
of higher powered xenon arc lamps which exhibit enhanced radiant flux below

400 nm, the advantages offered by krypton lamps are largely negated except for
specialized tests requiring a substantial excess of radiant flux below 400 nm as
compared to the AMO solar irradiance. An added advantage of the higher
powered xenon lamps is the increased conversion e:it:ciency of electrical to

radiant power, ranging from 40% for a 2.5 x 103 watt lamp to 65% for a 2 x 10?

waftt lamp.
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Desirable spectral characteristics have also been obtained in a vortex
stabilized arc source using a mixture of 8 parts neon to one part of xenon. A
typical spectrum Qf this mixture is shown in Figure 31, However the conversion
efficiency of the vortex stabilized arc between 5 x 103 watt and 2 x 104 watt
electrical input is approximately 30% to 40% which again negates its use except
for specialized tests. However, if the conversion efficiency of the arc can be
increased to efficiencies attained at comparable wattages with xenon arcs, a
definite improvement in the optimization of spectrum and efficiency of a solar

simulator can be attained.

The ozone generated by solar simulators sometimes approaches concentra-
tions which are hazardou ' to the health of personnel. In addition to the health
hazard, ozone absorbs radiant energy at many wavelengths throughout the
spectrum. Ozone absorption between 220 nn and 300 nm (Hartley band) is
especially detrimental when a close correlation of the spectrum of the simu-
lator to the AMO solar spectrum is required.

The American Council of Governmental and Industrial Hyg‘ienistsw have
established the maximum acceptable concentrations (MAC) of ozone in which
pergonnel may work at one part per ten million in air or, a concentration of
10~7 by volume. This is equal to 2 x 10”7 grams per liter of air or a concen-

tration of 1.6 x 10~ 7 by weight. Concentrations of 1.5 x 10”8 by volume produce
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the characteristic odor of ozone which is detectable by the olfactories of
personnel.

Ozone is produced when oxygen is exposed to radiant energy of wavelength
shorter than 210 nm.%8 Since the quantum yield in this wavelength interval is
approximately two, small quantities of radiant energy in this interval can easily
produce ozone concentrations detrimental to the health of personnel. The
photochemical production of ozone by the radiant energy sources of a solar
simulator can be reduced either by removing all oxyger from contact with the
radiant energy or by enclosing the radiant energy source with a quartz envelope
containing trace of aluminum, titanium, or iron which will not transmit radiant
energy below 210 nm.%? The most practical of these methods in the past was
to remove the oxygen from the housing which contains the radiant energy
sources by use of a closed loop oxygen free gas cooling system. The system
used on the simulator described herein utilizes nitrogen to replace the air in

the source housing. The source housing is maintained at a slight positive

pressure in respect to.the atmosphere to inhibit oxygen migration into the source

housing. No problems have resulted with this arrangement when the simulator
is operated. ﬁowever, when the requirement exists to operate the simulator
sources with components of the source housing removed, the nitiogen system
is no longer effective and concentrations of ozone greater than 107 by volume

are common, especially when the relative humidity is low.
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Ozone production is inversely proportional to the relative humidity; is en~
hanced when nitrogen is present with oxygen; and is directly proportional to the
temperature and velocity of air movement around the source of radiant encrgy.
The rate of decomposition of ozone is proportional to the relative humidit'y, ‘and
temperature.100'101 Personnel are issued respirators to wear on these oc-
casions. Concentrations of ozone as high as 1076 by volume have been observed
inside the source housing on these occasions. The operation of a solar simulator
poses a definite hazard to the health of personnel if proper precautions are not
taken to control the production of ozone., Ozone concentrations in the areas
where personnel are present should always be monitored whenever a solar

simulator is operated.

G. Elecotronic Malfunctions

Electronic malfunctions have occurred as a result of faulty components,
overheating of components, spurious signal inputs to the control circuits by data
acquisition systems, mechanical failures, and voltage fluctuations of the input
power to the system. One of the more serious malfunctions was caused when
the input power to the system exceeded the design specification by 1 to 10 volts.
The power supplies were designed for input power of 460 v + 20 v, Tantalum
capacitors located in the power supply which was used to supply the reference
voltage to each of the lamp power supplies failed regularly when the voltage ex-

ceeded the design specifications until replaced by capacitcrs with higher ratings.
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The failure of these capacitors introduced instabilities in the irradiance in the
test volume and eventually caused the power supply to short out and extinguish
the lamp.

Each power supply-lamp circuit has several thermal switches which open
when the temperature of the component exceeds a predetermined value. These
switches are located at the base of the igniter, the casting to which the source
cage is attached, the heat sink in the power supply to which the silicon controlled
rectifiers are attached, and the input terminals to the power supply. A con-
siderable number of power outages have occurred due to power contact between
the igniter posts and the lamp terminals. In each instance, sufficient heat was
produced to cause the thermal switch to open. Some problems have also been
encountered which resulted from defective thermal switches. Some switches
designed to open at 100°C have actually opened when the temperature exceeded
46°C.

A malfunction of the system also occurred when a new data acquisition
system was installed. The ground potential of the data acquisition system was
several volts different from the ungrounded neutral of the control circuit of the
power supplies which resulted in power supply outage. This malfunction was
corrected by the proper interfacing of the ground and neutral potentials be-
tween the two subsystems.

One mechanical failure has occurred which caused extensive damage to

the componénts of one power supply when a partial short developed in the
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insulating material on one of the lamp cages which separated the cathode and
anode voltages. The lamp continued to draw excessive current for a short time
before the circuit breaker was activated and the molten metal of the lamp cage
fell onto the turning flat in the source housing which caused the formation of
several lacunae on the surface of the mirror. The surface had to be remachined
and optically polished before it could be reused. This failure also resulted in
the violent failure of the radiant energy source which completely destroyed

the collector but did minimal damage to other components in the system. The
excessive damage caused by this malfunction could have been prevented if the
main line circuit breaker had céntrolled only one power supply. Each power
input line circuit breaker supplies current to a group of four power supplies.
The total current through the breaker did not exceed the breaker rating, be-
cause of the nature of the short circuit, quickly enough to prevent damage to
components of the syitem. A circuit breaker was subsequently installed for
each power supply to prevent excessive damage from future malfunctions of

this type.

H. Thermal Malfunctions

No thermal malfunctions have occurred which resulted in substantial dam-
age to any components of the system. The most serious malfunction occurred
in the course of a thermal balance test of a satellite when the liquid cooling

lines to the field lens and seal lens became partially blocked by debris in the
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cooling fluid. This resulted in equilibrium temperatures of these components
which were near the maximums permissible and the test could only be continued
to completion by the introduction of additional cooling air upon the components.
The cover of the transition tube which connects the source housing and the
vacuum enclosure was removed and two large fans were directed onto the
components. The debris in the cooling fluid was subsequently removed by the
installation of several filters into the main fluid supply and no further problems

have developed.

XI. PRE-FLIGHT QUALIFICATION TEST AND CRBITAL PERFORMANCE

O EXPLORER XXXVIII

The modification described above was performed in order to provide a
pre-flight qualification test for the Radio Astronomy Explorer-A (RAE-A)
Satellite which was designated Explorer XXXVIII after successful insertion into
an earth orbit. The spacecraft was launched on 4 July 1968 from the Western
Test Range at Lompoc, California. The apogee and perigee of the orbit are
5858 km and 5850 km, respectively. The orbit inclination is 120.8° from the
equator, the period is 224 minutes and the weight of the spacecraft is 190.5 kg.

The primary purpose of the experimental instruments aboard the spacecraft is

to obtain data of electromagnetic radiations within the radio frequency spectrum

(1 m > N> 10% m) originating from cosmic, solar, and earth sources.
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Flgure 32 is a photograph of the spacecraft taken prior to the solar simula~- '
tion test. The view is toward the rear of the vacuum enclosure in the direction ‘
. of radiant flux incidence from the collimator. The rear door of the vacuum |
enclosure is mounted on a track which extends 5 meters beyond the rear of the ‘
vacuum enclosure. This provides sufficient space to attach the test objects to }
the three support rails which are welded to the rear door of the chamber. When
the test object is attached to the support rails and all sensors have been attached,

|
the rear door is motor driven to the rear of the chamber. This places the test
object within the test volume of the simulator and accomplishes the chamber

vacuum seal. Sensors which are used to measure the temperatures of various

components of the spacecraft are connected to a data acquisition system located 1
nearby. Signals from other sensors which are an integral part of the space- 1
craft are transmitted directly to the GSF( mission control center. All power
for the spacecraft subsystems was provided by the power system of the space-
craft, which for Explorer XXXVII was an array of four solar panels with solar
cells attached to both front and rear sides.
The spacecraft was tesfed for two positions, one as shown in Figure 32 and
one with a 180° rotation of the spacecraft about the vertical axis. The satellite
required 18 hours to attain the initial temperature equilibrium at which time it
was remotely rotated 180° and required an additional 11 hours to attain the

second temperature equilibrium, The test was started at 1700 on 10 May 1968

and completed near midnight on 11 May 1968.
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The spacecraft including the solar paddles was approximately a square
150 cm on a side, The maximum diameter of the spacecraft was approximately
190 cm. Since the maximum diameter of a plane in the solar simulator test

volume was 178 cm, the ends of the solar paddles did not receive any radiant

flux during the test, Approximately one half of the spacecraft was located within

mthe portion of the simulator test volume which could introduce re-reflections

from the collimator. The forward edge of the spacecraft was located 200 cm
from the center of the collimator. The rear edge of the gatellite was approx-
imately 456 cm from the LN, shroud of the rear door, The geometrical center
of the spacecraft was located at the geometrical center of the vacuum enclosure
and not coincident with the optical axis of the solar simulater. Figure 33 is a
side view of the spacecraft in the test volume.

The surface of the spacecraft was covered with black paint, white paint,
sandblasted aluminum and solar cells. The absorptance of each of these
materials for the spectrum of the simulator and AMO solar irradiance are
shown in Table 7. The mean irradiance within the test volume before the
spacecraft was introduced was 135 mw ecm~2 measured with the normal-incidence
pyrheliometer described above. The uniformity was 2.5 percent and was measured h
with the solar cell scanner described above. When the spacecraft was placed with~
in the test Volume,l.the mean irradiance increased to 137 mw cm ~2and the uniform-
ity decreased to 5%. The irradiance at various positions on the spacecraft surface

which were designated by the thermal design engineer were measured with the
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Hy~Cal pyrheliometer after the spacecraft was placed into a position within 25
cem of the test position, This corresponded to the distance bhetween the rear door
and the end of the vacuum enclosure, The door was not completely closed be-
cause no facilities were available to supply oxygen into the test volume to the
personnel performing the measuremonts,

The irradiance during tl.2 test was monitored by a black groved plate detec-
tor supplied by the thermal design engineer which was placed at a position in
the test volume coxresponding to: + = 0% r= 85 em, z= 250 cm.

The temperatures which had been predicted by the thermal analytical model
developed for the spacecraft corresponded within a few degrees centigrade to
those obtained during the simulation test. The solar paddles supplied sufficient
power to all systems of the spacecraft even though two of the paddles were
partially shaded in each orientation. All of the spacecraft subsystems functioned
without mishap for the duration of the test.

The temperatures attained by the spacecraft in orbit corresponded to those
predicted by the thermal analytical model within a few degrees centigrade.

The power generated by the solar paddles in space also correlates well with
the values obtained in the simulation test.

The spacecraft will not orient itself in respect to the sun for either of the

aspects tested until it has been in orbit approximately one year. This variation

between solar simulation test aspect and orbital aspect resulted from limitations
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imposed upon orientations of the spacecraft in the test volume of the simulator
by the mechanical positioner which held the spacecraft during the test.

The spacecraft has been declared a success by NASA Headquarters and
no problems have developed with either the thermal or power systems during

the first nine months in oxrbit.

X1, SUMMARY AND CONCLUSIONS

The solar siraulator has been modified to obtain a nominal 1.756 metér test
diameter with a mean irradiance greater than one solar constant. Uniformity
of 2% has been obtained over this test diameter and uniformity of 10% has been
obtained over a test volume of 244 cm in depth. Uniformity in depth was com-~
promised from that previously obtained by the constraints imposed upon the
modification, The spectrum of the simulator can be altered by the use of filters
to obtain an adequate correlation with the AMO sqlar spectrum for thermal
balance tests, energy conversion device tests, and materials degradation tests.
The system has an overall efficiency ranging from 4.8% with no spectral filters
tc 3.3% with seven spectral filters. The efficiency of the system decreased ap-

proximately 25% as a result of the constraints imposed upon the modification.

The performance characteristics ar» equal or superior to all other solar simula-

tion systems which have been reported in the literature to date.32-45,102 qpe

solar simulator also has the potential to provide one solar constant irradiance

over a nominal two meter diameter.
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The performance of this system prior and subsequent to the modification de-
sevibed in this paper establishes the feasibility, at the current state of the art,
’ of obtaining 2% uniformity over a test volume >2 meters in diameter and >8 meters
in depth with a mean irradiance of one earta solar constant. The stability and
spectrum of the jrradiance within the test volume is of adequate quality to provide
solar simulation tests for all types of space hardware now existent, All of the
: operational problems which have developed in the operation of the system have
either been resolved completely or adequately controlled by the establishment
and use of definitive maintenance procedures. The solar simulation fidelity of

the simulator has been established by the orbital performance of Explorer

Explorer XXXVIII performance in orbit is du’plica,ting’ the performance exhibited
during the solar simulation test within the experimental errors associated
with the data acquisition and telemetfy systems of the spacecraft and ground

XXXVIII which received the final pre-launch simulation test in this system. i
stations. {
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Table II i
Solar Simulatur Poerformance and Design Characteristics !
Parameter Symbol Units 1
Mean irradiance (H) watts cm™2 ‘
Mean flux (P} ¢,  Watts {
Area of plane in test volume A, em”? - ‘
Efficiency € % 1
Uaiformity A % 1
Stability LI % j
Mean spectral irradiance AH’H watts em~2 nm~! ‘
Spectral uniformity Ty, % |
Spectral Stability (XM )t st % i
Collimation & degrees or radians |
Divergence v degrees or radians |
Re-reflected energy r % 4
Test volume dimensions r,0,z cm, degrees, cm |
Test volume configuration - -
Vacuum P, Newtons ecm™? or torr
Shroud temperature T, K
Contamination Ap}\i; AT)‘& %
Angular Aperature AA,; AA; ster |
Relative aperature or f/no £/, £/i
System off-axis angle ) degrees
Diameter of collimator D..i1 cm
Optical surface of collimator N -
Type of radiant energy source - -
Number of radiant energy sources n
Interior dimensions of vacutui enclosure D, z
Diameter of source array D,
Axial optical pathlength from H_ to H, 8,
Axial optical path length from H, to H, 8, ’
Type, numb_er, and capacity of vacuum pumps
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Table I
Performance and Design Characteristics of Simulator Before Modification
Parameter Symbol Performance
Mean Irradiance (H) Variable from 242 mw em~2 to
12,7 mw em™? (no filters)

» Variable from 148 mw ecm~2 to

7.8 mw em™? (7 spectral filters)
Mean Flux Variable from 3 x 10° watts to

Area of plane in test volume
Efficiency

Uniformity

Stability

Spectral uniformity
Spectral stability
Collimation

Divergence
Re-reflected Energy
Test volume dimensions
Test volume configuration
Vacuum, ultimate
Shroud temperature

Contamination

Py e,

T}‘i
(xhi)tz“‘l

¢
4
r
n

A,O}\’ n A‘T)\”

Angular aperature on object side AA,

Angular aperature on image side AA,
f/0
f/i
2y

f/no on object side
f/no on image side

Systems off-axis angle

17t e g

1.57 x 10? watts (no filters)
Variable from 1.83 x 103 watts to
96.7 watts (7 spectral filters)

1.24 x 104 cm?

6 };% with no spectral filters, 4.0%
w'ﬁgx 7 spectral filters

5%&(1 eni x 1 em detector)

1% 1 sec to 10° sec

0%

<2% 1 sec to 10 ° sec for all A,
4°

<6°

22%

D ax1Dyinr 2182 cm x 120 em x 244 cm

Section of ellipsoid

107° torr

523K > T, >T7K

Bpy, = Ary 2 2% for allX,;
20°20'

28°26'

£/2.8

£/2.0

43°10'
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Table I (Continued) |
Parametor Symbol Performance f
Diameter of collimator Deotl 152 em |
’ Optical surface of collimator Parabola J
| Type of radiant energy source 2500 watt xenon compact arc
| v Number of radiant energy sources nineteen
Interior dimensions of vacuum D, » 290 cm x 460 em
enclosure
' Diameter of source array D, 138 em
Axial optical path length from 8, 385 om
H, to H;
Axial optical path length from 8, 299 om
H, to H,
Type, number, and capacity Three 50,000 liter sec ™! diffusion
of vacuum pumps pumps

v

\ N

i b R Ty

S e s N T
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Table V

Performance and Design Characteristics of Simuiator After Modification

104

Parameter Symbol

Performance

Mean irradiance

(H)

Mean flux (P,), -t
Area of plane in test volume A,
Efficiency €
Uniformity A
Stability ¥, o
Spectral uniformity ’I‘Xi
Spectral stability <x,\ ) i
Collimation ;5 Tt
Divergence 0%
Re-refiected energy r

Test volume dimensions D axr Do
Test volume configuration

Vacuum, ultimate P,
Shroud temperature Tg
Contamination AP)\i , A7y
Angular aperature on object side AA ’
Angular aperature on image side AA;
f/no on object side f/0
f/no on image side f/i

System off-axis angle

2

e e ot A e A i
att - ey A o ey T -

Variable from 164 mw cm™? to
8.6 mw cm ™2 (no spectral filters)
Variable from 113 mw c¢m ™2 to
5.9 mw cm™ 2 (7 spectral filters)

Variable from 3969 watts to 208

watts (no spectral filters)

Variable from 2734 watts to 143

watts (7 spectral filters)
2.42 x 104 cm?

with 7 spectral filters

4.8% with nc spectral filters; 3.3% 1

2% for plane; 10% for volume
(1 cm x 1 em detector)

1% for 1 sec < t < 105 sec
0%

<2% for 1 sec < t < 105 sec
30

<5°

<3%

178 em x 173 cm x 244 cm
LSection of elliptic paraboloid
10~? torr

528°K > Tg> 77K

bpy, = by < 2% for all A,
17°37!

26°54"

£/3.2

/1.2

41°22'
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Table V (Continued)

Parameter

Symbol

Performance

Diameter of collimator
Optical surface of collimator

Type of radiant energy source

D

Number of radiant enexrgy sources n

Interior dimens nns of vacuum
enclosure

Diameter of source array

Axial optical path length from
H, to H;

Axial optical path length from
H, to H,

Type, number, and capacity of
vacuum pumps

D,

coll

232 cm of which 200 cm is utilized
Spherical
4200 watt xenon compact arc

Nineteen
290 cm x 460 cm
138 ecm

445 cm

239 cm

Three 50,000 liters sec ~ ! diffusion
pumps
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Table VI

107

Absorptance of Explorer XXXVIII Materials as a Function of AMO

Solar and Simulator Spectra

Material Ggg %avo
. Sa.ndblzistéd Aluminum .68 .67
! Black Paint (Carbon black in epoxy) .95 .93
; 2 White Paint (TiO,-rutile in
methyl silicone) A7 .18
Solar Cell (Typical) .80 .80

1Cat-a-Lac black manufactured by Finch Paint and Chemical Company.
2Q-92-OO7 manufactured by Dow Corning over a primer coat of Cat-a-Lac white manufactured by
Finch Paint and Chemical Company,
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0 | | |
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IRRADIANCE IN MW cm—2

Figure 2. lrradiance = Short Circuit Current Characteristic of Solar Cell at 23°C
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COLLIMATOR
//* AT
( \\
‘ '\ PROJECTION
\ AN LENS ASSEMBLY

\ NORMAL
'\ TO SURFACE
OF COLLIMATOR

GE%’S&{Q,'?CAL /uniFormITY”"
o AND SPECTRAL
CHAMBER TURNING FLAT
TEST ViOLUME ~

VACUUM CHAMBER
. WALL

LAMP
ARRAY

Figure 4, Optical Schematic of Solar Simulator Before Modification
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Figure 8. Field-Projection Lens Array for Modified System
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Figure 9. Optical Schematic of Solar Simulator After Modification
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Figure 11. Simulator Source Enclosure
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Figure 19. Uniformity Filter For Modified Simulator
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Figure 2C. Spectrum Reproducibility of a Solar Simulation
System as a Function of Operation Time
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Figure 27, Spectra of Compact Arc Lamps
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Figure 29. Spectra of Simulator Before Modification With
Combination of Krypton and Xenon Arcs
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Figure 30. Spectra of Simuiator Before Modification With
Combination of Spectral Filters, Krypton and Xenon Arcs
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Figure 31, Spectrum of Vortex Stabilized Source With Neon-Xenon
in an 8-1 Ratio
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Figure 32. Explorer XXXVIII Before Solar Simulation Test
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Figure 33. Side View of Explorer XXXVIIl in Test Volume of Solar Simulator
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