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Preface

The work described in this report was performed by the Environmental
Sciences Division of the Jet Propulsion Laboratory.
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Abstract

The modification of the JPL 25-ft space simulator to incorporate a larger,
higher quality solar simulator produced an initial 15-ft-diam beam of better than
+5% uniformity measured throughout the test volume. Although similar in
general arrangement to the SS6A system developed for the 10-ft simulator, it
employs several improvements. The uniformity and collimation are improved by
defocusing and rotating the collimator and by using the aberration effect of the
condensing lenses in the mixer lens assembly. The efficiency has been improved
by incorporating a lens in the vacuum interface window. The use of water-cooled,
20-kW xenon arc lamps allows the system to be operated with a fewer number of
lamps and related support equipment. Every effort was made toward combining
potential and flexibility into the design by utilizing the latest advances in solar
simulation technology. The conservative design of the SS15B simulator makes
available sufficient reserve power which can be used for enlarging the beam to
the ultimate 20-ft diam, providing up to planet Mercury irradiance, reducing the
collimation angle, or improving the spectrum by selective filtering.
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Design and Construction of the 15-ft-Beam
Solar Simulator SS15B

l. Introduction

The 15-ft-beam solar simulator (SS15B)* (Fig. 1) is
a high-quality, off-axis, single-beam system utilizing a
single-piece collimator, an integrating lens system, and
a 37-lamp cluster of 20-kW xenon arc lamps. Although
similar to the 6-ft beam system (SS6A) developed for the
JPL 10-ft space simulator (Refs. 1, 2), it incorporates
several improvements and certain changes required be-
cause of size scaling. Many of the changes involved in
building this new simulator produced state-of-the-art
components and techniques previously untried.

The design of the SSI5B simulator started on
June 1, 1964, and acceptance testing was completed
on August 28, 1967. The performance specifications were
either equaled or exceeded in all instances, as shown in
Table 1.

Some of the built-in flexibility and future potential for
the SS15B system include the 276-in.-diam collimator, the
42-in.-diam free aperture at the vacuum-solar penetra-

'The first version, the $S15A solar simulator,; used a window in the
side of the space simulator, instead of a lens.
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tion, and the provision for future addition of 24 lamp
positions, The simulator is initially sized to produce a
15-ft-diam beam, but the 23-ft collimator will accommo-
date a beam of up to 20 ft in diameter. Additional power
obtained by enlarging the system aperture, or increasing
the lamp cluster size from thirty-seven to sixty-one 30 kW
lamps can be used in varying combinations to increase
irradiance levels, alter the collimation angle, or modify
the spectrum by selective filtration.

Table 1. S515B specification and performance

Parameter Specification Performance

15 ft diam X 25 ft 15 ft diam X 25 ft
high high

Test volume

Irradiance 50 to 135 W/#* 50 to 135 W/

with 100% reserve

Uniformity of irradiance +5% +4%
Collimation +2 deg +1 deg
Spectral match with sun Good That of xenon lamps

as modified by
optics
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Fig. 1. JPL 25-ft space simulator

il. Collimating Mirror has an operating temperature range of —100 to +200°F
(Ref. 3).
The SS15B collimator is a 23-ft-diam, highly polished,
aluminized, nickel-plated mirror with a 100-ft radius of The uniformity and collimation of the light from the
curvature and 50-ft focal length. It is temperature- mirror to the test volume is optimized in the SSI5B sys-

controlled with a closed-loop nitrogen gas system and  tem by using a very small off-axis angle (14 deg) and by
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placing the collimator 18 in. off focus and rotated  array), then equalizing the resulting beam collimation
0.206 deg (Ref. 4). Figure 2 shows how the decollimation  so that no ray exceeds +1.078 deg from the vertical.
due to spherical aberration of the mirror is overcome  Note that the position and rotation of the collimating
somewhat by defocusing the virtual source {mixer-lens  mirror is determined by the maximum 20-ft-diam beam.
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Fig. 2. Collimation angle vs mirror location
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Figure 3 shows the effect of moving the virtual source  optimized for the maximum potential 20-ft-diam beam.
with respect to the mirror on the uniformity of irradiance  Figure 4 shows the collimating mirror being hoisted into
in the test volume. Here again, the uniformity has been  position in the top of the space simulator.
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Fig. 3. Uniformity of irradiance vs mirror location
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o

Fig. 4. 23-ft mirror in hoisting position
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The uniformity of the irradiance in the test volume is
highly dependent on the quality of the collimating mirror.
Once the spherical aberration has been minimized and
the uniformity of the irradiance at the collimator plane
has been optimized by the mixer lens array, then every
effort must be made to have uniform, high reflectivity
and minimum slope deviation — or minimum gap size, in
the case of segmented mirrors. The effects of slope devi-
ation and gap size are a function of collimation angle of
the system and become more pronounced as the collima-
tion angle becomes smaller. The SS15B system was de-
signed for a l-deg collimation half-angle, which fact
made the one-piece design more practical,

ill. Transmission Optics
A. Description

The transmission optics, housed in an extension of the
solar hood, consist of an integrating lens system and a
vacuum interface window lens. The integrating lens sys-
tem, because of its weight and size, is mounted on a
carriage that is electrically operated and retractable from
the light beam to the maintenance position (Fig. 5). The
mixer carriage is fully adjustable for focus and position-
ing on the optical axis and is capable of expansion to
handle a 30-in.-diam integrating lens assembly. The en-
tire assembly is water-cooled (Fig. 6) and is partially

i

£

Fig. 5. Lens carriage, safety door, and window lens

shielded by a water-cooled aperture that blocks off all
the energy from the lamps not directed at the entrance
optics.

There is a safety or tare door that operates between
the integrating lens system and the window lens to seal
tightly against the window lens opening. This door is
water-cooled and designed to absorb the heat load of
the entire solar simulator. It can be used to provide safe
access to the lens room when the chamber is under
vacuum or to operate the solar simulator without light
in the test volume for simulating eclipses or taking
radiometer tare measurements. The safety door is air
operated either from the console or from the lens room
and is safety-interlocked with mechanical, as well as
electrical, stops.

There is a maintenance platform that can roll in or out
of the optical path to form a solid floor beneath the lens
system. When the safety door and lens carriage are re-
tracted, the maintenance platform can be rolled in to
give full standing access for two men at the window lens.
The maintenance platform is interlocked with the solar
hood blower to prevent low-pressure implosion of the
filter housing in event the platform were to block off
the air flow. Since it is not cooled, it is also interlocked
with the lamp-operating system such that the platform
must be completely stowed before any lamps can be
operated.

B. Design of Transmission Optics

The transmission optics of the SS15B system present
an interesting problem from a thermal, as well as an
optical, design point of view. Since all of the energy in
the test volume must pass through a single aperture, a
thermal bottleneck, with resulting high-flux densities,
develops at the mixer lens system. Tests conducted with
a prototype collector and 20-kW lamps at rated power
(Ref. 5) demonstrated peak flux levels of 13.5 W/in.?
and an energy distribution roughly cosine shaped, as
shown in Fig. 7, for a single lamp. The power that
passed through the SS15B aperture for these flux levels
was approximately 3900 W/lamp. An estimate of the
maximum expected flux levels and power through
the mixer can be obtained by multiplying these numbers
by the maximum system-design parameters:

Bpe = 135 WV
in.2-lamp

Btu
5
or 6,05 X 10° +—

30 w
X 61 lamps X —— = A
p: 20 1,235 -y

JPL TECHNICAL REPORT 32-1274
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Lamp-power output has been demonstrated to vary
linearly with input power for the range examined.

Several studies and lens-mounting designs were ac-
complished for the type A solar simulator at JPL. The
testing, which was conducted at flux levels approximately
20% of the expected levels in the SS15B system, demon-
strated that uncooled metal lens-supports subjected to
direct radiation were unsuitable, A 19-clement lens sys-
tem, supported at the edge and maintained in position
by sapphire balls at the intersection of the lenses, was
developed which has proven satisfactory for use in the
smaller A-type system, but was not considered for use in
the B system for the following reasons:

JPL TECHNICAL REPORT 32-1274

difficult to calculate the combined thermal-
structural stress levels of a 19-element lens matrix.

(2) The tolerances, fitting, and support of such a lens
system would make the resulting cost high.

(3) There would be considerable risk involved in a
failure of such a lens system located above the
lamp array.

The lens-support system chosen for the SS15B system
is a water-cooled, chrome-plated, copper block, suitably
machined to accept the lenses with an 0.07-in. copper
web between lenses. The losses associated with this type
of support system are only 3.5% over that of a system
with lenses in direct contact (Fig. 8). The shape of the
simulator beam is determined by the shape of the con-
denser lens aperture. A circular lens aperture was chosen
for the SS15B system because of the limiting aperture of
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INTEGRATING LENS ASSY
(15 1. dia. SOLAR BEAM)

o

Fig. 9. SS15B holder

the 23-ft collimating mirror in projecting the maximum
20-ft-diam beam.

Figure 9 shows the water-cooled condensing lens
holder and the air-cooled projection lens holder. The
projection lens holder is fixed rigidly to the top of
the lens carriage. The condensing lens holder is mounted
in the lens carriage below the projection lenses on an
elevator-type mount, which allows minor focal length
adjustments between the two 19-element lens arrays for
various mixer configurations. All the lenses are manufac-
tured from Corning 7940, optical-grade fused silica in
the shapes shown in Fig. 10.

The original lens support for the SS15B system was
designed to accommodate the energy required for an
operational earth constant (133 W/ft?) at the test volume.
The center portion of the copper lens holder is conduc-
tively cooled to a water passage along the outer periph-
ery. The lens holder is necessarily limited to temperatures
below 600°F because, above those temperatures, the
chrome plating would oxidize and the holder would get
progressively hotter. Figure 11 shows the maximum lens
support temperatures achieved during system tuning and
calibration testing,.

A more sophisticated lens support design has recently
been completed which will accommodate the full ther-
mal load of the potential sixty-one 30-kW lamps
(Fig. 12). This water-cooled, stainless-steel tubing braze-

10

ment will directly cool all portions of the lens support
and provide the following advantages:

(1) The existing lenses can be utilized.

(2) The energy transmission losses due to web thick-
ness are eliminated.

(3) The design is adaptable to a wide range of beam
sizes and test volume irradiance levels.

The window lens is also manufactured of Corning 7940
fused silica. It is mounted directly onto the vacuum seal,
silicone rubber O-ring and Teflon cushion pad to provide
uniform edge support. To prevent excess strains or chip-
ping, the window is fully cushioned with silicone rubber
pads and a mounting ring (Fig. 13). The focal length of
the window lens is 724.0 = 12 in. — plano-convex with
the plane side towards the vacuum.

Figure 14 shows an optical schematic of the SS15B
solar simulator with object and image sizes and interlens
distances. Figure 15 is the optical alignment drawing for
the 25-ft space simulator modification and shows the
relationship of the various optical elements to the vacuum
chamber, For a general description and history of this
type of system see also Ref, 2.

C. Mixer Lens Aberration and Uniformity

The primary function of the mixer lens system is to
improve the uniformity of irradiance in the test volume.

JPL TECHNICAL REPORT 32-1274
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This is accomplished by dividing the energy at the mixer
aperture into a number of symmetrical beam channels,
which are then integrated into a single beam at the test
volume. Theoretically, a greater number of lens channels
will produce a more uniform beam, but there are prac-
tical limitations on the number of lens elements to be
used. Figure 16 shows the theoretical uniformity that is
possible by dividing and integrating the energy available
at the SS15B mixer aperture with 19 symmetrical lens
channels. The 3.5% uniformity is obtained with more
than 50% of the total energy passing through the center
seven lens channels. The positive distribution of chan-
nels I, II, and III are not balanced by the negative dis-
tribution of channel TV, other methods must be found to
further improve the test volume uniformity.

If the energy distribution at the mixer aperture were
flat, the theoretical uniformity obtained from a properly
designed mixer lens system might be good, but-this re-
quires a stable light source and a rather sophisticated
collector design, which is not as efficient as an elliptical
figure for passing energy through the system aperture.
Other methods, such as selective zonal transmission of
lens elements or reflectivity of the collimator, could be
considered if overall efficiency of the system could be
ignored.

A technique of improving the test volume uniformity,
which was accidentally discovered during the assembly
and tuning of the SS6A system at JPL, involves use of
the aberration properties of the condensing lens elements
in the mixer lens assembly. By inverting the condensing
lenses with respect to the projection lenses, it is possible
to cause a shift in the uniformity at the condensing lens
exit pupil, which is at the focus of the projection lens.
Figure 17 shows how the test volume uniformity in the
SS15B system is altered by incremental and symmetrical
changes in the condensing lens orientation of various
lens channels. It should be noted here that symmetrical
orientation produces symmetrical changes in test volume
uniformity. Also, this change in test volume uniformity
is accomplished without efficiency losses because the
energy transferred through the mixer lens channels is
merely redistributed. Note that the waviness in the
Fig. 17 curves is due to the variations in collimator re-
flectivity (see Section VII).

Confirmation of this empirical system turning data and
a better understanding of the mechanismm of change in-
volved was accomplished by using existing JPL computer
ray-trace programs (Refs. 5, 6). The density of many ray
trace points at the exit pupil of the condensing lens

12
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Fig. 11. Lens holder temperature vs test volume
irradiance

through a uniform field at the entrance pupil was used
to calculate the uniformity at the exit pupil field. The
field uniformity at the condensing lens exit pupil is pro-
jected to the collimator and to the test volume and
directly affects the test volume wuniformity. Figure 18
shows the magnitude of change at the condensing lens
exit pupil due to the inversion of the plano-convex
(spherical) lens element used in the SS15B system.

Although it has not yet been tried in the SS15B system,
there are two possibilities that seem evident from this
study:

(1) The condensing lens elements can be designed to
correct nonuniformities caused by the energy dis-
tribution at the mixer aperture and the number of
lens elements used.

(2) The test volume nonuniformities due to the spher-
ical aberration of the collimator (see Fig. 3) can be
improved by asymmetric utilization of the con-
densing lens aberration in the mixer lens assembly.
Figure 19 shows how diametrically opposed lens
channels can be used to accomplish this effect for
off-axis systems.
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IV. Light Sources

A. Description

The light source for the SS15B solar simulator is pro-
vided by a hexagonal array of thirty-seven 20-kW com-
pact xenon arc lamps located in a special lamp basement
below the entrance optics. The lamp basement provides
an enclosure for the lamps and their related hardware;
it is pressurized at about 1 in. of water above atmo-
spheric pressure to provide a cleanroom-type environ-
ment for the lamps and optics. An airlock is provided at
the basement entrance to maintain the required over-
pressure in the lamp area.

The lamp array is completely enclosed by a solar hood
on the top and air baffles on the outside to provide cool-
ing air flow through the lamp array. The solar hood
extends from the lens room all the way down to the
second floor of the lamp basement. At this level, a view
port is provided to visually observe the condition of the
lamps during operation (Fig. 20). The solar hood is lined
with an air-cooled stainless-steel radiation shield from
the level of the lamps to a height of 20 ft to keep the
outside solar hood temperature down when the lamps
are operating.

The second floor of the lamp basement also encloses
the lamp electrical power conduit wiring and busses. A
special area is provided along the east and west walls to
isolate the high-voltage ignition portion of the lamp cir-
cuit, which consists of individual lamp ignitors, contac-
tors, and negative bus feeders. Access to this area is
restricted during system operation.

The third floor basement contains the mechanical
support structure for the lamps and their hardware. The
basic support structure consists of five trusses which run
the full width of the basement. These trusses are de-
signed to perform several functions in that they support
the collector gimbals, contain integral water cooling
paths for the collector cooling and act as an isolating
conduit for the high-voltage, negative lamp feeder
busses. The base of the trusses supports the individual
lamp coolant shutoff solenoids and control wiring.

The lamp collectors are mounted in their individual
gimbal mounts to permit aiming the collectors toward
the system .aperture. The gimbals are located at 60-deg
intervals rather than the customary 90-deg to permit
close packing of the collectors. The gimbal mounts are
designed to permit the collectors to be rotated upside

Fig. 20. Installed lumps and collectors through viewport
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Fig. 21. Lamp mount (disassembled)

down for cleaning or maintenance in place from the
ground level so that access in the lamp hood area is
unnecessary.

The lamp is contained in an adjustable mount that is
fastened directly to the rear of each collector with two
quick-disconnect fasteners (Fig. 21). Each lamp is pre-
focused for its particular collector, and each mount and
collector are maintained in alignment with respect to
each other by accurately located dowel pins. The focus
of each collector varies slightly, and a record is main-
tained for the coordinates of the focus located from the
mating dowel pins and interface surface. Each mounted

JPL TECHNICAL REPORT 32-1274

lamp is then accurately prealigned to its particular col-
lector before being installed.

Installation and removal of the mounted lamp is done
from below the array. The lamp is drawn directly
through the base of the collector. Since the water coolant
is contained in the electrical system, there are only two
hoses to make or break per lamp installation.

The lamp is cooled with the water going through the
anode and cathode in series. A 12-in. dielectric hose
(Fig. 22) separates the anode and the cathode electri-
cally. The conductivity of the coolant is maintained

19



Fig. 22. Mounted lamp (bottom view)

below 6000 umhos/cm so that the current flow between
the anode and cathode is very low at the operating lamp
voltage (50 V).

B. Lamp Coolant System

The 20-kW lamps used in this system have water-
cooled electrodes that remove approximately 40% of the
lamp input power. A closed-loop, recirculating water
system (Fig. 23) is used to provide water to the indi-
vidual lamp electrodes. The water used is deionized and
filtered and contains a corrosion-inhibitor additive,

In the sequence listed, the flow of the lamp coolant is
from the circulating pump outlet to the rectifier room,
lamp array, gas separator, header tank, water-to-water
heat exchanger, filter, and returns to the pump inlet. In
detail, starting at the pump outlet, the water flows
through a throttling valve and then to the rectifier room.
At the rectifier room it is discharged into a 4-in.-square
copper electrical bus with %-in. walls, and becomes
integral with the positive side of the lamp electrical cir-
cuit. The water flows through the common, positive bus
down to the third floor basement level where it enters
the lamp inlet manifold located around the lamp array.

Between the lamp inlet manifold and the lamp outlet
manifold, there is a bypass gate valve and an accumu-
lator tank (Fig. 24). The purpose of the accumulator is
to relieve the hydraulic shock on the lamp coolant sys-
tem when the lamp coolant solenoid shutoff valves close.

20

The lamp manifold branches into 10 separate distribu-
tion manifolds that have individual filter screens and
drain plugs. Each of these distribution manifolds sup-
plies water to the lamps through a solenoid operated
valve and an electrical conducting flexible hose. From
the lamp, the water returns through an electrical con-
ducting, flexible hose, a water check valve, a copper
pipe bus, water flow switch and dielectric pipe into the
return manifold. Downstream of the return manifold are
a conductivity probe and instrumentation, which are used
to monitor and indicate the condition of the coolant at
the control console (Fig. 25). The coolant must be main-
tained below 6000 pmho/cm to eliminate short-circuiting
the lamp electrodes which are cooled in series — anode
to cathode.

After the water returns up and out of the basement, it
flows through a gas separator system, surge tank, and
throttling valve. The surge tank contains about 100 gal
of coolant and is equipped with sight gage, burst
diaphragms, and relief valves (Fig. 26). The tank is nor-
mally pressurized to 20 psig with N, to reduce the dis-
solved O, and CO, in the coolant system. The throttling
valve adjacent to the surge tank is used to provide suffi-
cient pressure to circulate coolant and gasses from the
trap through the surge tank. Because the surge tank is
the highest part of the lamp coolant system, the coolant
is normally serviced at this point, and a 6-in. flange and
blanking plate are provided on the top of the tank for
this purpose.

From the surge tank, the coolant is piped to the water-
to-water heat exchanger located at ground level (Fig. 27).
The shell side of the heat exchanger is supplied by the
wind tunnel facility cooling tower water which is regu-
lated to 150 psig maximum. There are temperature
and pressure probes on all inlets and outlets of the
heat exchanger to monitor flows and temperatures. A
replaceable-cartridge filter is located between the heat
exchanger and the pump inlet to remove all particles
from the coolant >50 um. The filter is protected by a
bypass valve set to 25 psig in case of system back pres-
sure buildup due to filter clogging. Pressure gages are
used on both sides of the filter to observe the condition
of the filter cartridges. A gate valve ahead of the heat
exchanger and downstream of the pump may be used to
isolate this portion of the system for maintenance of the
components.

The pump used to circulate the lamp coolant is an

in-line, centrifugal pump driven by a 75-hp electric
motor. It is rated for 500 ft head at 250 gal/min

JPL TECHNICAL REPORT 32-1274
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INLET PRESSURE

T4-in. COPPER BUS DUCT

IS STARTED.

4, COOLANT SUPPLY DUCT AND
POSITIVE BUS BECOME COMMON
IN-RECTIFIER ROOM.
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ARE PARALLEL TO LAMPS/GIMBAL TRUSS.

Fig. 23. Lamp coolant schematic
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Fig. 26. Surge tank, lamp coolant system

JPL TECHNICAL REPORT 32-1274 23



,A,
.

.
.
.

-

.

.
o

e
.
- .
@f.,@w.n?,‘%. . .
, %%Mw% ~k\ ‘,,,,

e

- =
.&fﬁ%k%%

o -

o
-
G e
- -

S

=

S
S

i

X

=

Lamp coolant pump area

ig. 27.

F

HSIN ‘avaH NOILDNS JAILISOd 1IN

-1/2 in.

3VNSA 10

50 bhp

NPSH

600

500 —

200

|
=
=3
(3]

400 —

# ‘avaH Tviol

ilable vs coolant flow

Total head ava

Fig. 28

100 —

00

6

500

0.

40

W, gal/m

300

0

O
COOLANT FLO

2

mn

JPL TECHNICAL REPORT 32-1274

24



(Fig. 28). The entire system contains approximately
500 gal of coolant. It is designed to accommodate sixty-
one 30-kW lamps. Portions of the system not presently
in use are blocked off, and the throttling valve is used
to maintain an operating lamp inlet pressure of 200 psig
and an outlet pressure of 50 psig (Fig. 29). A spare, or
standby, pump was not provided, because any loss of
lamp coolant flow would automatically shut the system
off faster than another pump could be brought up to
speed to prevent anode burnout.

4 J\F I I ]

JPL LAMP 5
TANGENTIAL

FLOW NOZZLE
PRESENT SYSTEM \/

PRESSURE LIMIT

JPL LAMP
SPECIFICATION
LIMITS

LAMP DIFFERENTIAL PRESSURE; psi
)

DESIGN
POINT

/
10% /\//I | |

COOLANT FLOW, gal/min

Fig. 29. Lamp differential pressure vs coolant flow

Lamp coolant flow to individual lamps can be shut
off — either automatically, by the flow switch sensor, or
manually, by the use of a remote switch on panel RA
(Fig. 30) located on the second floor basement. These
manual switches are illuminated to indicate the condition
of lamp coolant flow and can be used to stop and restart
individual lamp coolant flow. The lamp coolant flow
sensing switch is also used to shut down the lamp elec-
trical system in case of low flow. Since all rectifiers and
lamp solenoids are held in by the power control switch
at the console, this power control switch can be used in
an emergency to shut down the entire lamp coolant and
electrical system.

C. Collector Cooling System

The lamp collectors for the 20-kW xenon arc lamps
are water-cooled to prevent overheating and burning of

JPL TECHNICAL REPORT 32-1274

the aluminized reflecting surface. The heat transfer to the
water is accomplished by flowing water through copper
tubing which is uniformly bonded to the rear of the col-
lector casting with an epoxy-base material. Approximately
50 ft of Y4-in. tubing is used to cover the collector with
about 1% in. between the tubes. The tubing is spaced
slightly closer together and the water inlet is placed near
the base because the heat load is higher in this region.

The lamp support trusses are used to manifold the
cooling water to and from the collectors (Fig. 31). The
base of the truss contains the supply water and the top
contains the return water. Rubber hoses with no-leak
quick disconnect fittings are used to hook up the water
to each collector. A combination filter screen and flow
indicator is mounted in each supply line to prevent acci-
dental clogging of the cooling tube and to provide assur-
ance that the collector has sufficient coolant flow.

A collector absorbs about 1300 W from a lamp operat-
ing at its rated (20 kW) power. The collector cooling coil
will transfer this energy with a flow rate of approxi-
mately 0.6 gal/min (Fig. 32) and a water temperature
difference of 15°F. With a water in temperature of 70°F,
the maximum surface temperature of the collector does
not exceed 120°F. At collector temperatures below the
dew point, moisture will form on the aluminized reflect-
ing surface and destroy the coating. Care must be taken
during simulator operation to maintain the collector tem-
peratures above the dew point, either by warming the
collectors or by dehumidifying the area.

D. Lamp Electrical System

The direct current electrical power for each individual
arc lamp is provided by three commercial, welder-type,
silicon-controlled rectifiers wired in parallel (Fig. 33).
These rectifiers, rated at 12.5 kW output at 180 A each,
are supplied with 60-cycle 480 Vac. The use of these
three small rectifiers in parallel to power one lamp was
based on the convenience and economy of using the in-
stalled equipment previously provided for the 133-2.5 kW
mercury xenon lamps in the 6-ft-diam system. The power
factor of these rectifiers has been improved by the addi-
tion of external line capacitors. The present current
ripple of approximately 13% can be improved by the ad-
dition of a suitable filter network if desired in the future.

Two of the rectifiers (A, B) are turned on remotely
from the control console with the lamp power switch to
provide power during lamp ignition. The third (C) recti-
fier is turned on automatically upon lamp ignition. The
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Fig. 30. Panel RA, lamp coolant system
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A rectifier output is controlled directly from the control
console. The B and C rectifiers are automatically ad-
justed to within 10% of the A rectifier output by means
of current-sensing coils and a special balancing circuit.
More rectifiers can be added to the parallel direct cur-
rent lamp circuit if greater power levels are required of
future lamps.

The lamp ignition is provided by a remotely positioned
(30 ft) ignitor-contactor circuit to provide isolation of the
high-voltage circuit and greater access to the lamps.
The ignition pulse is created by a two-stage, capacitor-
discharge-transformer circuit that converts a 150-Vdc
input into an RF pulse, of a few milliseconds duration,
>50,000 V. The frequency of the pulses is controlled by
the storage rate of the capacitor system and occurs about
every 3 s. A current-sensing relay switches the ignitor
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circuit off when the lamp has ignited, The purpose of
the contactor is to shunt out the ignitor once the lamp
is operating, since it is rated at only 200 A. The lamp is
grounded electrically at the lamp mount with a braided
copper strap to provide a low impedance return path for
the RF ignition pulse.

The distribution of electrical power from the rectifier
rack to the lamps (about 75 ft) is made by a common
positive bus and individual negative cables. The positive
bus consists of a 4 X 4-in. copper duct with %-in. walls,
which is grounded electrically to the building at the rec-
tifier rack. Each set of three rectifiers is connected to
the positive bus through a 5%, 600-A shunt for lamp
control metering purposes. Each rectifier also has an
individual 10% shunt-ammeter circuit at the control con-
sole for trouble shooting purposes. The positive bus also
serves as a water pressure manifold for the lamp coolant
system and reduces the number and size of cabling to
the lamps. An 18-in. neoprene hose isolates the copper
bus from the steel lamp coolant system to reduce gal-
vanic corrosion.

The negative cables from each rectifier are terminated
in the lamp basement at the ignitor-contactor. From the
ignitor-contactor, the negative side of the lamp circuit is
bussed to the lamp through a 7%-in.-OD copper pipe
that serves as part of the lamp return water circuit. The
negative bus is isolated from ground for the high-voltage
ignition pulse, as well as the normal operating lamp volt-
age, by a Mylar insulation on the bus and an 18-in. poly-
vinyl chloride dielectric pipe to the lamp coolant return
manifold. The conductivity of the water used as coolant
is maintained sufficiently low so that current flow
through the coolant is negligible. The lamp operating
voltage is read at the control console across the ignitor
terminals; the error due to bus resistances is <1%. A
wattmeter is used at the control console in conjunction
with the precision ammeter and voltmeter circuits to
selectively read out lamp operating power. An 18-position
telephone stepping switch and digital position readout
is used to speed up this process for the console operator
(Fig. 34).

E. Air Cooling System

The purpose of the air cooling system is to cool the
lamps, lamp mounts, solar hood and lenses and related
support structures in the lens room. The air cooling sys-
tem is of the recirculating, closed-loop type system
(Fig. 35). The air is filtered, humidity controlled, and

JPL TECHNICAL REPORT 32-1274
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Fig. 34. Lamp control console

temperature controlled through a water-air heat ex-
changer. The filter consists of a 50 pm prefilter, an acti-
vated carbon filter, and final 2 um particulate filter. The
50 pm filter keeps the carbon filters reasonably clean
when using outside air. The activated carbon filter ab-
sorbs the ozone and other various gases and hydrocar-
bons. The final filters remove particles down to 2 ym
in size (particles as small as tobacco smoke).

The atmosphere used inside the solar simulator is air,
to allow access of personnel to the area during operation.
The use of nitrogen would be hazardous and difficult to
maintain in such a large system. The use of activated
carbon filters ensures that the air entering the basement
is free from ozone,

The humidity of the air must be maintained as low
as possible to prevent the first surface, aluminized optics,
from degrading during operation. Commercial dehumidi-
fiers located in the third floor basement are used for this
purpose. A humidity recorder monitors the moisture con-
tent in the lamp plenum continuously. If rainy weather
or spilled coolant produces more humidity than the de-
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humidifiers can remove, the dry air from the wind
tunnel facility is used.

The lamp plenum is located about 30 ft below the
simulator ground level, and the possibility of GN, gas
accumulating in the plenum exists. Oxygen analyzer
check points are located on the second and third floor
basement levels to detect a shortage of oxygen. If the
oxygen falls below a preset danger level, an annunciator
is sounded at the control console and an alarm horn in
the lamp plenum warns personnel to vacate the area.

There are provisions for recirculating or venting the
air in the system. In the recirculating mode, the air from
the blower discharges to the lamp plenum, through the
lamp bank and radiation shield, up to the lens room area,
through the filter bank, and returns to the blower inlet.
In the vent mode, the air is drawn in from the outside,
passes through the auxiliary blower, through the filter
bank, through the main blower into the lamp plenum,
through the lamp bank and radiation shield, up through
the lens room, and is then vented outside.

JPL TECHNICAL REPORT 32-1274
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The normal circulation for this system is upward from
the lamp room in the same direction as natural convec-
tion. In all cases, only treated air is admitted to the lamp
plenum, which assures fresh air for observers on the sec-
ond floor basement. The dry air from the wind tunnel
facility may be used instead of outside air, if desired, by
proper valving. The wind tunnel air is vented in the
same manner as the normal vent cycle.

The temperature of the air delivered to the lamp
plenum is controlled by the water-air heat exchanger
located downstream of the filter bank. The water is
provided from the cooling tower system for the space
simulator building, The control for the air temperature,
located at the console, senses the air temperature as it
leaves the heat exchanger and either bypasses the water
around the exchanger or allows it to flow through,
depending on the position of the set point. The tem-
perature of the air in the solar simulator can never be
maintained below the temperature of the cooling tower
water.

The solar simulator air system is designed to operate
with the lamp plenum, solar hood, and lens room pres-
surized above ambient to keep the area as clean as pos-
sible. An air lock is provided for access to the lamp
plenum, and all other areas are maintained closed or as
air tight as possible. A pressure controller senses the
pressure in the solar hood and actuates a valve located
just ahead of the main blower inlet to admit or close off
make-up air as required. A set of filters is used to con-
dition the make-up air before it enters the duct. This
make-up valve is automatically closed when the circulate
mode switch is placed in the vent position so that the
vent air will not be lost through the valve.

The venting and recirculating provisions are controlled
from the console by means of remotely operated air
cylinders. There are two blowers used to vent or recircu-
late the air. The main blower, used for normal recirculat-
ing, is rated at 34,000 fi3/min at 2% in. of water; it uses
a 50-hp motor. The auxiliary, or vent, blower is rated at
15,000 ft3/min at 2% in. of water; this blower has a
10-hp motor. These blowers can be used individually or
in series for venting, or drawing dry air from, the wind
tunnel facility; however, only the main blower may be
used to recirculate the air.

F. Operation of the Solar Simulator

The operation of the solar simulator is accomplished
by following the detailed instructions in the operation
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and maintenance instruction manual. A pre-run inspec-
tion is made to assure that all subsystems are operating
or ready for operation. A preliminary phase then places
all subsystems in operation and ready for lamp ignition.
The lamp ignition is carried out individually by turning
on the lamp power and pressing the ignitor button. The
operation of the ignitor cutout, ignitor bypass contactor,
and parallel power supply operation is automatically con-
trolled by current sensing relays upon lamp ignition.

After the lamp is ignited, the lamp power is monitored
and raised or lowered as desired. The irradiance level at
the test volume is maintained by varying the number
of lamps operating and/or adjusting the power level of
the lamps from the control console. Provision is made for
future automatic control of the simulator power from the
console if desired.

The operation of the solar simulator is monitored by
various alarms and interlocks and by routine visual in-
spections of the various operating subsystems. The elec-
trical and mechanical subsystems have interlocks designed
to prevent startup of equipment until all necessary pre-
liminary operations have been met, and to initiate a safe
shutdown of equipment in the event of a failure (Fig. 36).
The philosophy of the system used is to give the operator
freedom to exercise judgment in all matters except
where an immediate reaction is required to prevent
injury to personnel or damage to equipment. The inter-
locks and alarms are augmented by standard tempera-
ture and pressure gauges, flow switches, lockout switches,
and audio and visual alarms (Fig. 37).

Additionally, access to potentially hazardous areas is
controlled by means of door keys that are an integral
part of the interlock system. Areas that are considered
unsafe during system operation are made inaccessible.
Removal of the key for these areas will shut the system
down or make it inoperable. Areas accessible during sys-
tem operation by key such as the lamp operation obser-
vation area actuate a warning buzzer and a light to warn
the console operator of occupancy.

The solar simulator is normally shut down by turning
off the individual lamp power switches. The remainder
of the subsystems are then shut down in the sequence
listed in the operation manual. All subsystems are then
given a thorough post-run inspection to check the con-
dition of the solar simulator and to place the simulator
in a standby status for the next run.

JPL TECHNICAL REPORT 32-1274
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V. Lamp-Collector Configuration Design

At the time the SS15B system was in the preliminary
design stage, the only known reliable high-powered arc
lamp was the 5- to 6-kW radiation-cooled xenon lamp.
Calculations based on previous studies showed that the
power needed to operate the 20-ft solar simulator would
require a hexagonal array of one hundred sixty-nine
5-kW lamps. The outer two rows of lamps could be left
out, initially, to provide an array of ninety-one 5-kW
lamp positions for the 15-ft beam. Calorimetric measure-
ments of power output of a 16-in. collector through a
20-in. aperture demonstrated that ninety-one 5-kW lamps
would provide sufficient power for one solar constant
plus a 30% factor for lamp degradation and 10% factor
for spares. A hexagonal array of the one hundred sixty-
nine 16-in. collectors would require a second focal length
of 45 ft to fit all the lamps within the solid entrance
angle of the optics involved.

The new water-cooled lamps, which were just being
developed at this time, looked very attractive from a
design point of view because of their power output vs
size. The use of the 20-kW lamps would require a smaller
number of lamps and their related optics and support
equipment and, thus, reduce the system cost consider-
ably. It remained to be proved whether these new lamps
would provide sufficient economy to warrant their use.

A parallel design was initiated to accommodate the one
hundred sixty-nine 5-kW lamp array into the solar
basement as a first consideration and to design a 20-kW
lamp array that could use the same basement and hood,
ete., should the 20-kW lamp prove feasible. At the same
time, a prototype 20-kW lamp test setup was started so
that performance estimates could be confirmed. The two
systems would be evaluated at a later date. If the 20-kW
lamp did not look good, the tried and proven 5-kW lamp
system could be used; if they did look good, full effort
would be given to the water cooled lamp system and the
5-kW design would be abandoned.

A complete prototype SS15B lamp-collector assembly
was manufactured and set up to verify analytical de-
signs and to enable predicting future performance of the
system with 20-kW lamps (Fig. 38). The greatest concern
in the prototype stage of development was the lack of
knowledge of the power collected from the 20-kW lamp
and projected into the system aperture. Measurement of
this projected power and the energy distribution at the
mixer aperture could be extrapolated with performance

JPL TECHNICAL REPORT 32-1274

Fig. 38. Prototype lamp and collector

characteristics of the JPL series A solar simulators to
assure that performance specifications could be met.

Figure 39 shows the measurements of power through
the aperture (A) vs aperture sizes for a typical 20-kW
lamp tested in the prototype hardware. A sketch on this
curve describes the test setup. The 17.5-in. aperture used
in the SS15B system could pass 3900 watts with the pro-
totype 20-kW lamp operating at rated power (P) when
the focus was adjusted for maximum through put. The
previous A type solar simulators have a transfer coeffi-
cient of 0.485 (energy through aperture to energy in test
volume). The data obtained from these prototype tests
could be used to predict a gross test volume flux of:

P 37 (lamps) X 3900 W
Az (190 in? X 0.866)/144
X 0.485 (the mixer transfer coefficient,
type A)
X 0.875 [the losses in mixer lens
(type B) support]
28w
O fe

The 190-in. diameter is used for a conservative 15-ft
beam. The area is calculated for a hexagonal beam to
correlate with the mixer transfer coefficient.
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Fig. 39. Lamp test data, energy vs aperture
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To be realistic, the new lamp performance data should
be modified by coefficients to take into consideration the
number of spare lamp assemblies desired and the ob-
served degradation of the lamp-collector system with
time. The SS15B system was designed around factors of
10% for spares and 30% for degradation of the lamp-
collector output during 400 h of operation.

Multiplication of the expected test volume flux by
these numbers yields an operational test volume flux of:

q>operational = (I)new lamp X 09 X 0~7

989 (0.63) = 178
iz

Although these numbers make the design appear over-
conservative, it should be noted that the 20-kW lamp
development at the time for decision as to which
lamp to use was not certain by any means, but looked
promising in the near future. Based on these tests, it
appeared that the advantages of the water-cooled lamp
system outweighed those of the radiation-cooled lamps.
The decision was made to go ahead with the solar simu-
lator design based on these lamps, and also press the
developmental testing of the lamps in the hope that they
would be suitable for production when needed.

A. Optimum Lamp-Collector Configuration

There are several important things to consider when
designing a collector for the SS15B type system. The
solid entrance angle to the mixer lens aperture from
the lamp array is fixed by the collimator diameter and
focal length; the angle cannot be exceeded because
sources outside of this solid angle will not pass energy
to the test volume. The maximum realistic packing of
sources into the circular source array is a hexagonal pat-
tern, which means that the number of sources will occur
in groups of 1, 7, 19, 37, 61, 91, etc. Figure 40 shows the
relationship between number and size of inscribed cir-
cles to that of the circumscribed hexagon. Using the
maximum acceptance angle for the one hundred sixty-
nine 16-in. collectors, it is possible to use this hexagonal
packing relationship to determine the diameters of the
collectors vs the second focus distance by using the num-
ber of grouped collectors as a parameter (Fig. 41).

It is obvious that, for a given collector focal length, a
greater number of smaller collectors could be packed in.
This will not necessarily produce the maximum energy
from the array, however, because the smaller diameter
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collectors may not be capturing the available energy
efficiently and passing it through the system aperture
at the mixer lens. If the collectors were made larger and
placed farther back from the system aperture, the system
would again reach a point where the magnification effect
of the collector would make passing the collected energy
through the aperture more difficult.

It is possible to choose the optimum collector by inte-
grating the relative energy from the polar distribution
of the lamp output that is reflected by the surrounding
elliptical collector through an aperture at the second
focus. This integrated energy passed through the system
aperture is then compared to the total energy available
from the lamp to obtain a system efficiency for the
conditions selected. A great number of repetitive-type
calculations make this problem especially suited for a
computer. Figure 42 is a sample curve obtained from
these calculations; it shows the system efficiency vs
collector eccentricity for the design collector diameter
(27 in.) when the lamp array is located at a second focal
length of 45 ft and the system aperture is 20 in. in diam-
eter. When a number of calculations such as in Fig. 42
are made for many focal lengths, the maximum effi-

ciency points can be plotted versus collector diameter
using focal length as a parameter. The dashed lines of
Fig. 43, which represent these data combined with Fig. 41
data, show overall efficiencies of systems made up of
various lamp groupings.
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There are other factors to consider when determining
the number of lamps in an array. More collectors of
smaller size may produce greater total energy through
the mixer aperture, but less efficiently, and at a cost
roughly proportional to the number of lamps. Too few
lamps could be considered as a disadvantage from an
operational point of view, because of the number of
spare lamps required and the necessity of making up for
losses from normal lamp degradation or spectral filter-
ing. Smaller sizes of lamp collectors also lead to crowding
of systems and poor access to adjustments, etc., which
may introduce design or maintenance problems.

At this point, a compromise must be made of the vari-
ous system parameters and human factors involved to
assure the best design payoff. For the SS15B system, it
was decided to follow a conservative design approach
of providing sixty-one 20-kW lamp positions for the ulti-
mate 20-ft beam and install an inner cluster of thirty-
seven 20-kW lamps for the initial 15-ft beam. Figure 43
shows the system efficiency of 61% for the design point
picked. The flatness of this efficiency curve shows that
an equally efficient system could have been constructed
at a focal length of 500 in. with a 24%-in. collector.
Because the lamp basement dimensions had previously
been sized to accommodate one hundred sixty-nine 16-
in.-diam collectors, however, it proved more desirable
to use the full basement area available. The resulting
design for the water-cooled lamps provided additional
space for accommodating the various lamp support sys-
tems and improved the accessibility to the lamps for
maintenance when a 27-in. center-to-center collector
spacing was picked.

B. Collector Fabrication

The lamp collectors are manufactured from 356 alu-
minum alloy castings. These castings are uniformly
heated in an oven at 440 =10°F for 7 to 9 h to make
them conform to T-51 standards. The optical locating
dowel holes and other tapped holes are machined into
the casting, and then, it is machined internally to pro-
duce the elliptical mirror surface: a large-diameter grind-
ing tool is revolved against the inside of the revolving
casting while the locus of the tool is tape controlled to
the elliptical coordinates.

Next, the casting is rough-ground to remove the grind-
ing tool steps and prepare the aluminum surface for the
0.006-in. electroless nickel plating. The electroless nickel
is heat treated for 1 h at 350 =+=10°F to raise the hardness
from 45 to 60 Rec. The nickel plating at this point should
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have sufficient adhesion to prevent peeling during the
optical polishing cycle.

The inner nickel surface is then polished to a highly
specular finish of the correct figure. To inspect the opti-
cal properties, a very small light source 0.006 X 0.015 in.
is placed at the focus and the image is examined at the
second focus. All the light must be contained within a
circle whose diameter is made up of the maximum mag-
nification of the source, plus the slope deviation toler-
ance allowed (=5 min) for the figure.

The polished nickel surface is coated with vacuum-
evaporated aluminum approximately 900 to 1000 & thick.
The aluminized collector is not overcoated because
experience at JPL has shown that energy losses and
spectral distortion with time are lower and more predict-
able without overcoating. (Periodic stripping and realu-
minizing of the collector is accomplished quickly and
easily without an overcoat.) Proper humidity control of
the circulating cooling air results in low degradation
of the uncoated mirror surface.

VL Pioiotype Testing of Lamps and Collectors

The test setup used to determine performance mea-
surements was also used to measure actual pressure
drops, flows, and temperatures of the various compo-
nents under actual operating conditions. It was very
useful in demonstrating the functional design of the
gimbals, focusing adjustments, clearances, etc. The elec-
trical power system, lamp control system, ignitor circuit,
and water cooling requirements could be mocked up and
tested before production hardware was ordered. Where
problems occurred, the test setup provided an ideal de-
vice to enable a fix to be worked out and incorporated
into the final production design hardware.

A. Lomp Comparisons

The use of the prototype test setup with various types
of lamps indicated that some were better than others
when measuring power at aperture vs operating power.
The influence of the lamp envelope quality was imme-
diately apparent when lamps with wavy, or with other
poor optical quality envelopes would pass considerably
less energy through the aperture than lamps with good
envelopes. Figure 44 shows how the energy distribution
at the second focus and energy through the aperture is
affected by distortions in the lamp envelope. The differ-
ences between spherical and elliptical envelopes were
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not able to be determined because of the magnitude of
the deviation due to the waviness factor.

Comparison of lamps of different types was also com-
plicated by the fact that some manufacturers prefer to
fill and operate their lamps at a lower gas pressure.
Lower gas pressures reduce the brightness of the arc
and this causes reduced efficiency in the lamp collector
system. The operating gas pressure can be estimated by
observing the electrical characteristics of various lamps.
Higher gas pressures and increased arc gap size cause
the lamps to operate at higher voltages (Fig. 45). There
are other factors that affect the lamp electrical charac-
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SMOOTH ENVELOPE

APERTURE

WAVY ENVELOPE

e i e

Fig. 44. Vignetting effect of wavy envelope

VOLTS ——=

teristics — such as type of gas, electrode materials, elec-
trode shape, and electromagnetic environment of the
lamp — but these are usually of less significance, because
most lamps of this type are of similar configuration and
differ only in detail design.

If all the lamps tested will produce in excess of a cer-
tain minimum amount of energy in the system, the most
important lamp characteristic to use in comparing lamps
becomes useful-lamp-hours/unit-cost, and initial power
output becomes less important. Figure 46 shows the ad-
vantage of using lamp B over lamp A, even though both
lamps meet the warranted hours. Most of the SS15B lamp
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Fig. 45. General lamp voltage—pressure characteristics
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test, program is based on studying the lamp-system deg-
radation vs time for various lamps, rather than initial
lamp output. The lamp-system power through the aper-
ture can be used to predict performance based upon the
earlier testing with the A systems.

B. Lamp Inclination

The maximum inclination of the lamps installed in the
37-lamp array is approximately 21 deg from the vertical
and for the 61 lamp array is approximately 26 deg from
the vertical. The lamp testing conducted for the SS15B
was done at the 26-deg angle to check on possible prob-
lems that might possibly occur from inclination,

There appears to be no significant difference in end
seal temperature between an inclined lamp and a ver-
tical lamp installed in the collector-mount assembly.
Some lamps that have blackened prematurely are no-
ticeably darker on the high side. Also, some lamps which
developed molten areas on the anode end showed drips
forming on the low side, but the darkening and melting
are believed to be caused by factors other than inclination.

The lamps in the 37-lamp array have not shown any
pattern of behavior, such as instability, that would cor-
relate with any particular angle of inclination, although
many angles between 0 and 21 deg are represented.

C. Lamp Ignition Circuit

Operation of the water coolant system with the anode
and cathode in series, which was desirable because of its
simplicity, presented the problem of maintaining the
water at a sufficiently high resistance so that the lamp
would not be short-circuited. A test was performed to
determine how the conductivity of the coolant and the
path length of the dielectric hose connecting the elec-
trodes would affect the lamp ignition. Table 2 and
Fig. 47 show the results obtained when attempting lamp
ignitions with various coolants and dielectric tube
lengths. All lamp power rectifiers were turned off for
this testing.

Based on these tests, a dielectric hose length of 12 in.
was picked, which would allow 100% ignition with the
water at a conductivity expected with the treated coolant.

There were other areas where lamp ignition became a
problem in the system which were not apparent during
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Table 2. Lamp ignition vs dielectric length

Dimension | Coolant luctivity, Number of ignitions
A, in. ntho/cm Strong Weak None
1 40 X 10™* 10
% 40 X 10™* 10
% 40 X 107 10
1 40 X 10 10
1% 40 X 107 10
2 40 X 107 10
4 40 X 107 6 4
5 40 X 107 7 3
é 40 X 10° 6 4
7 40 X 107 7 3
9 40 X 107 10
11 40 X 107 10
12 40 X 107 10
13 40 X 107 9 1
18 4.0 X 10°° 10
f DIELECTRIC TUBE
(TYGON)

T
i

]

Fig. 47. Dielectric tube schematic

the lamp-collector prototype testing. The ignitors and
high-voltage busses to the lamps were routed in such a
manner as to completely isolate them from the working
area beneath the lamps to reduce congestion and make
the area safer to work in. The ignitors were mounted
above, and to the side of, the lamp array in a restricted
caged-off area, and the negative busses were brought
down to the lamps inside of the lamp support trusses,
which were shielded. The prototype tests demonstrated
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that satisfactory lamp ignitions could be obtained with
the capacitor discharge ignitor separated by as much as
35 ft from the lamp; this distance was the maximum
expected.

The changes in physical arrangement betwsen the
prototype and the actual installation introduced new
problems when the lamp ignition was attempted in the
lamp array in the simulator basement area. The long,
high-voltage negative buses, which were closely packed
in the lamp support trusses, were leaking energy into the
trusses and surrounding basement area so that the lamp
would not ignite. The first approach to the problem was
to step up the discharge voltage of the ignitor, but this
proved futile, even when the voltage was doubled. The
lamp ignition circuit had simply too many holes and too
high an impedance.

To better insulate the negative buses, the entire length
of the bus within the truss was covered with 3 to
5 layers of 3-mil Mylar sheet. The sheets were over-
lapped a minimum of 2 in. at the joints. Any portion of
the negative bus that came within 2 in. of any other
surface or insulator was similarly wrapped with Mylar
sheet all the way back to the ignitor. The ignitor bypass
contactors, which were also at high-voltage during lamp
ignition, were modified to enlarge the contactor open
gap and, also, covered with plexiglass shields to elimi-
nate arc discharge from the sharp edges of the contacts
and linkages.

The impedance of the ignition circuit was further
reduced by wire-braid bonding the anode directly to
ground at the collector and bonding the ignitor positive
terminal to ground at the ignitor. These modifications to
the ignitor circuit allowed the ignitor voltage to be re-
duced to the original 50 kV with very good ignition
characteristics. Some lamps occasionally will not start on
the first attempt, even though there is a strong discharge
at the electrode gap. This phenomenon is believed to be
due to the lamp electrode condition however, and not
the ignitor. At some times the ignition process appears
to be more reliable when the humidity is lower in the
lamp area, but sufficient operating experience is unavail-
able to confirm this.

D. Lamp Coolant System

The prototype 20-kW lamps specified ordinary tap
water to be used as a coolant. Early lamp evaluation
tests showed that tap water was probably sufficient for
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their type of anode cooling, but the lamp life was so short
that the importance of the coolant was not recognized.

The SS15B coolant system was designed around the
requirements of the prototype and early production
lamps that used a water cooled tungsten anode. The
water used was de-ionized and contained a soluble, high
PH additive to reduce corrosion in the system. The
equilibrium ionization of this water system made the con-
ductivity of the coolant low enough and sufficiently
stable with time that a water system de-ionizer was not
required.

A nitrogen purge system is used to reduce the oxygen
and carbon dioxide in the coolant, and a filter is added
to block all particles larger than 50 um.

The newer 20-kW lamps with the small, tangential
flow nozzle anode cooling systems may present problems .
when used with an additive in the coolant. Tests con-
ducted by JPL and others (Ref. 7) indicate that lamp
coolant systems will have to become much more sophis-
ticated than the early tap water systems to achieve the
heat-transfer efficiencies required for long life at in-
creased power levels.

Changes currently being considered for the SS15B
system to adapt to the newer lamps include: highly
filtered (5 wm) de-ionized water, complete de-aeration
of all dissolved gases, and increased operating water
pressures.

E. Lamp Stability

The water coolant lines to the lamp anode were routed
as close to the lamp envelope as possible to reduce the
amount of collector surface to be cut away and to allow
the lamp to be serviced from the rear of the collector
(Fig. 48). Rear servicing reduced the exposure to the
bare lamps above the array, and a series anode-cathode
flow path meant fewer hose connections to service for
lamp removal.

It was felt, initially, that the current could be shunted
effectively between the two opposing anode conductors
so that their magnetic fields would cancel and the arc
would not be deflected seriously. The prototype design
called for a % X 34-in. copper shunt strap connecting
the two water tubes at the base. This seemed to work
satisfactorily at up to 10 kW; but at higher power levels,
the arc was noticeably deflected away from the con-
ductor carrying the most current and became unstable.
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Doubling the current capacity of the shunt appeared to
solve the problem, but it was later discovered by the
lamp manufacturer, and verified by a JPL lamp test, that
small changes in the contact resistance of the shunt
would cause instability and deflection of the arc. The
contact resistance was apparently affected not only by
installation procedure but, also, by aging in the lamp
mount after assembly.

Figure 49 shows how the problem was solved elec-
trically by making the conducting tubes (R;, R,) out of
321 stainless steel, rather than copper.

} R R
ANA- A AN
=
— S
ANA
—_— 2 R 4
Fig. 49. Lamp mount electrical schematic
R, = contact resistance and shunt resistance/2
(water in)
R, = contact resistance and shunt resistance/2
(water out)
R, = tube resistance (water out)
R, = tube resistance (water in)
i, = current (water out)
i, = current (water in)

The current divides in a ratio of the resistances

R1+R2+Rg

B_
i R,

It is very difficult to get the shunt contact resistances
R, and R, lower, but if R; and R, are made large com-
pared with R, and R, and it is assumed that the tube
resistances are nearly alike, the current ratio will con-
verge to 1.0. The noticeably unstable lamps with copper
tubes and silvered contacts were observed to have cur-
rent ratios as high as

iz 0.00017 + 0.00017 + 0.00034

iy 0.00034
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When the copper tubes were replaced with stainless
steel, the current ratio is reduced to

i, _ 0.00017 + 0.00017 + 0.00683
i 0.00683

= 1.05

This modification appears to have solved the arc de-
flection and instability for the conductor magnetic field
influence at a cost of an iR loss of approximately
1000 W/lamp. The increased voltage drop of about 2 V
was well within the capability of the arc welder recti-
fiers used in this system.

F. Magnetic Field Control Experiment

At the time the arc instability problem was being
investigated, some studies were made of the possible
use of an external magnetic field to control the environ-
ment of the arc (Fig. 50). An 18-in.-diam coil was placed
at the back side of the collector, approximately 1% in.
below the center of the arc. This 200-turn coil was ener-
gized by a highly regulated and filtered DC power sup-
ply. By increasing the flux level of the coil, it was
possible to make an unstable lamp operate in a stable
manner with a noticeably constricted arc. The con-
stricted arc was noticed to pass approximately 1%%

Fig. 50. External magnetic coil experiment
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more energy into the test volume by observing the test
volume radiometer and to reduce the upper seal tem-
perature by 10°F. When the flux level was raised above
30 G, the arc was restricted still further and became
unstable once more. At the optimum stability level, the
flux was mapped (Fig. 51) in the vicinity of the lamp
with the lamp power off. No flux measurements were
made with the lamps operating.

An interesting observation was made while operating
the magnetically controlled lamp in the full lamp array.
Rapidly varying the flux level surrounding the con-
trolled lamp by turning the coil off and on produced a
noticeable flicker in the operating voltage of the adjacent
lamps. The field strength was estimated to be <1 G at
the adjacent lamps because of the coil. When all adja-
cent lamps except one were turned off, this one could be
made slightly unstable by turning off the coil of the
adjacent controlled lamp and allowing the controlled
lamp to go unstable. Apparently the oscillating field of
the unstable lamp was sufficient to affect the normally
stable lamp with a very small field level. No measure-
ments were made of the field levels and all testing was
terminated at this time to get ready for the acceptance
testing of the solar simulator. It seems possible that fu-
ture problems may be encountered with the magnetic
environment of these high current lamps tightly clus-
tered as in the SS15B system.

G. Mechanical Design of Lamp Mount

The mechanical design of the production lamp mounts
were altered to overcome deficiencies noted in the proto-
type testing. The lamp base plate, which appeared to
operate satisfactorily with one type of lamp, was badly
burned when operated with a lamp having more energy
in the solid angle toward the base (Fig. 52). To remedy
this situation, a Y-in. Teflon baffle was located between
the lamp and the base to shield the radiant energy
(Fig. 53).

The gimballing adjustments, which were originally de-
signed with standard %~28 threads were too coarse for
accurate optical alignment of the collector, and the turn-
buckles were changed to 32 thread for greater accuracy.

Optical alignment of the lamps and collectors with the
lamps operating proved to be a time consuming, uncom-
fortable, and potentially dangerous operation. A point
source lamp fixture previously developed for the accep-
tance inspection of the lamp collector was incorporated
with an alignment device to eliminate this requirement.

A lamp was first operated in the collector and the
focus adjusted to give the optimum energy transfer
through the aperture. This lamp was then removed and
placed in the alignment device (Fig. 54). The crosshairs
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Fig. 51. Magnetic field induced upon lamp using
external coil
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Fig. 54. Lamp alignment device

of the 90-deg telescopes mounted on calibrated cross-
feeds were adjusted on the extreme cathode tip and
locked. The lamp was then removed, and the point
source fixture was locked in the alignment device. The
point source lamp (0.006 X 0.015 in.) was then positioned
at the crosshairs of the alignment device. When the point
source fixture was then removed from the alignment de-
vice and placed in the same collector that had previously
been used, the image size at the second focus was ap-
proximately 18 in. in diameter. A target was constructed
with a circle 18 in. in diameter and placed over the inte-
grating optics of the system.

Alignment of the collectors and prefocusing of the
lamps can next be accomplished by a reverse order of
the initial procedure. The alignment target is placed
over the integrating optics, and the point source fixture

48

(Fig. 55) is placed in the collector. The point source
lamp is moved about until the image is the smallest size
(3-in.-diam) and concentric. The point source is then
locked into the fixture so it cannot be moved, and the
collector is gimballed until the small, 3-in.-diam image
is centered on the target. The collector is now properly
aimed and the turnbuckle adjustments are locked.

When the collector is aimed, the axial position of the
point source lamp is unlocked, and the point source is
brought back until the image at the target is enlarged to
fill the 18-in.-diam target circle. The point source is then
locked ‘in position, and the fixture is removed and in-
dexed into the alignment device (Fig. 56). The crosshairs
are moved to the position of the point source lamp, and
the opposing crossfeed indicator readings are logged.
Any lamp to be installed in this collector position can
now be prefocused to these telescope coordinates by
placing it in the alignment device and centering the
cathode on the crosshairs.

Fig. 55. Point source fixiure installed in collector
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Fig. 56. Installing point source fixture in alignment device

VIl. System Tuning and Uniformity of
Irradiance Tests

A. Description of Runs

Because of the possibility of improving the uniformity
of irradiance by using the aberration effect of the con-
densing lenses, several runs were made with different
lens configurations. As the lenses were progressively in-
verted (Fig. 14) more energy was spread into the outer
portions of the beam, and better overall uniformity was
produced. It can be seen that the amount of change is
roughly proportional to the amount of energy in the lens
channels being used. The irregular behavior of the curve
is believed to result from collimator reflectivity and not
to be affected by the lens aberration process. Superposi-
tioning the measured irradiance uniformity over the the-
oretical uniformity due to the collimator aberrations
(Fig. 57) shows the approximate magnitude of the mirror
reflectivity influence. Direct correlation is not possible
because the contribution of the mirror reflectivity is
a three-dimensional problem and only limited two-
dimensional data are available. Figure 58 shows the total
reflectivity of the mirror as measured after these runs.
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Fig. 57. lrradiance uniformity vs scan radius

These data were obtained by operating only one cen-
trally located lamp, because only the magnitude of the
change was of interest. As more lamps are used, the uni-
formity becomes better because, although each lamp
illuminates the entire test volume, it illuminates it from
slightly different zones of the collimator (Fig. 59). These
contributing zones effect an averaging process on the test
volume irradiance. The averaging is related to the num-
ber of lamps used and, if very good uniformity is de-
sired during a test, all the lamps should be run at a
uniformly low power, even if a few lamps run at rated
power could do the job.

B. Lamp Focus Effects

The optimum position of the lamp electrodes with re-
spect to the collector focus was determined in prototype
testing for the maximum energy transfer through the
aperture, It was noticed during these tests that the lamp
focusing readjustment would be required for lamps dur-
ing their early life because the erosion of the cathode tip
is most pronounced at this period. After 50 h, the cath-
ode tip seems to reach an equilibrium radius, and the arc
plasma will remain near the same location during the
rest of the lamp’s useful life. The focus for the lamps
used in this system was based on the burned in location
of the cathode tip rather than the new lamp position.

Figure 60 shows the irradiance in the test volume as a
function of cathode position for a new lamp. It can be
seen that maximum energy transfer occurs when the
cathode tip has eroded approximately 0.036 in. The initial
loss resulting from this adjustment compensation is
about 5% until the cathode has rounded. There are some
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additional losses from the reduced brightness with the
rounder cathode, but these have not been determined
quantitatively.

The effect of the focus of the lamp on the system
uniformity is shown in Fig. 61. The first interpretation
of these data was that the uniformity could be improved
by defocusing the lamp somewhat— which appeared
true, but the accompanying loss of energy to the test
volume makes this solution less desirable. A closer exam-
ination of the focus effect on the uniformity was made
to see why the uniformity appeared to be worst at the

COLLIMATOR

MIXER LENS
SYSTEM
; TOP OF TEST
VOLUME
LaMp 2. ” IMAGE PLANE
1
/ BOTTOM OF TEST
VOLUME
S JLAMP 1

Fig. 59. Zonal illumination of collimator

optimum energy transfer; it was found that the original
lamp was slightly misaimed. The flag marks show the
same type of data obtained from a more closely aimed
lamp where the test volume uniformity of irradiance is
improved.

The importance of proper aiming can be shown as in
Fig. 62 where the distribution of energy from the lamp
is displaced on the integrating lens system. It can be
seen that the defocused beam distribution will produce
an improved uniformity for a lamp that is not aimed
properly, but will not produce significant changes for
a properly aimed lamp.
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The effect of nonuniformity as a result of the beam
position on the mixer is reduced by the averaging process
of operating a large number of lamps at lower power,
rather than a small number of lamps at higher power. The
averaging can also be accomplished by using more lens
elements in the integrating lens system; but if a suffi-
ciently large number of lamps is used, this method be-
comes less attractive.

VIil. Acceptance Testing and Calibration

The acceptance testing demonstrated that the SS15B
system exceeded all the design specifications. The early
analytical studies based on prior operation of the type A
simulators predicted a system efficiency of 7.5% overall.

__ power in test volume

eff X 100

power into lamps

calculated efficiency

& XA 282 X 197

eff = =
No. X power 37 X 20,000

X 100 = 7.5%

measured efficiency

_ 133 X 197

T T X 100="77%
341,300

The denominator represents the average kW input dur-
ing 7 runs at 133 W/ft2.

A. Collimation

The collimation was measured by use of a theodolite
at a 6.0-ft elevation and sighting on the image of the

Table 3. Collimation of SS15B beam

. Angle of beam with test floor Deviation from vertical
Point of measurement
on beam Angle A® Angle B* Angle C* A—B Mean difference
4-ft radius at 6 ft elevation
N 180° 59’ 33" 179° 5'29” 231" N 1° 54" 4"
l° 55: ou
S 180° 49'.57" 178° 54’ 1" 3 1IN 1° 55’ 56"
E 180° 46’ 51" 179° 4’ 52" 4 B"W 1° 41/ 59
1° 42 15"
w 180° 43’ 0" 179° 029" 8 15“E 1°.42 31
7.5 ft radius at 6 ft elevation
N (Interference with lens cutout prevented measurement)
1° 58/ 31"
S 180° 54’ 45" 178° 56’ 14" 430" N 1° 58' 31"
E 180° 41/ 55 178° 5814” 9’ 55" W 1° 43’ 417
1° 43 46"
w 180° 37/ 55 178° 54’ 4" 14'E 1° 43’ 517
aSee Fig. 64 for description of angle.
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lamp array on the projection lens system of the mixer to
determine the virtual source size. The lamps need not
be turned on to make this measurement if the lamp array
image is brightened by turning on the maintenance lights
in the lamp hood area. Figure 63 shows the measuring
points used in calibrating the system and Fig, 64 shows
the angle convention used. The data obtained from these
measurements are contained in Table 3.

It should be noted that this method takes into account
only the extreme rays of the system. Most of the energy
is more highly collimated. Table 4, derived from the
mixer energy distribution, gives a better presentation of
the effectiveness of the solar simulator with respect to the

60°

DOOR 90°

EPPLEY MARK IV
RADIOMETER

120°

collimation. Note here that the concentrated energy dis-
tribution at the mixer is more effective from a collima-
tion standpoint than from a uniform energy distribution.

Table 4. Percentage of energy within collimation

haif angles
Lens channel Collimation half angle, deg Energy, %
I 0.0 io 0.23 9.6
n 0.23 1o 0.62 43.4
1] 0.30 10 0.87 26.5
v 0.62 to 0.99 20.5

NORTH

0°

300°

HYCAL
RADIOMETER

270°

SURVEY RIG
BOOM

180°

PLAN VIEW

® COLLIMATION MEASUREMENT POINTS
[H SPACECRAFT MOUNTING POINTS

Fig. 63. Acceptance test measurement points
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Fig. 64. The angle convention used for collimation
measurements

B. Spectrum

The spectrum was measured with an Eppley Mark IV
filter radiometer with a B9 filter wheel. Figure 65 shows
the percentage of radiant flux vs wavelength obtained
for the xenon lamp system as modified by the system
optics, only. No filtering was attempted. Lamps were
operating at %3 of the rated power during spectral mea-
surements. No attempt was made to determine the effect
of spectrum vs lamp input power.

C. Irradiance

The irradiance was measured in the test volume with
a calibrated Hycal radiometer and a strip chart recorder
during all runs. Figure 63 shows the position of the
radiometer in relation to the other instruments. Although
the instrument was located 4 ft from the center of the
beam, the irradiance was representative of the entire beam
because of the high degree of uniformity.

D. Uniformity

The high quality of the solar simulator beam required
a new technique to be used to measure the beam uni-
formity. This method consisted of comparing the voltage
output of two 2 X 2-cm silicon cells (short circuited with
1-Q wire-wound resistors) with a log ratio converter and
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processing the output signal through an antilog converter
to an X-Y plotter:

.

E; E;

-> Ei = — J E
E. 10 logm( 5 )

-

k

XY
plotter

=

E;
E, = antilog,, (— TO—>

3
I

scan cell voltage
E; = stationary cell voltage
E; = log ratio converter output voltage

E, = antilog converter output voltage

This technique was used to eliminate the possibility of
small changes in the irradiance level, due to random
facility power changes, from showing up as irradiance
nonuniformities. The stationary silicon cell is mounted
on the survey boom so that it is only 2 in. from the cen-
ter of the test volume and at the same elevation as the
scan cell. The irradiance ratio is then:

q)sca.n Ei
o ———
‘i’s tationary Ek

q)ratio -

The irradiance levels were determined by observing a
calibrated Hycal radiometer output during all scans with
a strip chart recorder. All scans were made at an irradi-
ance level of 133 +=2 W/f2 with approximately
22 lamps running at 23 of the rated power. As explained
previously, it was expected that better uniformity could
be obtained if all 37 lamps were operating, but lamp sta-
bility problems prevented this from being done.

Figure 66 shows typical irradiance ratio scans made at
ambient conditions in the four directions of major inter-
est. Figure 67 shows a typical uniformity contour plot
derived from the complete scanning data under simu-
lated test conditions. There were no significant changes
in test volume irradiance uniformity when data were
taken at different elevations — either under cold wall con-
ditions or at —100°F to +70°F collimator temperatures.
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Fig. 65. Spectral measurement in the 25-ft space simulator
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Fig. 67. Contour plot of irradiance ratios
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IX. Future Capabilities

The performance of the 25-ft simulator with the exist-
ing lamp array and changing only the mixer lenses and
lamp power can be extrapolated with confidence for
systems of higher irradiance or varying beam size.
Figures 68 through 71 show the wide range of options
available with these minor changes. Additicnal changes
such as the addition of the 10-ft-diam X 20-ft-focal-length
collimator from the 10-ft simulator and suitable mixer
lens changes can be used to provide an 8-ft beam with
irradiance equivalent to that of the planet Mercury.

X. Conclusions

Large single-piece collimating mirrors of more than
20 ft in diameter can be fabricated for use in high-quality
solar simulators from aluminum weldments. When prop-
erly designed and constructed, they will be dimensionally
stable and have excellent temperature-control character-
istics. The mirror’s reflecting surface can be formed by
electroplating nickel to the machined weldment, then
grinding and polishing the nickel to a highly specular
finish. The vacuum deposition of aluminum on this sur-
face by means of a single-source crucible heated by elec-
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tron beams is capable of producing optimum uniformity
of reflectance over the entire diameter. Also, the spheri-
cal aberrations of large-diameter, off-axis collimators and
the resulting degradation in uniformity of irradiance
and collimation can be improved by locating the virtual
source off focus.

Transmission optics for large systems such as the
SS15B are subjected to extremely high-flux densities at
the system aperture. Water-cooled structures to posi-
tion the optical elements can be designed and fabricated
to withstand these thermal loads with relatively small
losses. The nonuniformities in the test volume irradiance
that result from the cosine type distribution of energy
at the mixer aperture can be improved by design of the
optical elements in the mixer lens system.

Water-cooled lamps have made possible the design of
large solar-simulator beam sizes with a relatively small
number of higher-powered lamps. The water coolant and
electrical power to these lamps can be joined in common
buses to make more efficient use of available space.
Initial problems with premature anode failure and
plasma instability appear to be near solution and show
promise of increased power output and useful lamp life.
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