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Spectral Analysis of the Shuttle Glow

This contract to observe and analyze the "Shuttle Glow" was implemented with the University
of Arizona in October 1986.7/An experiment was designed to record the spectral content of the glow
emission in order to determine its origin, its interaction with the Shuttle orbiter, its related
environment and the atmosphere. Early in the program the task was undertaken to define the various
adaptations which might be required to modify the experiment for various flight opportunities, such
as IMPS, SPAS, HITCHHIKER and SPARTAN. At that stage of the program flight opportunities
were not fully defined, and the design of the experiment was re-configured to be able to take
advantage of whatever flight opportunity arose. The early funding schedule encouraged a program
of design studies to meet a variety of requirements and possibilities not fully defined at that time.

The program was accepted for an SDIO flight (the Infrared Background Signature Survey--
IBSS) on the SPAS I7 carrier, and spacecraft interface meetings began in April 1987 with the German
contractor, Messerschmitt-Bolkow-Blohm GmbH (MBB) in Munich. Concurrent with the experiment
preparation, software programs for its operation and control were being developed, along with
familiarization and training of personnel. Testing of various components of the system were also
undertaken throughout the process.

After delivery of the Arizona Imager Spectrograph (AIS) experiment to Hanscom Air Force
Base in October 1988, formal testing began. Some reworking of various components was required,
due to unanticipated events and under-estimation of some of the complexities of the program, as well
as the imposition of some additional requirements. The experiment was delivered to MBB in April
1989, where it was supported during integration and acceptance testing. A great deal of travel and
shipping activity were required during this period of the program when the hardware was being
integrated with the platform. Finally, in June 1990 the SPAS pallet, carrying the AIS experiment, was
delivered to Kennedy Space Center.

In the meantime, scftware development and documentation proceeded with a number of IBSS
collaborative experiments defined and programmed in the operational software. These were presented
and approved during June 1990, as well. After several delays, the AIS experiment was flown on STS-
39, April/May 1991. A report on the events during the flight is attached, Appendix A. The data
continues to be reduced and analyzed under a separate contract. Further flights of the AIS
experiment have been proposed.

A second experiment, the Shuttle Glow Experiment ("GLO"), was based on the original AIS
design and development concept, but for a Hitchhiker class Shuttle flight. Work on that experiment
had been in process since September 1988, on a non-interference priority status. The experiment was
manifested on STS-53. Interface meetings have been attended at Goddard Space Flight Center, and
the experiment was nearly complete at the time this contract ended. A copy of the "GLO" experiment
"Customer Payload Requirements" document is attached, Appendix B.

The experiment design approach was submitted for publication in Applied Optics. A copy of
the article is attached, Appendix C. Publication is scheduled for June 1992,

The AIS experiment details were submitted to Applied Optics in a second paper. A copy of
that article is attached, Appendix D, also to be published in June 1992. Reprints of these papers will
be supplied as they become available.
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APPENDIX A
Final Report, SFRC F19628-86-K-0040

The Flight of the Arizona Imager/Spectrograph Experiment
on STS 39

Summary

The AIS experiment on SPAS II was very successful even though the full potential of the experiment
was not realized. A review of the science data resulted in the identification about 40 sequences in
which good data were recorded on a variety of subjects, It is clear that these observations are unique
and demonstrate the power of the instrumental approach. On the other hand, the data is cumbersome
to work with because there is a lack of supporting data which are necessary for critical analysis and
demonstration of the optical performance under continually changing lighting conditions.

The primary factor which compromised the experiment was a lack of understanding of how
the AIS experiment would be implemented in the shuttle system. The AIS was a new and complex
instrument employing seven ICCD detector systems. It was software driven and depended on ground
communication to tune the experiment for different lighting conditions. Although the design was
developed and implemented with respect to a specification, those specifications changed remarkably
as the project approached shuttle flight. Direct electronic communication with the instrument could
not be provided, resulting in a very cumbersome operation and serious degradation of the data and
the AIS experiment.

This was the first shuttle flight for our group and we add to our successful data collection a
wealth of experience in the form of “lessons learned." This is a non-trivial result of any mission
which has aggressive scientific goals.

The AIS instrument was a modern design imager/spectrograph using computer technology to
gather simultaneous imagery and spectral data. The spectral range from 118 nm to 1100 nm was
recorded by the spectrograph resulting in a single spectrum represented by 5000 contiguous spectral
elements. The spectrum was shuttered simultaneously with 12 spectral imagers having selected fields
of view and band pass spectral filters to isolate emissions of interest. The instrument was autonomous
in that the observational sequences were stored in the instrument memory and activated by simplified

- ground command. Observational sequences for several orbits could be stacked in the system for

sequentinl operation.

When the AIS experiment was delivered to MBB in Germany in the spring of 1989, there were .
several design criteria which were addressed successfully by the AIS team.

1) Access to the IBSS recorder was not possible and downlink to handle the AIS data was not
available. An optical disk “WORM" drive was prepared for space flight in a few months. The
capacity of 200 megabytes limited the data collection seriously and data compression was initiated,

2) Communication with the instrument was limited to 11 discreet commands. A software
coder and decoder were developed to allow the file of about 100 commands and parameters to be
passed transpareatly from the ground support equipment (GSE) to the instrument.

3) The command stream was low rate, estimated at about 10 commands per second. The
instrument control unit was designed to operate complete observational sequences, “templates,”




autonomously. Templates could be stacked in order of sequential operation. This allowed the
instrument to perform its experiments with minimal communication from the ground.

4) Since this was a new instrument, operational problems were anticipated, Extensive
interrogative routines were designed to assess the Instrument Control Unit (ICU), edit the memory
bit by bit, upload programs and program patches. This capability was provided with on-board
routines to maintain minimum ground command requirements.

5) Experiments were designed to complement each of the active IBSS and other experiments.
The various PI's contributed to the design of about 30 observational sequences.

As we approached launch it became clear that the experiment as it had been designed was not
compatible with the way in which the mission would be operated. The primary problem identified
was the number of commands we anticipated sending to the instrument. The AIS experiment team
did not understand this problem for several months. Finally we realized to our amazement that there
was no mechanism for getting electronically prepared command sequences into the shuttle command
computer. All commands had to be transferred to paper and entered through a batton console.

The implications of this defect in the AIS command system were never seriously evaluated.
The AIS experiment team expected to have instrument problems on orbit because of the complexity
of running seven intensifiers and CCD’s, a pointing system, and responding to changing lighting
conditions, The AIS was primarily a computer with a completely customized software program. The
capability to monitor its performance, analyze any problems and compensate for difficulties through
software was basic to the design.

The IBSS/SPAS 1l project personnel and the AIS team were in a learning mode with respect
to the running of the SPAS or the AIS on orbit through the shuttle system. Several committee
decisions were made to address the lack of communication.

1) We were instructed to increase the number of templates stored on board the instrument to
minimize the requirement to "edit” on-board templates. The template load increased from 30 to 130
combinations. All of these combinations were required to be run through the SPAS system to verify
that there was no interference with the SPAS operation. Although the AIS did operate successfully
through hundreds of tomplates exercising the central limit switch, that switch failed almost
immediately on orbit. ' :

2) An additional command constraint was added for primary operations: no ground
commanding would be allowed while the SPAS was deployed. This required that the template
selection be made and edited before prime operations were initiated. Someone became aware of a
software trick that could be initiated to edit a template and store and re-number it. The AIS team
was instructed to use this software facility as an operational mode to reduce the necessity to have the
astronaut change the template number. This mode was imposed without serious review or tosting.

The fact was this non-standard operation was available as a utility for system tes:ing and had
never been considered as part of the operational function. It was found that the facility did not have
the capability to handle the prime mission template load. 1t was found on orbit that there were

- software errors in part of this facility which had never been required or tested before flight.

3) These committes decisions were so successful in reducing the AlS command impact that
this most serious AlS operational problem was never exarcised during the JIS training sessions. This
lack of training and responsiveness to the AIS emergency commands ultimately lod to serious damage
to the AIS instrument on orbit. '

The AIS observational program was organized to satisfy three periods.




1) Pre-deploy would be used to evaluate instrument performance and set limits and exposure
times for experiments pointing at or near bright objects, the sunlit shuttle, the sunlit Earth, etc.
These parameters were to be used to edit the deployed operations AIS sequences to optimize the
experiments,

2) The AIS deployed operations were “"canned." Downlink engineering and monitoring data
were received except when classified experiments were supported. The templates were very specific
in operation and provided little or no pre-experiment/post-experiment data to assist the analysis.

3) The AIS non-interference experiments were scheduled for the post-deploy period.

The AIS on Qrbit

The AIS experiment was monitored and controlled by two teams from the University of
Arizona. There were three people on 12 hour shifts. Replanning was supported by two teams from
Lockheed on a parallel schedule.

The AIS was powered six hours into the mission and was checked out as part of the SPAS
system. The instrument responded correctly while performing its functional test autonomously. The
preplanned observational sequences were initiated about 10 hours MET. At the initiation of the
second template, it was noted that the center limit switch was not detected during the boresight
command and the scan platform continued to move toward the CCW limit. We wished to stop the
sequence to evaluate the problem. A request was issued to send our express emergency command
“AIS OFF." It took 9 minutes for the command to reach the instrument. In this period of time the
scan platform continued to move to satisfy the "Boresight” request moving between the center limit
switch which was being sensed in the CW direction and the CCW limit. After three cycles the CCW
limit switch failed “Closed." The platform was moving toward the CW limit when it was powered
down.

The primary failure was reasonably benign and would have been corrected by edits to
subsequent templates and we would have not sensed a switch again. The second failure, with the
CCW limit switch “Closed,” was very sorious. As long as the switch was sensed to be closed, the scan
platform was inhibited from moving in the CCW direction by the AIS program. The limit switch
could not be ignored because that function was built into the ROM.

At first it seemed we had designed the ultimate trap; however, a plan was developed by the
AlS software team to bring the scan platform back into operation. For CCW rotation it was necessary
to exit the primary program and command the stepping motor directly. The problem was to find the
appropriate exit point in the compiled program, jump to a motor command subroutine which we
stored in capacitor backed up RAM, move the scan platform a number of steps, and return to the
main program. The difficult part was doing the programming through the very inefficiint command
system. Nevertheless, this rather remarkable feat was accomplished by Kalynnda Berens and Mike
Fitzgibbon demonstrating that they were in fact an integral part of the AlS instrument.

The AIS was returned to boresight with the IBSS about 2 days 3 hours MET. The parailel task
was editing the deployed operations templates to remove any reference to the boresight command.
These edits were in place when the SPAS was unberthed for deployed operations.

Once AIS operations began again, a second anomaly occurred. [t was noted that in some
operational sequences the HVPS would come on but then tur off again as if’ it were overloaded.
There was some suspicion that the visible imager intensifiers and their part of the HVPS had
something to do with the failure; they were not used again. Unfortunately the SPAS was deployed
before this anomaly could be examined. Several of the deployed operations experiments were
compromised by this failure and much of the primary data was lost,
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An instrument interrogation sequence was designed to examine the AIS HYPS problem as soon
as we were able to command again.

The SPAS was berthed about 4 days 13 hours MET and the HV evaluation sequence was
initiated. An operating sequence was found to avoid the HVPS failure and observation continued.
Except for the massive editing process, the AIS was returned to an active operational role. Good
sequences were run from the shuttle bay and an active and successful observational program was
performed while the SPAS was on the ARM. The ARM sequence began about 5 days | hour MET
and continued to 6 days | hour MET. The AIS continued to observe from the bay until 7 days 12
hours MET.

4




Recommendatigns

In spite of the problems in flight, the AIS returned valuable data on many targets. It also
demonstrated the power of the imager/spectrograph instrumentation.

The AIS was a new instrument with extensive spectrographic and imaging capability. We
expected it would have some problems on its maiden flight but we expected to be able to deal with
those problems through electronic communication with the instrument. Although electronic
communication was a design criteria, the impact of the lack of such communication was not
recognized. We are satisfied now that the AIS worked exceptionally well for a first flight of a
complex instrument. We were also satisfied that problems we did have would have been small
perturbations if the instrument had been operated in the mode for which it was designed and tested.

A second instrument (GLQ), identical to the AIS, has been built. All of the improvements
and upgrades necessary to make the AIS a first-class scientific too! were incorporated in the GLO
instrument which is manifested as a Hitchhiker payload on STS-53. Qur increased knowledge from
that experiment will be passed to the AIS for any potential future flight as the AIS experience was
passed to GLO.
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NASA
HITCHHIKER-G PROGRAM

(SHUTTLE PAYLOAD OF OPPORTUNITY CARRIER)

CUSTOMER PAYLOAD REQUIREMENTS

CUSTOMER PAYLOAD: GLO (Shuttle Glow) Experiment

CUSTOMER: AFGL/LPL(U. of A.)

DATE:
CUSTOMER APPROVAL: , GSFC APPROVAL:
fan Gordoéé ' e Hitchhiker Mission Manager Date
_Payload Manager ' o '
Hitchhiker Project Manager Date
PL/WSSI APPROVAL: -
Dave Knecht Date
Date
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TABLE |

CUSTOMER DATA

CUSTOMER PAYLOAD NAME: Shuttle Glow Experiment

CUSTOMER PAYLOAD ACRONYN: GLO

CUSTOMER NAME, ADDRESS,
AND TELEPHONE NUMBER: A, Lyle Broadfoot
L.unar & Planetary Laboratory
University of Arizona
Tucson, Arizona 85721
(602) 621-4303

NAMES AND PHONE NUMBERS OF CUSTCMER CONTACTS:

ELECTRICAL: Andrew Hudor (602) 621-4536
THERMAL: A. L. Broadfoot (602) 621-4303
MECHANICAL: A. L. Broadfoot (602) 621-4303

CALENDAR INTERVAL DURING WHICH FLIGHT IS REQUESTED:
Fall 1992 ‘

EARLIEST DATE AT WHICH QUALIFIED PAYLOAD WILL. BE AVAILABLE:
- April 1992 ‘




HITCHHIKER-G
iNASA PROGRAM

CUSTOMER PAYLOAD REQUIREMENTS

1.0 INTROD 1ION

This accommodation plan defines the agreement between NASA /Goddard Space Flight Center (GSFC)
and the Hitckhhiker Customer concerning the unique information needed for the preparation, flight,
and disposition of his payload. The general plans for handling of Hitchhiker payloads are described
in Hitchhiker Customer Interfaces and Services Handbook.

Appropriate information from this accommodation plan will be used to prepare all necessary
documents required by the National Space Transportation System (STS).

In addition, signature of the CPR by the Payload Manager is his certification that this payload
contains no items having commercial value that will be used for commemorative purposes and
financial gain.

Customer data is given in table ).

2.0 PAY "RIPTI
2.1 Mission Obijectives

A system of spectrographs and imagers will be used 10 study the “Shuttle Glow" and other
~ ‘atmospheric emissions. The optical instruments are co-aligned and are on a scan platform which will
allow the instrument pointing direction to be changed to examine the “Shuttle Glow* from different
points of view. The shuttle glow is known to be variable but refated to the attack angle of the RAM
vector on the shuttle surface. Shuttle glow is also modified by water dumping, anitude control gas,
and other normal shuttle operations. There may be sensitivity to sunlighting of the near shuttle
atmosphere.  Measurements of the spectral content will allow us to understand the nature of the
interaction between the Earth's atmosphere and the shuttie craft and its atmosphere. The effect of
the shuttle environment on optical measurements will be examined cavefully,

- 2.2 Physical Description

_ The payload consists of 6 physically soparate sssemblios which are listed in table 2. For each
assembly the weight, size, and field of view (if any) requirements are given, nlong with allowable
ranges for operating and nonoperating (storage) temperatures and average power dissipation. The
experiment can be configured for HH-G mounting requirements. Figuros | through 3 show the
details of the HH-G mounting. Two experiment mounting plates are shown from various views with
experiment subsystems shown as blocks. These drawings will be updated to show all assemblies and -
any cables intercoanecting the assemblies, the location of the standard electrical interconnects,
location of surfaces requiring ficlds of view, and location of ary items requiring access such as purge

- posts or “red tag” covers.

2.3 Pavload Functional Description and Method

The following is a brief functional description of the payload describing methods, techaiques,
and hardware clements used to obtain the mission objectives.
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The GLO experiment is an imager and spectrograph covering a large spectral range, 115 nm
to 1150 nm. Qur primary objective is to examine the "Shuttle Glow Emission" in an effort to
determine the nature of the glow. Secondary targets include atmospheric emissions, day and night
glow, and aurora. One of the best areas of the shuttle for examination of the "shuttle glow" is the tail
section since it extends out of the immediate environment of the shuttle body and presents differing
angles of attack by the "RAM atmosphere” as well as differing angles of view from the bay. If the
GLO scan platform is mounted high on the G plate, the best view of the tail section will be available.

The spectrograph consists of 5 separate units with 9 gratings and detectors that divide the
spectral range into 9 regions of about 1000 A each. Five full frame CCD's are interrogated resulting
in 83 K spectral samples or 166 K bytes of data. For 30-second exposures the data rate is 5.5 K
bytes/second. For many experiments, |-second samples are required.

From the imagers three half-frame CCD’s produce approximately 166 K bytes of data/sample.
For 30 seconds between exposures the data rate is 5.5 K bytes/second. Again for many experiments
I-second samples are required. The auxiliary sensor data rates are low in comparison to the above.

With imagers and spectra on [ -second cycles the data rate jumps to 330 K bytes/second to the
data recording unit. The spectrographs and imagers are mounted on a scan platform to allow
examination of the immediate shuttle environment. The scan platform is able to move the instrument
in both elevation and azimuth directions. The motion is limited to £150° in elevation from the +z
direction. The azimuth motion is £190° about the z axis of the STS.

The nature of the observations will change with shuttle attitude and solar lighting conditions.
The most advantageous observations will be defined after the shuttle attitudes have been defined.
There is little enough known about the shuttle glow that few requests will be made for special
attitudes. The instrument will be operated by commands from the ground. Some imaging will be
transmitted to the ground over one of the 1200 b/s asynchronous interface to assist in instrument
control and pointing. We will have supplemental data storage to record data during periods when the
medium rate data stream is not available, The instrument has a command buffer which will store a
sequence of commands which will operate the instrument for several orbits.

2.4 QOperationa} Scenaric

A brief description of the necessary operations scenario to achieve the payloads mission
objectives appears below.,

The instrument is controlled by an on-board microprocessor. Operational sequence templates
are stored in EPROM for operation on call. The operational sequence will be uploaded from the
ground. Timing will be synchronized by use of an internal clock. Commands can be uploaded in
bursts possibly once per orbit except in special cases. It is expected that most observational conditions
will be available through the unperturbed flight sequence. Requests may be made for special
attitudes, special firings, or some celestial lock opportunities as the flight sequence is developed,

3.0 PAYLOAD REQUIREMENTS FOR CARRIER STANDARD SERVICES
3.1 Carrier to Pavload Electrical Interfaces

The payload will meet the standard eclectrical interface requirements (including connectors,
pin assignments, impedances, signals, levels, etc.) specified in the customer payload requirements
document. This payload will require two of the standard interface connections or “ports." For each
of the ports, a copy of table 3 has been enclosed showing which of the standard electrical services will
be required by the payload. Unused services will be left open-circuited in the payload unless other
termination is required by the GSFC. The experiment electrical distribution block diagram is shown
in Figure 4. Thermal control is not indicated on this diagram,

15




3.2 Carrier to Pavioad Mechanical Interfuces

The payload will meet the standard mechanical interface requirements specified in "Summary
of Customer Interfaces and Services." Mechanical drawings and other documentation will be supplied
in sufficient detail for the GSFC to perform user accommodation studies and ultimately draft the
Mechanical Interface Control Drawing (MICD). Section 2.2 addresses most of the information
required for accommodation studies. Table 4 lists the data required for inclusion on the MICD. A
handling fixture will be supplied for units weighing over 70 pounds.

3.3 Carrier to Pavioad Thermal Interfaces

The thermal interface, power and control will be necessary but is not defined at this time
pending guidance from GSFC. We anticipate the need for thermal control of both mounting plates
possibly in the temperature region of 0° C for the scan platform and instrument mount plate and
+10° C for the DRU mount plate. In addition we will provide one or two small heaters of
approximately 25 watts each in the scan platform.

3.4 Customer Supplied Ground Support Equipment (CGSE)

The payload will require customer supplied and operated Ground Support Equipment to
provide controls and displays for the payload during integration of payload to carrier, system tests,
and flight operations as specified in table 3.

3.5 Qperations Requirements

On-orbit operations for this payload will be continuous from first turn on after bay doors
open. Scientific data can be acquired at all attitudes with ground control of the experiment. Special
attitudes will be requested for several orbits or operational cycles. Table 6 shows general operations
requirements, and the characteristics of each operating cycle. The range of acceptable orbit
inciinations and attitudes for cycles is given as are the duration, any attitude requirements, and
requirements for orbit day or night. 'The maximum power, average power, and energy requirements
are given for each cycle. The total number of commands expected to be transmitted is shown along
with requirements for low rate (LR) or medium rate (MR) data coverage in minutes.

3.6 Ground Operations Reavirements
This payload will require handling and ground services as defined in table 7.
3.7 Safety

Table 8 indicates by “no" or “yes" items of a safety-related nature on the payload. Detuils of
items identified “yes* are also given. _
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TABLE 3

STANDARD AVIONICS PORT REQUIREMENTS

PORT NUMBER: |

Number of bilevel commands (4 max): 0

Number of thermistors (3 max): 3 (HH plate sensors)

Serial Command:

Asynchronous uplink:

Asynchronous downlink:

Medium rate KU-band data rate:

PCM serial downlink total data rate:
PCM Channel A data rate:
PCM Channel B data rate:
Number of bits/Sample A/B (8 OR 16)
PCM analog data:

IRIG-B GMT:

GMTMIN:

Crew panel switches

Orbiter CCTYV interface:

Port to port interconnect required:

Power Circuit A - amps max

Power Circuit B - amps max

Power circuit HTR - amps max

Total energy required A&B (kwh)

50 kbps
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PORT NUMBER: 2

Number of bilevel commands (4 max): - , 0
Number of thermistors (3 mnx) . - 3 (HH plate sensors)
Serial Command: ' ,
Asynchronous uplmk: ' 0
Asynchronous downlink: . ' | :
Medium rate KU-band data rate: 250 Kbps
PCM serial downlink total data rate;
PCM Channel A data rate:
PCM Channel B data rate:
Number of bits/Sample A/B (8 OR 16)
- PCM analog data:
IRIG-B GMT:
GMTMIN:
Crew panel switches
Orbiter CCTV interface:
Port to port interconnect required;
Power Circuit A - amps max
Power Citcuit B - amps max
Power circuit HTR - amps max
Total energy required A&B (kwh)

HH plato heaters

orococcoocoocococoo
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TABLE 4

Date:
MECHANICAL INTERFACE CONTROL DRAVWING
INFORMATION CHECKLIST
PROGRAM: GLO INSTRUMENT: Imager/Spectrograph COMPONENT: 6
REQ'D RECD INC AGR REV
Instr, Component Size and Shape 29.5" Dia.
* 21.5" High
Instr. Axis Orientation El £150° from +Z
Origin Az £190° around Z
Attachment Location G Carrier
Bay 3 starboard
Reaction Direction & Sides
Details TBD
Envelopes TBD
Static
Thermal
Dynamic
Size and Shape TBD
Mass
Center of Mass
Inertias
Detector FOV Location Movable
Size Imager 20°x20°
Spec. 0.2°x10°
H Thermal FOV Location Size TBD
Fluid Service Type NONE
Location
Details
Frequency
Electrical Connector Locations TBD
Orientation
Idemiﬂcation
Electrical Grounding Detail TBD
Radioactive Sources Type NONE
Strength
’ Location
| Handling Point Location TBD
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TABLE 4 (continued)

Date:
MECHANICAL INTERFACE CONTROL DRAWING
INFORMATION CHECKLIST
PROGRAM: GLO  INSTRUMENT: Imager/Spectrograph COMPONENT: 6
ﬂ REQ'D
Access Areas Identification NA
Location
Size
i Reference Surface Location NA
5 Size
i Doors/Appendages Identification
Location None
Size
Function
Mass
Inertia
Duty Cycle
i Remove/Install Before/After
Flight Items Identification Covers
Location
Size
_ Function Protection
Ordinance/Actuators Identification
Location ' None
Type
Function
: NOTES--safety precautions
‘ --special provisions NA
~-test configuradon NA
~-shipping NA
~--gnvironment NA
--damage NA
-«cleanliness 100,000
~-materials NA
--purge provisions No
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TABLE 5

CUSTOMER GROUND SUPPORT EQUIPMENT (CGSE)

Weight:

Number of assemblies:

Power required (Watts total):

Floor space required:

CGSE will generate uplink commands:

CGSE will receive low rate customer data:

CSGE will receive medium rate data:

CGSE will receive attitude data:

Number of standard 15A 114V AC 60 Hz outlets required:

* There is a need for real time flight events such as firings, water dumps, etc., for experiment timing.

2l

900 Ibs

18

1500 W

12 ft. x 10 ft.
Yes

Yes

Yes

Yes *

2




wnn spumy
WL SpMINY
WL Ipmmy
win apumy
wig Spumy

T 3ON
vivd

1 310N
SAND

gonrow uuopReid vess ,

A Aq porogrq spouad SO TOISSTWSTRN EIEP Jie) WRIPOU SNONURUOO - 1104 SHUOIWY INFYGIH (Inoiyl 2 910N

siem 08
suem 08
spem 08
snes 08
shem o8
snem o8
snem g8
suem 08
sem 08
snes o8
snem 08
spem 08
snem o8
snem 08
siem 08
snem Of
snem 08
snem 08
snem 08
snem g8
snem 08
snem 08
snem 08
snes 08
suem 08
suem 08

ASWINd UMd DAV

suridn 9181 MO] SNOUOIYIUASSE JDAC HIQIOMURE §

+STRM 061

+SHEM 061

+Shea 061

+ShEM 061

»Sues 061 Q10 38O
+SHEM 061 HgI0 WO
+STIEM 06T WqIo 3BO
«Suem g6l 1qIo 35O
«SHEM 061 11610 2UQ
+SHEm 061 1QI0 3O
»Sies 061 ngIO 3UO
+SHIEA 061 1Gz0 3UQ
+SHEs 061 1gIo WO
2STEM 061 4eqg
+STEM 061 18N
+SheMm 061 BN
+SHEM 061 Aeq
«SHEMS 061 BN
+SHIBA 061 WEIN
»STIRM 061 feq
+SueM 061 WEIN
»STEM 061 wanN
«ShEA 061 HQIOo WO
+SueA 061 NqI0 U0
»SIEM 061 g0 910
«Sitem 061 QIO L0
dnd XVIN  ITHOINAVA

gay 077 (HMY) ADYANH TV.IOL
HONVYE 2ANLLLTV IGO0
‘HONVY NOLLVNI'IONI LIO

woeds a1 Z+ psaig
2eds o1 Z+ pesug
oeds 01 Z+ pasmig
oeds ;1 Z+ poseig
HIAT oeds 0 &-
HIA7 oeds o1 -
HIAT oeds a1 A-
woeds o1 Z- peseid
oeds o) 2- poseig

Hi

H1

Hi

Hi

UNS-NUR Z- ‘AA- UIA
URG-RUE Z- ‘AA- 13A
ung-aue Z- ‘AA- 1A
UnS-RUR Z- "AA- JUSA
Ung-NUE Z- ‘AA- 1UIA
UnS-Nue Z- "AA- WIA

soeds o) Z-

2oeds 01 2-
eds o Z-
ung-noe Z- ‘AAA+
ung-nue Z- ‘AAA+
ung-nue Z- ‘AAA+
ung-nuE Z- ‘AAA+

%gg,

- JeNIMLe] PUBLIUOD NOWIY IBDHYYNIH | 310N

'SNOLLORLLSTY ¥O0 SINIWIIINOTY SNOLLVYILO TVID3dS

dootg 9z vioiny
dosis (4 quiry 4B
danis 92 Bussorn joeunuiag
= R 4 2010 WY3IN
wmwes 00X 21n3an0S “SOWIY
“UNI 06 | vA JMIDNNS “SOUTY
muw 08 (174 2UNPNRS “souny
URl O 61 {qui] OV
U G5 81 (qurp oV
wwos - L] OSNA
Rl 06 91 SOYUA
URB 06 st SOYA
W 06 141 SOUA
i gf €1 ading aD 1904
T O rA admg gD g
U Qf i1 281ng 119D 1ang
un Of o1 dung 1ieM
I gf 6 dwng isrepm
e Of Q dwnq 1em
ww of L ¥ SOUJ
“unw Of 9 Z# SONd
W of 3 1# SOYUd
9w 06 14 # (SWO0) ©0
W 06 £ Z# (tel) o0
T 06 z i# (SWO) 90
~unw 06 1 1# (1el) OO0
353Vl

TTOAD DNLLVAIdO AVO1Avd

$FTIOAD SNOLLYHI4O0 40 YFGWNAN TVLOL
gdl g3dindI¥ INLL ONLLVYEEJO TV.LIOL

SLNIWFEINOTY SNOLLVIZIO Q<§<m :

9319vL

22




..c.-......

TABLE 7

GROUND OPERATIONS REQUIREMENTS

Maximum and minimum allowed storage temperatures:
Maximum and minimum allowed relative humidity:
Cleanliness requirement for payload integration and testing:

Customer supplied ground support equipment required
to service payload (excluding CGSE in Section 3.4):

Requirements for gases or liquids:

Requirements for payload servicing at Jaunch site;
Requirements for access during orbiter integration:
Requirements for access on launch pad:
Requirements for post-landing access:

Any other special reamrements for handling at mtegratson and
test or launch site operations:

Sizes and weights of items required for shipment to integration
or launch sites (excluding CGSE of Section 3.4):

~ Lifting fixture 6" Jow
A4'x10%10* 40w

Hardw_are support kit

® An integranon verificwon test shouid be performed to ensurc proper connector mating has been
a&hlevcd .

23

-50° to 80° C
< 50%
100,000

Lifting fixture
N3

None

None

Remove covers

Replace cover
Yeos *

Listed below




TABLE 8

PAYLOAD SAFETY RELATED ITEMS

1. Contains pressurized volume(s): No
2. Contains radioactive material: No
3. Contains light or RF source: No
4, External electric or magnetic fields: No
5. External electrically charged surface: No
6. External hot or sharp surface: No
1. Contains toxic material (e.g. HG, BE); No
8. Contains outgassing material: No
9, Vents fluids or gases: No
10. Contains ¢ryogens: | No
bi. Has moving external parts: 7 o | Yes
12, N Contains explosive devices: - . No
13, Contains or generates explosive or | -
flammable materia? or gas: - No
14, Customer suppfied GSE contains no radnoactlva m:nenal
hght or RF souncs, pressurized volume: : Nt_)
45 Any other hazard: S Yos -

Description of identified hazard(s):
' » High voiiagc up to 6 kv between spectrograph and high yolmgo power supply.

¢ Lithium battery..
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APPENDIX C

Final Report, SFRC F19628-86-K -0040

Applied Optics Paper: "Application of the intensified CCD
to airglow and auroral measurements”
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a reprint from Applied Optics

Application of the intensified CCD to airglow and

aurcral measurements

A. L. Broadfoot and B. R. Sandsl

New detector technology exemplified by advanced CCD and intensified CCD (ICCD) systems have
important advantages for both spectrographic and imaging research. However, to realize the full potential
of this new technology, we must consider the detector and the optical system as a whole. It is frequently
not enough to simply substitute an ICCD for an earlier detector; rather, to achieve optimum results, the
optics must be adapted to the specific detector. Properly designed airglow spectrographs based on the
ICCD detector offer the advantages of high throughput over a broad spectral range, precise wavelength
stability, low noise, and compactness. Imagers having the wide field and the high senasitivity needed for

airglow research are practical as well.

{. Introduction

Quantitative auroral and airglow spectral measure-
ments were first made by photographic emulsions in
spectrographs and cameras. These emulsions re-
corded a great deal of information, both spectral and
spatial, but had several important limitaiions. Photo-
graphic plates were slow, had ¢ limited spectral range,
and were difficult to interpret quantitatively. Early
electronic detection systems, such as the vidicon and
image orthicon developed for the television industry,!
did not provide a quar:titative alternative. The devel-
opment of the photomultiplier? was an important
milestone.

The photomultiplier had sens.ivity to single photo-
events and the capability for high time resolution.
Although the photomultiplier was approximately 2
orders of magnitude more sensitive than the photo-
graphic emulsions, in a spectrograph it was limited to
monochromatic samples. New optical designs were
optimized for photomultipliers. By the early 1960's
emphasis had shifted to monochromators (spectrome-
ters), but the photographic spectrograph was still
quite competitive when large spectral ranges and
spatial resolution were required. Photometers with
“interference filters were useful as high-through,ut
moanitors of a particular wavelength.

The authors are with the Lunar and Planstary Laboratory,
- University of Arizona, Tucson, Arizona 85721,

Recelved 8 April 1991,

0003-6935/62/165097-12803.00/0,

© 1882 Optical Society of America.

The most recent detector development has been in
the family ¢f solid-state arrays, including CCD’s,
charge-injection devices, Reticon photodiode arrays,
and others.34 Although these devices have been avail-
able fur approximately two decades, their application
has been slow even though they have represented a
major advancement in capability. We have been using
the ICCD in our observational programs. ICCD’s can
be compared with the detectors mentioned above by
noting that the ICCD’s have the same sensitivity to
photons as do photomultipliers as well as the advan-
tage cf spatial resolution. With the ICCD instead of
the photographic plate in a spectrograph, the spectro-
graph has single photoelectron counting capability,
an improvement of approximately 2 orders of magni-
tude in sensitivity over the photographic plate. How-
ever, the full potential of this improvement cannot be
realized by simply substituting the ICCD for the
photographic plate; rather, the optics must be rede-
signed and adapted to the requirements of the new
detector,

In this sense, the development of detector systems
and scientifically useful applications are two different
concepts. Several good review papers expound the
details of the detectors that are under develop-
ment 358 These descriptions do not deal with many of
the practical aspects of application except in a futuris.
tic way. Application, as discussed in this paper, means
the use of available technology to make scientifically
useful measurements, The distinction between apphi-
cation and development is important in the following
discussions because the promises of detector develop-
ment in the past 10 years are familiar, whereas

The U.S. Government is authorized to reproduce and setl this report, -
Permpissior for further repvoduction by othars must be obtained from
the copyrtint owner. -
2 1 June 1882 / Vol. 31, No. 18 / APPLIED OPTICS 097




practical applications are specialized. Few detectors
qualify as candidates for use in general-purpose instru-
mentation.

The astronomy community has taken a leading role
in the application of CCD’s to scientific measurement
over the past 15 years. The capabilities and shortcom-
ings of the CCD are well understood. In the use of
intensified arrvay detectors, astronomers again tried
several techniques but improvements in the bare
CCD progressed quickly enough to satisfy their re-
quirements. The Voyager UV spectrograph launched
in 1977 used an intensified linear array.” It has
undoubtedly the largest database from which to
study the application of array detectors that can
record single photoevents.

The development research and application of CCD’s
over the past decade have resulted i understanding
and confidence in the device. This is a result of both
industrial and scientific interest in the CCD, Another
device, the proximity focused image intensifier, that
uses microchannel plates and a phosphor screen on a
fiber-optic output faceplate, has become readily avail-
able and can replace the photomultiplier in many
cases. This is also a proven product resulting from
military interest. Other detectors under development
with various readout techniques do not fit into the
category of proven and available. They fit into a class
of special application and in our opinion cannot be
viewed as cowmnpeting devices for general use in air-
glow and auroral measurements.

The ICCD is formed by fiber optically coupling the
output of the proximity focused image intensifier to
the CCD to take advantage of the best attributes of
both devices. The task is then a matter of engineering
and verification rather than of detector development.
Here we discuss the use of ICCD's in two types of
instrument that are suiled for measurements of
extended sources, such as airglow and aurora, namely,
spectrographs and imagers, with major emphasis on
the former. We compare their performances with
alternative detectors and discuss factors that must be
congidered in optimizing an observing program based
on them. Among these are noise characteristics and
suitable optical designs. In contrast to the develop-
ment of specialized sensors necded for some particu.
lar applications, we emphasize the idea of using
standurd CCD’'s and image intensifiers available in
standard product lines, We find that these are suit-
able for a large class of measurement that is of
interest for studies of aurora and airgiow.

il. General Canalderstions in the Application of CCD's
and ICCD's

The bare (unintensified) CCD has been used exten-
sively in astronomy. The attributes of the device that
have been the most important are the linear response
over several decades of dynamic range and the ability
to integrate for long periods of time, hours at liquid
nitrogen temperstures. The first is important be-
ceuse the data are in a digital format easily manipu-
lated by computers. The second allowed the inte-

3088  APPLIED OFTICS / Vol. 31, No. 16 / 1 June 1882

grated signal from weak sources to exceed the
threshold of sensitivity. The threshold was fairly high
in the early days. The Voyager UV spectrograph
detector” had a read noise of 10* electrons chosen as
an easily attainable design criterion, although a level
10 times better could be reached with special effort.
Modern CCD systems exhibit read noise in the several-
electron range, approaching the ideal detector. How-
ever, they have other problems consistent with high-
sensitivity systems.

The intensified CCD has all the attributes of photo-
electron counting that are offered by the photomulti-
plier, including access to the whole photoelectric
spectral range from 20 to 1200 nm but has been slow
to be accepted as a viable detector system. We pro-
posed the fiber-optic coupling of a proximity focused
imaged intensifier to a Reticon photodiode array for
the Voyager spectrograph in 1971 foliowing the re-
search of Riegler and More.® The first ambitious
application of the ICCD’ was initiated in 1976 by
these authors in the Imaging Spectrometric Observa-
tory (ISO) proposed for Spacelab 1.'° Except for
advancements in electronics, little has changed in our
understanding of the ICCD as a detector system. It is
not ideal, but it is readily available, has been used in
several flight instruments, includin§ the UV imagers
aboard the Viking Earth Satellite,'"** and is flexible in
configuration.

The CCD and the ICCD differ considerably in use.
A primary consideration in selecting between them is
their thresholds of detection for a given integration
time. For simplicity, we assume in the following
discussion that the CCD and the ICCD have identical
quantum efliciencies, thercby generating photoelec-
tron events at equal rates. The CCD is basically an
analog detector, but its sensitivity is high enough that
it is evaluated by single-photon (electron) statistics.
The read noise is typically 10-50 e (electron—-hole
pairs) rms, and, in special cases, it has been reported
to be <10 e’ rms. The signal-to-noise ratio (S8/N) p
for a read of a single pixel may be written as

S

R 1)
-y'N'bDJ-s (

[

where S is the number of electron-hole pairs gener-
ated by the signal, D is the number resulting from
thermal dark rate, and N represents the contribution
from the read noise of the electronics. We take N to be
the square of the rms read noise. Figure 1 shows the
curves of p for a range of values of S.

The intrinsic dark count rate of the photon count-
ing ICCD is very small on a per-pixel basis. For
exampie, the dark count rate of a cooled S$-20
photocathode of diameter 26 mm is typically 10
events/s. Scaled to the 5 x 10 mm’ area of the pixel,
this corresponds to ~10°® events pixel 's '. Cath-
odes with reduced red respense thigher work func-
tion) are less noisy. The ICCD curve, in the interest-
ing range of the CCD curve, is a straight line. In Fig.
1, the iCCD curve wus drawn through a S/N of 10 and
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Sensitivity (Rayleigh—seconds)
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Signol (Photoevents / CCD Read)

Fig 1. Signal-to-noise ratio p for CCD and ICCD detectors com-
puted by using Eq. (1). The straight line represents the ICCD for
which N is effectively zero because of the photoelectron counting
capability of the ICCD. The curves represent CCD systems having
readout noise of 10 and 50 electrons.

100 then extrapolated through 1 without regard for
the statistical implications since individual photo-
events can be detected by the ICCD.

It is interesting to consider the meaning of the
threshold of detection for each detector system. The
photoevent counting intensifiers are the most straight-
forward. The noise is dominated by the shot noise in
the signal. Long integrations give the same results as
the summation of multiple short samples represent-
ing the same total integration time. On the other
hand, the read noise and the other effects in the
operation of the CCD limit the threshold sensitivity.
With the CCD, the most effective way to increase o is
* to increase the integration time-—astronomers use
hours. If adjustment of the integration time is not
" acceptable, two other approaches can improve the
statistical performance modestly. They are referred
to as on-chip summation and off-chip summation.

For photon counting detectors, both techniques

(on-chip and off-chip summation) result in improved
statistics. The photoevents appear as a burst of up to
10° ¢” in the CCD. This charge overwhelms the lower
level of noise associated with normal CCD readout.
Event counting statistics will prevail (Fig. 1). This is
‘not the case for the bare CCD.

~ On-chip summation sacrifices spatial resolution to
minimize the number of read operations required to
measure the charge on the chip. The technique is to
move the charge in several adjacent pixels into the
‘output junction, then sample and digitize the accumu-
~ lated charge with a single read. Although this im-
- proves. the signal-to-noise ratio over the sensitive
area, the question of interest here is the effect on the

- threshold of detection. For example, if 10 pixels, each

having a signal charge of 50.e’, are summed on chip,
the resulting signal-to-noise ratio-should be 10. If

* - each pixel had an average of only 6 ¢* and was shifted

into the output junction, would the result be a
signal-to-noise ratio of unity? There is the question of

eficiency in handling a 5-electron charge. We do not -
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know of research that deals specifically with the effect
of moving small numbers of charges. In any case,
there are other noise contributions that become
significant at this level of on-chip summation.” Any
leakage charge on the pixels would be summed into
the output gate as well as the signal charge. It appears
that there would be difficultics in pushing the thresh-
old down far with the on-chip summation technique.

Off-chip summation also has limitations when the
signal is close to threshold. First, the S/N improve-
ment follows the square-root law in this case. Al-
though areas that have identifiable intensity struc-
ture will improve in S/N, it is unlikely that the
summation of samples with a S/N of unity or less will
result in a recognizable improvement in the threshold
of detection. The effect of reducing the read noise to
10 e” is shown in Fig, 1, but the considerations above
are still valid in evaluating the threshold of detection
at the 10-e level.

We argue that, the two devices, the CCD and the
ICCD, can be scparated in their application by their
threshold of detection. For continued discussion we
assume that the CCD has a threshold of detection of
approximately 50 photoevents for comparative pur-
poses. Also, we assume that each pixe] of an ICCD can
be considered as a photon counting device that pre-
serves the Poisson statistics of the arriving photons.

The dynamic range of the detector is generally not a
limitation for either CCD approach. The limitation in
dynamic range in many cases is caused by internal
scattering in the optical system and not the detector.
‘The bare CCD has a linear response from its thresh-
old to pixel saturation. Depending on the threshold
and the full-well charge capacity of the pixel, the
dynamic range can be greater than 10*, Saturation of
some pixels does not affect the rest of the pixels
significantly, This dynamic range is sufficient for
most applications, and it can be extended by exposure
control.

The ICCD dynamic range is not restricted by the
detector either. It is defined by a companion digital
memory and the dark count rate rather than by the
full-well capacity. At maximum gain, the intensifier
generates approximately 500 e /photoevent ina CCD
pixel. This implies a dynamic range of 500 events for a
full-well capacity of 2,6 x 10" e , but the CCD can be
read out often and the events accumulated in a
companion momory. High signal levels can also be
handled by reducing the gain of the intensifier. The
good statistical accuracy implied by the high photo-
event rate is maintained by integrating the signal on
the CCD; the only statistical penalty is a factor of 2! *
introduced in the transition from pulse counting to
pulse integration. The Voyager UV detector can
integrate the signal on the anode array when the

" microchannel plate MCP is operated at iow gain. The

result is a markedly extended dynamic range. When
the Voyager UV spectrograph observes the sun, it
measures photoevent rates up to 3 x 10° photoevents
s ' pixel '. At full gain, photoevent rates of 5 X

10 *s * pixel * are routinely recorded at our thresh-
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old of detection. The full dynamic range is therefore
approximately 10°. The threshold of detection for the
Voyager UV spectrograph detector is similar to that
of the ICCD detector system, 10 ® events/s. This
threshold is higher for the photocathodes that gener-
ate appreciable dark noise.

The ability to deal with ‘igh signal rates is not
usually the concern in typical scientific applications.
Rather, the limiting factor is usually the ability to
deal with weak signals. Scientific observations are
most often driven to the statistical limit to improve
temporal, spatial, or spectral resolution.

For many investigations, the possibility of choosing
the photocathode of the ICCD to reject unwanted
long-wavelength emissions gives it an important ad-
vantage over the bare CCD. For example, many
diagnostic emissions fall in the far UV. With a bare
CCD, scattering from near UV and visible wave-
lengths, where the solar flux is orders of magnitude
higher than in the far UV, can compromise measure-
ments of the features of interest. A solar-blind photo-
cathode in an ICCD is a convenient solution. We do
not treat this advantage quantitatively because it
depends on the specific application, but it is poten-
tially a crucial point.

. Application of Array Detectors to the Spectrograph

In the following discussions we concentrate on the
use of the ICCD for aeronomical measurements,
comparing it with other detectors that have been used
for that purpose. We also consider the bare CCD, but
the need for short integration times in most aeronom-
ical observations leaves the bare CCD a poor con-
teader.

There are five important differences between the
ICCD spectrograph and the photomultiplier mono-
chromator that we discuss in the following sections:
(1) optical design criteria are different; (2) optical
throughput or speed of the spectrograph for obtain-
ing a complete spectrum is improved by approxi-
mately 2 orders of magnitude because of the multiplex-
ing nature of the detector; (3) instrument size can be
decreased by a factor of 10 in focal length or 10" in
volume in many applications; (4) effective dark count
rate per pixel is reduced by at least 2 orders of magni-
tude; and (6) quality of the data is improved remark-
ably because the spectrograph need have no moving
parts. The apecific application will determine the de-
gree to which these improvements can be achieved,
but, in general, the advantages are almost revolution-
ary. ;

A. Optlical Dasigns and the ICCD Detector Systemn

In Section I, we noted that the development of the
photomultiplier resulted in a change in the optical
design of spectrographic instruments to take advan.
tage of the photomuitiplier. The array detector also
requires special optical designs, There will be o return
to the spectrographic configurction but with some
new constraints,

Spatial and spectral information can be obtained
from the spuctrograph, but this requires a good

3100  APPLIED OPTICS / Vol. 31, No. 16 / 1 Juvs 1982

quality image of the entrance slit in the image plane
of the camera system. (Typically, there are three
imaging optical elements defining a spectrograph:
the collimator, the dispersing element, and the cam-
era.) The optics for a monochromator need image
only the width of the entrance slit on the exit slit for
good performance; a one-dimensional or astigmatic
image will suffice. Fastie' was quick to rediscover the
Ebert monochromator, which had not seen much use
since its original description,'® presumably because
the severe astigmation in the system was unsatisfac-
tory for a spectrograph. Fastie pointed out that a
similar optical system could cancel spherical aberra-
tion and greatly reduce coma by the use of complemen-
tary spherical surfaces for the collimator and camera
optics and of a special curved slit geometry. The
reflecting optics have no chromatic aberration. The
result was a high-throughput high-resolution mono-
chromator, the Ebert-Fastie (E-F). However, the
curved slit and astigmatic optics are inappropriate for
the rectangular format of the CCD. Although the E-F
optical system is fast, recording the full spectrumin a
single exposure on the ICCD has an advantage of
approximately 2 orders of magnitude over the E-F
monochromator. This is best illustrated by a direct
comparison of the E-F monochromator and a compa-
rable ICCD spectrograph.

The performance of a monochromator or spectro-
graph viewing an extended source can be estimated by
using the photometric equation

A
';?_.S(bm(. 2

P=BA,

where P is the photoevent rate in events 8™* pixel ', B, is
the brightness of the source in photonss ™ em™s *, 4,
is the area of the detector, A, cos ¢ is the effective area
of the grating of area A, operating at an angle o, F' is
the focal length of the camera lens, + is the optical
transmission, 7 is the efficiency of the dispersing ele-
ment, and ¢ is the quantum efficiency of the detector.

The following discussions can be simplified by some
substitutions into Eq. (2). The area of the detector
can be replaced by the effective dimension of the exit
slit, L, the length of the slit, and, W, the width. The
grating area divided by the focal length squared is a
solid angle and can be replaced by the reciprocal
[-ratio of the camera optics squared,

Acoud o)
-_PTT—.EF.

The modified photometric equation is

LW
P-B‘E-;;;-mq. Y

For this comparative study, we assume that the
transmiysion of the optical system =, the grating or
dispersive efficiency v, and the quantum efficiency ¢
are equal in the two systems. When the constant
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terms are collected into the constant &, the expression
becomes

LW
P=hk—F" t4)
/‘.

and from system to system the throughput E has the
proportionality

Lw

Ex—r- t5)

This can be made more specific by comparing the
performance of an E-F 0.125-m monochromator with
that of a spectrograph having equivalent resolution,
spectral range, and f-ratio but designed around the
ICCD. The two optical systems are shown in Fig. 2.
Table I lists the characteristics of the two designs.

The two sets of design parameters have been
selected to produce identical spectra. The focal length
and f-ratio were taken from the E-F design. A
high-dispersion grating maximizes the throughput of
the monochromator and three grating steps per slit
width were used. To match this the ICCD system has
3 pixels per slit width and a grating ruling selected for
a dispersion of 3.3 A/pixel. The spectral range was
determined by the numbr of rows in the ICCD array
8o that each spectrum would contain 576 samples.

Because the f-ratios are equal in the two instru-
ments, their monochromatic throughput is simply

PM Tube Entronce Slit
2-D
Detector
)
Ebert-Fastie 72-D Detector
Spectrometer Spectrogroph

Fig 2. Compartson of & conventional E-F speetromuior with o
spectrograph designed to ke advantage of madern two-dimen-
slonal deteciors. In termy of the time required to cover the sume
 rvange of wavelengths ut equivalent rwalution and stulistical
aocuracy, the spectrogriph hus an advantage ol a fuctor of 60
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Table . Monochromator-Spectrograph Comparison

Array
Duetector |1CC)
Spectrograph

Ebert-Fastic

Parameter Muonochromator

Focal length (/) 125 mm 125 mm

[-ratio () b H
Resolution 10A 10A
Grating 3600 lines: mm 530 linesimm
Slit width (W) 0.45 mm L0668 mnv
Slit length «1) 12 mm 8.5 mm
Spectral element 3.3 Arstep 3.3 A, pixel
Range 1900 & 1900 A
Elements per spectrum 576 576
Optical throughput (£ 9.6 1
{monochromatic)
Optical throughput for 1 60

full spectrum

“The spectrograph has no physical exit slit, but the function of an
exit slit is performed by the discrete pixels of the 1CCD,

the ratio of the arcas of their slits. The E-F slit is 9.6
times larger than the slit in the ICCD spectrograph.
However, to cover a range of 1900 A at the specified
resolution, we must step the E-F grating and inte-
grate 576 times. Hence we must consider the rate at
which information is recorded, and we tind that the
spectrograph will produce 60 spectra, in the same
time the E-F monochromator produces a single
spectrum of comparable quality. Not only does the
spectrograph gather photons 60 times faster than the
tnonochromator, but the quality of the data is im-
proved. Scattered light in the spectrograph is lower by
the ratio of the areas of the slits. a factor of 9.6. The
detector and the optical system of the spectrograph
have no moving parts, so internal scattering depends
only on the input illumination and can be measured
for later removal Vn the spectrograph, the wave-
length scale is fixed by the unchanging relationship of
the aptics and the detector. In contrast, a relinble
wavelength xcale in a spectrometer with a rotating
grating depends on the precision of the mechanism

© that positions the grating. Temporal variations in the

source are recorded over the entive spectrum simulta-
neously by the spectrograph, The spectrograph im-
ages the entrance slit on the detector, sv that the
spatial variations in the source will be recorded. All
the advantages of spectrogeaphs with photographie:
plates ean be realized in the TCCH spectrograph,
Flexibility and smail size are additional advantiges
of the ICCD spectrograph. The optical desigm of the
E-F system iy fixed, and the experimentor can use

“only the fore optics to adapt the instrument to the

obhservation. This is not the case with the 1ICCD
spectrograph. The entire optical train is at the design-
er's disposal. It is most important to realize that the
uptical design of an 1CCD system is conatrained by
the size of the detector, and. therefore, high speed
dous not necossarily imply a laege instrument. The
quantities 7. and W are the dimensions of the pixel
areay on which the entrance slit will be imaged and
are therefore constrained by the detector size The
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f-ratio refers to the camnera feeding the detector. The
throughput will be constant as long as the f-ratio
remains the same regardless of the size of the optics.
In practice, the size of the optics can be reduced until
the image quality over the area of the detector
becomes unacceptable because of the optical aberra-
tions in the system. It is also noteworthy that the
throughput is not affected by the speed of the optical
gystem in front of the grating provided it does not
vignette the camera system. The f-ratio of the collima-
tor can be large compared with that of the camera. A
large f-ratio has the advantage of better scattered
light control in the spectrograph. The f-ratic can be
reduced until the image quality at the edge of the
array becomes unacceptable.

The example above can be extended to instruments
used in the past. A variety of instruments that have
seen substantial use over the last two decades are
cited to illustrate the use of array detectors. Begin-
ning with the basic instrument design, we adjusted
the parameters of each instrument to give the same
spectral resolution in the 400-nm region of the spec-
trum. Then we evaluated the constant in Eq. (4) for
each instrument to place the comparison on a com-
mon photometric scale. The characteristics of the
instruments are gathered in Table II. The slit widths
of the moncchromators were chosen for 3-A spectral
resolution, assuming the use of a 1200-line/mm
grating in the second or the third order as indicated.
The spectrographs have their resolutions set by the
pixel size and the slit width: the slit width in the

image plane was taken to be 3 pixels. In this case, the
ruling of the grating would be adjusted to give the
correct linear dispersion; note that only this apparent
slit width enters the calculation of sensitivity. Spectro-
graph E (see Table II), an objective grating spectro-
graph similar to the Voyage: UV instrument, can be
included in the comparison because the calculation is
independent of waveleugth. At EUV wavelengths
reflective efficiencies aie poor, requiring a trade-off
between resolution and throughput. Spectrograph F
refers te an ICCD spectrograph that we recently put
into service. Called the Arizona Imager/Spectrograph
(AIS), it was built for the U.S. Air Force Geophysics
Lahoratory and will be flown on the space shuttle
Discovery. Details of the instrument are given in a
corapanion paper.'® A compromise in throughput by a
factor of 4 was accepted to permit the spectral range
115-900 nm to be recorded simultaneously with 4600
spectral elements. The slit width is 2 pixels. Spectro-
graph G is the same as spectrograph F but designed to
have full throughput with a slit width of 3 pixels as in
the comparison with the E-F spectrometer above.
Spectrograph H is a spacial case. It is the same as
spectrograph F except that it has a bare CCD rather
than an ICCD in the image plane. The read noise of
the CCD is a limiting factor as noted above, Even
though there are nearly 1800 pixels within the effec-
tive slit, there is a read noise of 50 e associated with
the reading of each pixel. The sum of all samples
would give an effective read noise of 50 x 1800 =

Table ll. Spaciral Instrument Comparison*

A
B-F, E F G H
0.125-m 1] ¢ D Voyager UV AISICCD ICCD  AISCCD I
Mono.  Jurrel-Ash  Fagt 180/ Spectro. Spectro Spectro-  Spectro- Photographic
Parameter chromator” E-F. tm E-F. t m* Spacelab 1’  grapht groph® graph* graph'  Spectrograph’
Focal length, Fiem) 125 100 100 60 20 2758 27.6 276 —
[eatio, £ b 8.8 8.2 4.6 3.6 4.1 29 29 0.8
8lit width tem? 0.010 0.077 0.14 001 0.030 0.005 0.006 0.004 —
Slit tength tem! 13 S X 16.2 0.67 0.30 0.45 0.40 0.80 -
Tranamission, ¢ 0.78 0.78 0.56 0.82 060 0.%0 0.80 0.90 —
Disporsion efficiency, 060120 050121 04013 0.50 0.70 0.35 0.36 0.35 —
1 torder!
Quantum efficiency, ¢ 0,12 0,12 0.12 0.12 0.12 0.12 012 0.30 ——
Specteal olemoents 1 1 1 140 128 4600 578 516 500
Photosvent rate, 168 14.8 93 1.50 2.19 0.22 1.3 2.26 —_
Pis'R™M
Detestor notse, s ! 10 10 10 1% 10 45% 10 28«10° 28x10* 005 —
Sensitivity, Ravleighs 2.2 0.2 0.040 0.67 0.46 4.56 0.76 222 10!
(Re

*Resalution of 3 A in the vicinity of 4000 A.
“*Caleulated in this paper.

‘Ref. 18.

“150-mim curved slita, desijned by Fastie, Ref. 14,

*Ref. 10.

"Ref. 19.

“Ref. 10.

‘St:mu an spectrograph F but aplinuzed for test specifications.
"Hef. 16.

‘Ref 17,

“Phe enviswion eate roguieed to give a SN ol unily in 1 a.
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2000 e", requiring a signal of 2000 e, to provide
S/N = 1. On-chip summation of 18 pixels per read
followed by off-chip summation would result in an
effective noise threshold of 500 e , the number used
in Table II.

The comparative study is completed by estimates
for a photographic spectrograph, I. Vallance-Jones'’
comments on high-speed photographic spectrographs.
For an instrument developed by A. B. Meinel in the
early 1950’s and used with an £/0.8 Schmidt camera,
he suggested a sensitivity in the 10°-R s range as a
reasonable working value and estimated the thresh-
old of sensitivity to be 10‘ R s.

The sensitivities in Rayleigh seconds from Table II
are plotted in Fig. 3. The Rayleigh second" is the
emission rate required to produce a S/N of unity in
18 The calculations whose results are shown in
Table II treat each instrument as a monochromator
having one spectral element. As the spectral ranges
for monochromators A, B, and C increase, the sensitiv-
ities decrease proportionally because time must be
shared among the other elements of the spectrum. On
the other hand, the spectrographic instruments have
roughly the same sensitivity at each spectral resolu-
tion element.

There are many techniques for optimizing an instru-
ment for a specific observation. Because the require-
ment in future programs is for broad spectral cover-
age, it seems that the ICCD system will be most
useful. The airglow atlas of Broadfoot and Kendall™
was accumulated in segments of 500 spectral ele-
ments with monochromator B. Figure 3 shows that
- an equivalent spectrum of 576 spectral elements
would be recorded by an optimized ICCD spectro-
graph (G) approximately 200 times faster than with
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Fig 3. Sensitivities for the instruments listed in Table 11. The

letters that lsbel the lines correspond to those in the table. The

numbers show the number of spectral elements in each spectrum.

The sensitivities of the monochromators depend on the number of
- spectral eleruents because of the necesaity for time sharing.
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monochromator B. The AIS (spectrograph F) will
record the same spectrum of 500 elements 32 times
faster but in addition will record a much wider
spectral range, including 4600 spectral elements at
once. This is a spectacular improvement in capability.
The rating of the CCD spectrograph, H, with respect
to optimized ICCD spectrograpn G is noteworthy.
ICCD spectrograph G seems to be 316 times faster
than spectrograph H on the basis of this comparison.
It can be argued that we have not treated the CCD
spectrograph fairly. In particular, we assumed equal
quantum efficiencies for the CCD and the ICCD,
whereas the detective quantum efficiency of the CCD
was higher for certain wavelengths. However, even
factors of 3—5 do not bring the CCD spectrograph into
contention. It was demonstrated that the improve-
ments discussed abeve are attainable in practice, but
this is not discussed in detail here.

B. Size of ICCD Spectrographs

In the discussion of the optical designs and the ICCD
spectrograph it was mentioned that the design is
constrained by the size of the ICCD format. This
conclusion follows directly from relation (§). The
proper length and width for the slit image are deter-
mined by the CCD format and are therefore constant,
leaving only the dimensionless f-ratio as an adjust-
able parameter. The comparative study in Subsection
II1.A addressed the performance of several instru-
ments whose focal lengths ranged over an order of
magnitude from 100 to 10 ecm. The monochromator
performance scales by focal length, whereas the per-
formance of the spectrographs scales by array size.
Note also that the performance was improved by
orders of magnitude in the short focal length instru-
ments that can record broad wavelength regions.

A difference of a factor of 10 in focal length implies
a difference of a factor of 1000 in instrument volume.
For example, a standard commercial 36-mm camera
lens, such as the Nikon 135-mm f/2 with a 50-mm
square grating and & modest collimator and slit,
forms a small spectrograph. The smaller f-ratio would
improve its performance by a factor of 2 over ICCD
spectrograph G in Table I1. Although it would be
limited in spectral range by the lens coating, the
comparison in size and performance is remarkable.

The application of new technology has completely
reversed the emphasis on instrumentation. The mono-
chromator ix o precision, high-cost optical tool with a
readout system as simple as a photomultiplier tube
and a strip chart. The array detector permits the use
of simple optical configurations, but the data retrieval
and the manipulation require major resources. How-
ever, once the data analysis system has been estab-
lished, the spectral coverage required in future pro-
grams can be achieved by a replication of small
spectrographs covering the spectral range and having
a common data format. At the University of Arizona,
this technique is used to provide small space flight
spectrographs in a group of five to cover the wave-
length range from 1156 to 1100 nm simultaneously
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with 4600 spectral elements. The spectral resolution
varies from 3 to 10 A over the spectral range. The
spectrograph set has outside dimensions of 41 em x
41 cm X 21 cm. This instrument is described in a
companion paper.'® The spectrographs are included in
Table Il and Fig. 3 as spectrograph F.

C. Data Quality Comparisons

Not only does the ICCD spectrograph have a photo-
metric advantage over monochromators, the quality
of the data shows a remarkable improvement as well.
The data set accumulated by the Voyager UV spectro-
graph'® can illustrate this point. Because the detector
integrates signals continuously over the whole spec-
tral range, it records temporal variations in the
relative brightness of features within the passband
properly. Also, the effects of internal scattering and
other characteristic contaminations are recorded si-
multaneously with the primary emissions.

The monochromator lacks this advantage because
only one wavelength position is sampled at one time.
The recorded signal includes not only the selected
wavelength but also a scattered contribution from
other bright regions of the spectrum. The scattered
component cannot be determined with confidence
because the emission causing it is not recorded simul-
taneously.

The Voyager UV spectrograph presents a unique
opportunity to evaluate a photoevent counting spec-
trograph. It has no moving parts. It records the
spectrum from 500 to 1700 A in 128 segments with an
intensified Reticon linear anode array. Although this
spectral range may be unfamiliar to many research-
ers, the data are characteristic of the photoevent
counting spectrographic capability at any wave-
length.

Figure 4 shows a Voyager UV spectrograph spec-
trum® of emissions from the interstellar medium

~ acquired in the direction of the galactic pole, a region

free of stars. The integration time was 1.6 x 10°s, or
approximately 416 h. The emissions arise from reso-
nance scattering of solar lines by interplanetary
hydrogen and helium. The He (584-A), H (1216-A),
and H (1025-A) lines are well defined. Note that the
ordinate gcale changes through the analysis. The
H (1216-A) line intensity results in a peak photoevent
rate of approximately 1 s ' pixel'. Laboratory calibra-
tion of the instrument measured the scattering from
lines at many wavelengths throughout the wave-
length range. After the detector dark count is sub-
tracted, a matrix multiplication removes the effects of
scattering of the four emission lines He (584 A),
H Ly-«, H Ly-8, and H Ly-y. The resulting spectrum
is shown in Fig. 4b. In Fig. 4c, this reduced spectrum
is compared with a model computed by a spectral
synthesis program that applies the instrument’s trans-
migsion function to the four discrete lines, Using
thuse techniques, we have found that the modeling
process gives o sensitive measure of wavelength.
Although each spectral element is approximately 9A
wide, the mode! line must be placed within 2 A of the
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true wavelength position for a match to be convine-
ing. Figure 4d shows the difference between the
model and the reduced spectrum in Fig. 4c. This
represents the noise in the observation after the
emission is removed. Differences are large where the
signals are larger even though the percentage error is
decreasing. In Fig. 4a, the count at approximately
750 A is approximately 4.5 X 10* counts channel™ in
1.5 x 10°s. Poisson statistics imply a corresponding
standard deviation of 212 events or +0.14 events in
1000 s. That envelope, illustrated in Fig. 4d, is close
to the envelope of the noise left after the analysis.
This demonstrates that it is possible to understand
the origin of all events in the spectrum, to the
statistical limit of the observation. Finally, the event
rate for the peak in the H Ly-a line was 1 s, whereas
the rate for the H L-y line peak was 1 in 330 s; the
usable dynamic range for these spectra was therefore
at least 330. Similar research can be done with
photoevent counting systems having higher sensitivi-
ties and higher counting rates limited only by the
statistical accuracy of the weakest emission as noted
above,

IV. Application of Array Detectors to Imaging

The astronomy community took the lead in the
application of the CCD to research imaging. Again,
this was an expensive undertaking requiring the
development of new electronics techniques, the evalu-
ation of sensors, and the development of image
processing systems. In this application, the CCD
competed with the photographic plate, which it easily
bested. Even the early CCD devices and systems
exhibited important advantages in detector capabil-
ity. Although this technology was an important ad-
vancement holding great promise in astronomy, long
integration times and br.ad spectral bands were
acceptable. In contrast, the airglow and auroral com-
munity requires higher time resolution and rarrow-
band photometry, and the bare CCD has proven less
useful. The interference filter and the photomulti-
plier had replaced photography as a scientific tool in
the early 1860’s. Monochromatic imaging was pur-
sued by using fiying spot photometers. Intensified
photography has seen modest use in the last few
yeats, followed by some use of intensified solid-state
detectors.

The requirements of the astronnomical application
and the airglow and auroral application differ. For the
purpose of this discussion it is appropriate to compare
on the basis of angular resolution. When an f/3
telescope with an aperture of 4 m and a focal length of
12 milluminates a single CCD pixel, 0.022-mm square,
the pixel has an angular field of view of 0.4 arcsec. If
the field of view is filled by a radiating nebular gas as
well as the airglow in the foreground, the signals will
be proportional to the surface brightnesses. The
surface brightness of the nebular gas may change
from pixel to pixel with changes in gas density or
excitation. The airglow brightness would contribute
to each pixel uniformly because the field of view is
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small compared with the scale of varictions in airglow
emissions. When the optical system is scaled down by
a factor of 10° to an aperture of 4 mm and a focal
length of 12 mm, the same pixel has an angular field
of 0.1°. The nebular source would be contained in a
small fraction of the field of view with the detected
radiation reduced proportionally. However, the air-
glow still fills the field of view of the pixel, and the
signal level will be the same as for the larger system
because the photometric expression [relation (5)] is
the same for both optical systems. The brightness of
the airglow might vary from pixel to pixel depending
on the source of the emission.

We make these comparisons for two reasons. The
first is to emphasize that the significant feature of an
image is the variation of intensity over the field. It is
important to select the angular field to match the
scale of the intensity variation to be measured. The
second i8 to emphasize that the photometry is indepen-
dent of the size of the optical system.

The discussion of the threshold of detection of the
ICCD and the CCD can be placed on an absolute scale
for this imaging review. If an optical system has the
following parameters, f-ratio, 1; pixel area (2.2 x 107
cm)®; transmission (1), 0.9; quantum efficiency (e),
0.2, then for the unit emission rate, 1 R = 10%/4w
photons s cm~?sr!, in Eq. (2) the photoevent rate is
5.4 x 107 events pixel™' s~'. The abscissa of Fig. 1 can
be converted to the sensitivity scale at the top of the
figure by using this factor. For instance, an emission
rate of 18.5 kR would generate 10° photoevents
pixel™! s-'. The threshold arguments made previously
can now be considered on an absolute scale. The
sensitivity of the CCD imager would be ~1 kR s. A
surface brightness of 1 kR would produce 50 e pixel™
in a 1-s exposure, the previously defined threshold of
detection. For the ICCD the correspoading number
would be 18 R s.

A. Broai Spectral Band imagers

Many of the dominant auroral emissions can be
monitored with interference filters of reasonably
wide bandpasa (e.g., 50 A) that could be incorporated
into the fast f/1 optical system used as a baseline in
the discussion above. Even with the 1.kR s threshold
of the bare CCD, typical auroral emissions, which are
usually tens of kilo-Rayleighs, would give detectable
signals in a 1-3 exposure. The 0.1° anguiar resolution
of a single pixel corresponds to a scale of 200-400 m
at typical auroral heights and ranges. An array of 100
% 100 pixels corresponds to a field of view 10° square,
& size useful for comparative studies of auroral
morphology. This type of imager would also be useful
for au%port imaging during spectrographic cbserva-
tions. Clusters of four or six miniature imagers are
quite feasible with fiber-optic technology and CCD
arrays. For weaker aurora where requirements for
both time and spatial resolution can be relaxed, both
longer exposures and on-chip summation of four or
nine pixels would produce images of good S/N ratio.
Intensified systems would be required for better time
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resolution, but these can also be implemented in a
clustered set.

The imagers associated with the spectrographs in
the companion paper'® were prepared following the
outline above. Twelve miniature images are recorded
by two CCD’s with fiber-optic coupling; 10 of these
are intensified.

8. Monochromatic imagers

For narrow-band monochromatic imaging, the need
for near-normal incidence on the interference filter
constrains the f-ratio of the optical system. In this
case, maximized throughput is important because
these imagers are often used to separate weak emis-
sions from a complicated spectral region. The optical
technique is to use the largest interference filter
available. An image of the sky is formed on the filter
through telecentric optics. This image is then re-
imaged on the intensifier. To maintain the passband
of an interference filter with a 5-A bandwidth, the
incidence angle 8 must not exceed approximately 4°
from the normal. The required f-ratio of the fore
optics is given by f = (2 tan 8)"}, which implies an /7
system for the example given here. If the optics are
properly designed, the f-ratio of the fore optics can be
converted to an f/1 system feeding the CCD. This will
result in a system with the sensitivity defined by the
ICCD curve in Fig. 1 if the f-ratio transition is made
without vignetting. (Some corrections are required
for optical transmission and quantum efficiency). A
sensitivity near 40 R s would be typical. Again, by
sacrifice of spatial resolution through on- or off-chip
summation of 2 X 2 or 3 X 3 pixels, the signal could
be increased by factors of 4 and 9, respectively; this is
effectively increasing the area of the pixel.

. Still higher sensitivities can be achieved by a
further increase in the effective area of the detector.
This can be achieved with the ICCD by use of larger
proximity focused intensifiers, say 40-mm diameter,
with the output image reduced by a fiber-optic taper
to 15-mm diameter to fit the CCD array.

C. Application to the Fabry-Perot Interferometer
‘The Fabry-Perot (F-P) interferometer falls in the
same category as the monochromatic imager, but its
field of view is still narrower, and large plates are used
to increase the collection area. The optical coupling
problem ia the same as that for the monochromatic
imager; a high-speed telescope would be used with an
apsrture the size of the F-P plates. The focal length
of the telescope would determine the number of rings
falling on the CCD. Each spectral order in the F.2
fringe pattern contains the same energy. The improve-
ment over the classical scanning F~P system can be
evaluated by counting the number of rings and the
number of elements required across the ring. An
operational advantage lies in the ability to find the
center of the ring pattern with software rather than
by adjusting the plates and the ring position.

We commented above on imaging the aurora
through passhand filters with a CCD. In this section
we discuss the threshold of detection and the ICCD in
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Fig 5. Image of Halley's Comet in the light of Ol (6300 A) einiasion made by using & F=P interferometer and an intensified CCD. The

system sensitivity is approximately 36 R-s.

connection with date from a specialized application.
The image of Halley's Comet in Fig. 5 was obtained
with a telescope and a F-P interferometer matched to
an ICCD by appropriate optics.” The interferometer
isolated the cometary OI (6300 A) emission, which
was Doppler shifted from the Earth's airglow line.
The intensity gradient from the background to the
nucleus of the comet is clear. Unexpectedly, the cloud
is not spherically symmetric.

The information contained in the image is the
subject of interest here, rather than the physicae of the
emission, which has been discussed elsewhere.” The
image was acquired with a 60-s exposure. The format
of the array was 576 x 384 (0.022-mm) pixels, which
have boen summed 2 x 2. The background level (durk
noise) amounts to 1 photoevent in 10 pixels. Near the
nucleus of the comet the signal is approximately 1
event/pixel. In spite of the low signal, the image
shows an obvious change in surface brightness
through 1 order of magnitude. The intensity near the
nucleus was 6.3 R. The threshold is therefore approx-
imately 0.6 R. Since this threshold was reached in
60 s, the sensitivity of the system was 36 R s. This is
consistent with the f/1 example stated above whe we
note that the ICCD was fed through a Nikon f/2 lens
of focal length 135 mm. Through the 2 x 2 summa-
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tion, the effective pixel area was increased by a factor
of 4 but at £/2 the solid angle decreased by a factor of
4. A transmissior of 50% would bring the observation
into line with the example.

There are other points that can be made from this
demonstration. First, we invite the reader to consider
the various techniques that could be used in the data
analysis and data collection to address this type of
imaging. We do not discuss the data further. The
question nf the comparison of the ICCD image with
the CCD image is important for completeness. In the
discussion of the CCD, it was estimated that 50 ¢
would be required per pixel to give a S/N of unity.
With the optical system used for the comet observa.
tion, the threshold intensity would have been 500
times higher. Even if the CCD noise level were 10 e,
the threshold is still out of range by 100, Other
optimization of the CCD is possible, but we must also
begin to consider such complicating features as work-
ing with limited charge and cosmic ray events, etc. We
conclude that the strength of the ICCD lies in its
application to aeronomical problems in which pho-
tons are limited.
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Panchromatic spectrograph with supporting
monochromatic imagers

A. L. Broadfoot, B. R. Sandel, D. Knecht, R. Viereck, and E. Murad

The Arizona Imager/Spectrograph is a set of imaging spectrographs and two-dimensional imagers for
space flight. Nine nearly identical spectrographs record wavelengths from 114 to 1090 nm with a
resolution of 0.5~1.3 nm. The spatial resolution along the slit is electronicaily selectable and can reach
<192 elements. Twelve passband imagers cover wavelengths in the 160~900-nm range and have fields of
view from 2° to 21°. The spectrographs and imagers rely on intensified CCD detectors to achieve
substantial capability in an instrument of minimum mass and size. By use of innovative coupling
techniques only two CCD’s are required to record images from 12 imagers, and single CCD’s record
spectra from pairs of spectrographs. The fields of view of the spectrographs and imagers are coaligned,
and all spectra and images can be exposed simultaneously. A scan platform can rotate the sensor head
about two orthogonal axes. The Arizona imager/spectrograph is designed for investigations of the

interaction between the Space Shuttle and its environment.

subsatellite.

Introduction

The relationship between airglow observations and
airglow models has always been a rather subjective
one. Modeling now includes a remarkably extensive
range of parameters, and present/measurements do
not effectively constrain all of them. Measurements
of many parameters are required to evaluate and

constrain the models. Unfortunately the observa- -

tions that are available for this purpose differ in
important ways that complicate their intercompari-
son. They differ in time, air mass, altitude, solar
flux, magnetic conditions, and excitation and quench-
ing mechanisms. The assumptions in relating the
data sets to each other are undoubtedly the main
source of error so that the data set as a whole does not
test a given model at its full potential. Applications
of modern technology in optics, detector systems,
electronic control, and computing will make a revolu-
tionary change in our ability to collect extensive data
sets having fixed interrelationships. The instru-
ment described here, the Arizona Imager/Spectro-
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It is scheduled for flight on a Shuttle

graph (AIS), is a starting point in attacking this
problem.

The spectrograph has been recognized as an impor-
tant diagnostic tool because it records simultaneously
a large spectral passhand and also retains spatial
resolution along its slit. A detector having two-
dimensional - spatial resolution is required in the
image plane; until recently that detector has been
photographic film. Replacing the film by the intensi-
fied charge coupled device (ICCD) has improved our
spectrographic capability in two important ways.
First, the ICCD spectrograph has photon-counting
sensitivity. Second, the size of the spectrograph is
constrained by the detector size, which is quite small.
The AIS exploits both of these advantages while
retaining spatial resolution alongtheslit. The appli-
cation of ICCD’s to airglow instruments is discussed
in a companion paper.!

An important guiding principle in the design, con-
struction, and operation of the AIS has been to
provide the capability for acquiring spectral and
spatial information simultaneously. Toward that
end the spectrograph slit, which is imaged on the
ICCD detector, is 2 pixels wide x 192 pixels long.
The 192 pixels along the length may be summed into
groups of a selectable number of pixels. Summing 8
pixels into each group (as in the example in Fig. 1)
divides the length of the slit into 24 segments, and
separate spectra are recorded for each segment. Spa-
tial inhomogeneities in the source will be represented
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in the set of spectra, which are recorded simulta-
neously. In this case statistical accuracy in the
spectrum is sacrificed to gain spatial information,
Statistical accuracy in the spectrum can be recovered
in data analysis by summing the adjacent segments,
thereby sacrificing spatial detail to improve the signal-
to-noise ratio of weak spectral features.

Figure 1 illustrates the advantages of this spectro-
graphic technique. The flame of an acetylene torch
was used as the target. In the schematic diagram in
the upper right-hand corner, the white line shows the
projection of the spectrograph slit across the core of
the flame. To the left is an enlarged view of the slit
that shows that 20 of the 24 segments were illumi-
nated by the flame. Aligned under the slit are the
recorded spectra, one spectrum for each segment.
Although the spectral range from 3000 to 9000 Awas
recorded at the same resolution, we have selected two
spectral regions that include two prominent bands for
discussion. The color plot shows that the most
intense emission originates in the center of the core of
the flame. The UV OH emission extends across 14
segments of the slit, while the longer wavelength C,
(Swan) bands appear to be confined to the central
core. It is noteworthy that the CH(0, 0) band is
more confined than the OH bands.

The spectrum of the best signal-to-noise ratio will
be obtained by summing the central four or five
segments. Summing all the segments would in-
crease the noise content unless the emission of inter-
est filled the slit. An improved spatial signature for
the band emissions can be obtained by summing the
appropriate wavelength bins in the spectral direction.

A companion imager with a passband near 3100 A
would show the extent ¢f the OH emission in two
dimensions, but only the spectrograph can separate
the blended intensity profile of the CH emission from
the nearby OH emission.

All these techniques were available to us with the
spectrograph and photographic plate. The improve-
ment available now is in detector and electronic
technology. We enjoy all the attributes of the classi-
cal spectrograph that is combined with the photon-
counting sensitivity of the photomultiplier for every
pixel in the detector array.

This approach has a tremendous advantage in
studying time-dependent phenomena, such as the
active experiments, which have been performed to
study ionospheric electron holes>® and atmosphere—
plume interactions.” For example, Mendillo et al.‘
observed 630-nm radiation when the Space Shuttle’s
orbital maneuvering system engines were fired. The
observation was made with a narrowband filter. It
is reasonable to attribute the radiation to O('D) —
O(CP). Since the radiative lifetime t of O('D) is
~ 120 s, spectral information as a function of distance
along the line of release can be extremely valuable in
determining the morphology of this species.

An important factor leading to the consistency of a
spectrographic data set is recording the entire spec-

trum at the same time from the same gas column
with diagnostic resolution. The AIS comes close to
achieving this goal. It records the spectrum from
114 to 1090 nin simultaneously. The spectrum is
sampled at 5000 contiguous spectral intervals. The
AIS is a true spectrograph by maintaining spatial
information along its entrance slit.

The AIS addresses another problem that is com-
mon to.airglow and auroral spectroscopy, namely,
that of relating the location of the observed gas
column to the region of the scene being analyzed.
The AIS has a complement of 12 coaligned imagers,
10 of which are intensified. By the use of passband
filters, the AIS records the spatial extent and surface
brightness of emissions. All images are shuttered at
the same time as the spectra are.

The instrument described in this paper was de-
signed to meet the needs of a space flight program
that is directed at the analysis of the shuttle glow.*?
The Earth’s airglow is the background against which
the shuttle glow is observed. Useful airglow and
auroral observations are made during the scme flight
opportunity. The AIS is one of a group of instru-
ments that form the payload of the Infrared Back-
ground Signature Survey flight program. The exper-
iments are to be flown on the German-built carrier
Shuttle Pallet Satellite II, which is manifested for
flight on STS-39 in Apr. 1991.

We have prepared a second nearly identical instru-
ment for ground-based airglow and auroral measure-
ments. The spectrograph section covers only the
wavelength region from 300 to 1100 nm. The im-
ager passbands and field of view (FOV) are adaptable
to the classical auroral and airglow emissions. A
third instrument is in preparation for Hitchhiker
Shuttle flight opportunities, with the first flight
expected in 1992. The primary targets are shuttle
glow, contamination and flow fields, as well as airglow
and auroral emissions from the atmosphere. The
data formats of all these instruments are identical,
thus simplifying the intercomparison of data sets.
The data are recorded in a widely used format, the
Flexible Image Transport System. The Image Reduc-
tion and Analysis Facility processing software devel-
oped by the Kitt Peak National Observatory is used
for data analysis.

Arizona Imager/Spectrograph Overview

The AIS spectrographs and imagers are mounted on
an azimuth—elevation scan platform that is driven by
stepping motors (Fig. 2). The central box of the
spectrograph-imager assembly includes five spectro-
graph housings of identical mechanical design. The
spectrographs cover the wavelength range from 114
to 1090 nm in nine overlapping wavelength bands.
Pairs of double gratings in four of the spectrograph
housings image eight spectral bands onto four inten-
sified CCD arrays. The fifth spectrograph housing
contains a single grating and records the wavelength
range from 900 to 1090 nm on a bare (unintensified)
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Fig. 2. Two views of the AIS spectrographs and imagers mounted
on their scan platform. The nine spectrographs are separated
into five housings. Above the spectrograph housings are the 12
passband imagers. The axes of rotation pass through the center
of gravity of the rotating section. The FOV's of all the spectro-
graphs and imagers are coaligned.

CCD. The FOV of the spectrographs is typically
0.2° x 2°. There are no moving parts in the spectro-
graphs. Exposure is controlled electronically by a
cathode gate potential or by using the high-speed
CCD readout capability, which is 50 ms/frame. The
characteristics of each spectrograph are given in
Table I.

Figure 2 also shows the cluster of 12 imagers. The
imager baffles and intensifiers are mounted on top of
the spectrographs. Flexible fiber-optic image con-
duits carry the images to two CCD’s that are mounted
beneath the spectrographs. Ten of the images are
intensified, and two (the IR images) are not. The IR
images are conducted directly to the CCD’s by the
fiber optics. These two IR imagers can accommo-
date bright signals and are used for accurate pointing
(2° FOV) and field monitoring (18° FOV) to warn of
bright emissions coming into the imaging space.
Eight UV images are recorded with various pass-
bands and FOV’s to support the primary spectro-
graphic experiment. The remaining two imagers
have FOV’s of 5° and are intensified and filtered for
the visible wavelengths of the shuttle glow. The

flexible fiber-optic conduits have separate bundles to
acquire the images from the image planes or from the
fiber-optic output of the intensifiers. At the CCD
end the fiber bundles are gathered in a 2 x 3 matrix,
which matches the image section of the CCD. The
CCD is used in the frame transfer mode; the images
are moved quickly from the image half to the storage
half of the CCD, which effectively shutters the image.
All functions are under microprocessor control.

imaging Spectrographs for ICCD Detectors

Spectrograph Optics

Figures 3 and 4 show the primary features of the
optics. After reviewing several optical designs for
usefulness with the ICCD detector, we chose one
employing abzrration-corrected holographic concave
gratings. The simplicity of the mechanical design,

. which could be used at all wavelengths, 20-1100 nm,

was the strongest argument. This design requires
only one optical element and one surface, compared to
five optical elements and nine surfaces that are
required by an alternative classical design. The
gratings were designed by American Holographics,
Inc. Although the first set was expensive, succes-
sive sets were quite economical. Tables II and III
summarize grating characteristics and spectrograph
design parameters.

The number of spectrographs and gratings re-
quired to cover the wavelength range from 114 to
1090 nm was determined primarily by the spectral
dispersion that is required for a diagnostic spectrum.
At short wavelengths the airglow spectrum is fine
structured and requires an ~0.3-0.5-nm spectral
half-width to separate blends and determine rota-
tional structure in molecular bands when accurate
spectral modeling is used. At the longer wavelength
end of the spectrum band systems are broader, which
reduces the dispersion requirement somewhat. The

.length of the CCD array and the pixel size determine

the plate dispersion. For a spectrograph the ideal
transmission function is rectangular and 2 pixels in
width; therefore the 576-pixel array can record 288
spectral elements along its length or ~100 nm for a
0.3-nm width. Secondary constraints included the

Tablel. Spectrograph Characteristics
Sensitivity

Spectrograph Wavelength Range Resolution Photosensitive Dispersion Quantum (DN/s)
Designation (nm) (nm) Material {nm/pixel) Efficiency F Ratio per Rayleigh

1 1090-900 1.3 Si* 0.32 0.1 2.9 0.003

2 930--764 09 GaAs 0.29 0.18 4.1 14

3 774-608 0.9 0.29 0.18 4.1 0.8

4 617-532 0.45 S-20 0.15 0.12 4.1 0.7

5 548462 0.45 0.15 0.12 4.1 1.25

6 468-382 0.45 S-20 0.15 0.25 4.1 0.3

7 386300 0.45 0.15 0.25 4.1 0.7

8 302-200 0.54 Cs,Te 0.18 0.06 4.1 0.3

9 220-114 0.54 0.18 0.05 4.1 0.3
“Unintensified.
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Fig. 3. Cross section in the plane of dispersion of one of the spectrographs. All the spectrographs are based on concave holographic
aberration-corrected gratings and hence have a common design. Cylindrical lenses improve baffling and minimize the size of the
foreoptics.

Cylindrical Lens
Spectral Filter
Folding Prism

Slit
—
- Cylindrical lens
‘/_,-/' Folding Prism
—

Image Intensifier cep
beropt.ic Coupler
Holographic Gratings

Fig. 4. Schematic diagram of a dual-grating spectrograph. Each grating images its dxspened spectrum on one half of the rectangular
detector. A single slit feeds both gratings.

Tablell. Grating Characteristics

Angle of

Grating Wavelength Slit-Grating Grating-Detector” Incidence Angle of Angle, Slit—
Number Range (nm) Distance (mm) Distance (mm) (deg) Diffraction Detector Center

1 1090-900 259.5 2717 11.5 2.5 9.0

2 930-764 271.2 276.5 10.9 . 2.9 8.3

3 774608 271.0 276.3 9.7 14 83

4 617-632 263.3 279.7 134 44 9.0

5 548-462 268.0 279.4 121 3.1 9.0

6 468-382 271.2 277.0 10.2 2.7 7.5

7 386-300 271.0 276.8 9.0 1.5 7.5

8 302-200 276.9 274.7 1.2 -7.8 9.0

9 220-114 276.2 2740 2.5 -6.5 9.0

*The spectral plane is perpendicular to the line between the grating center and the detector center.
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Table lil. Spectrograph Design Parameters

Instrument Parameters Dual Grating Single Grating
Full pixel array (per spectrum) 180 x 576 360 x 576
Element size (monochromatic 180 x 2 360 x 2

slit image, mm)
Grating radius of curvature 275 275
(mm)
Slit dimensions (mm) 0.04 x 4.0 0.04 x 8.0
Grating dimensiona (mm) 35 x 100 70 x 100
Effective f number 4.1 2.9

separation caused by the photocathode response and
the goal of a reasonably small size. With these
constraints the spectrum from 114 to 1090 nm was
divided into nine overlapping bands (Table
I). Although it is possible to build nine identical
spectrographs to cover the spectral range, such a unit
would be too large for a practical flight instrument.
By using two gratings in each spectrograph we
achieved a tractable instrument size. Reducing the
grating area results in a loss in throughput by a factor
of 2. By reducing the slit length to allow the two
spectra to be recorded side by side on a single CCD,
the detector area is also reduced by a factor of 2 (Fig.
5). The accumulated reduction in throughput is
therefore a factor of 4.

Spectrograph 1 is an exception. The photoelectric
sensitivity in the 900-1090-nm range is compara-

tively low for either of the possible detectors, bare
silicon of the CCD or the S1 photocathode. The bare
CCD was selected because the S1 photocathode re-
quires special cooling, which might not be available,
and the sensitivities are not much different. For
this spectrograph we chose a lower dispersion to allow
a single grating to be used for optimum throughput.

The position of the ICCD detector was unique for
each spectrograph. The optical design required that
the grating-slit distance be common for all spectro-
graphs and that the detector be perpendicular to the
line from the grating center to the detector center.
This condition places all the variability in the five
spectrographs in the detector position. A special
coupler was designed for each spectrograph to satisfy
these optical design requirements.

Foreoptics
The FOV of the spectrographs was specified to be 2.3°
to encompass the scale of emissions at the expected
range to the target. Since the spectrograph slit was
4 mm long, a 100-mm focal length was required.
A single lens could be used, but the diameter would
have been 50 mm and a sizable baffle system would be
required. Instead cylindrical optics were used to
simplify the baflling and minimize the volume of the
optical enclosure.

The folded refractive optical system is shown in
Figs. 3 and 4 and in the more detailed Fig. 6. Inter-

re—— 8.4 mm
e384 pixels —
468 nm MTTTTTTITTT R TTT I 386 nm
RARRRRERR: ARNRRARRY
Monochromatic NRRRRRRNR- ARNRNRREY
Slit Images NERRRRERN:RRRNARERE
7 ELELTTITE LN
H A n
PEECEETTTE L) < g
l|l|||l|lﬁ§l|||l||||| a E
aasaasasun=RURRRRRNY o ™
SERRRRRER: ARRRRRERYE N o
ERRRNRR RN SEEEEEUEEL
l||l|||||ﬂ||||||ll|
NRRRRRRAN: RRRRANRRE
PEVERTELEE{LITEL LI
NERRARRRN: ARRRRRERE
382 mrpllliititit iy 300 nm
(18 pixels) 0.2 deg. —f o /L] ~— 2.0 deg. (180 pixels)

Control Region

Fig. 5. Organization of the two spectra dispersed onto one ICCD. Readout
The charge on all pixels is then shifted vertically by onerow. This sequence is repeated until

horizontally and digitizing them one by one.

10 Spectra
proceeds by shifting the charges in the top row of pixels

the charge that is collected on all pixels has been sampled serially. The charge from more than one pixel can be shifted into the output
capacitor resulting in an on-chip charge summation. Typically several pixels are summed horizontally (the direction parallel to the slit).

The readout pattern is computer controlled.
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Fig. 6. Cross section of the refractive {foreoptics that are used for

all but the UV spectrograph. The FOV's across and along the slit
are controlled separately with crossed cylindrical optics.

nal reflection in a prism serves as the folding element
to minimize reflective losses. A ray trace showed
that some of the rays that strike the slit prism would
not be internally reflected, so the back surfaces of
these prisms were silvered. Crossed cylindrical lenses
image the target on the slit. A cylindrical lens of
19-mm focal length is located 19 mm from the slit.
The slit width of 0.045 mm restricted the angular
width of the FOV to 0.14° outward from the lens.
The width of the grating acceptance angle through
the slit at the lens was 7 mm. The second cylindrical
lens, of 100-mm focal length, is located 100 mm from
the slit where the cross-sectional area of the projected
grating acceptance angleis ~7.2 mm x 30 mm. The
cross-sectional area at entry to the baffie is 7.4 mm x
32.2 mm.

Two spectrographs require special attention. Spec-
trograph 1 has an entrance slit 8 mm long and
therefore requires a focal length of 200 mm to match
the FOV of the other spectrographs. The addition of
a concave 25-mm focal-length cylindrical lens and
adjustment of the position of the 100-mm lens re-
sulted in an effective focal length of 200 mm. Reflec-
tive cylindrical foreoptics were needed for spectro-
graph 5, which covers the wavelength range from 115
to 320 nm (Fig. 7). Although the problem of chro-
matic aberration in refractive optics was eliminated,
considerable spherical aberration was introduced by
the short focal-length cylindrical surface. Three re-
flections were required to match the FOV require-
ments. The reflective surfaces were coated to en-
hance UV reflection to 1150 A.

Therma! Compensation

For most satisfactory performance the CCD’s and
intensifiers should be at a temperature below —10°C.
At these temperatures both the CCD leakage current
and intensifier shot noise are small during an expo-
sure time of 10 s. To achieve this temperature the
whole spectrograph is radiatively codled. Alignment
is done at room temperature, and the Shuttle Pallet
Satellite flight thermal model predicts temperatures
as low as ~70°C. This is a temperature range of
100°C, which implies a change of ~0.07 cm in length

Cylindrical Mirror;

Fig. 7. Cross section through the reflective foreoptics of the 1JV
(115320 nm) spectrograph. The refractive optics of Fig. 5 are
replaced with the equivalent cylindrical reflective components.
Considerable spherical aberration in the FOV is introduced but
does not reduce the data quality.

of the spectrograph body over the focal length of 27.5
cm caused by thermal contraction. A change in
focus of only 0.012 cm would degrade the spectral
resolution. Therefore the grating—detector separa-
tion is thermally compensated by the mechanical
design and material selection. The gratings in the
spectrograph are deposited on Zerodur blanks, which
have a coefficient of thermal expansion near zero.
To maintain focus through the temperature extreme
the position of the grating relative to the slit and
detector is established by Invar rods that are 29.2 cm
long between clamps, which limits the change in
focus to 1 x 107° em for AT = 100°C. A stainless-
steel diaphragm is sandwiched in the grating holder
and attached to the spectrograph frame. This dia-
phragm provides lateral support of the grating but
deforms to allow longitudinal motion. Invar rods
extend from the four corners of the grating holder to
fixed points near the image plane as noted above.

Passband Imagers

Airglow imaging

The main purpose of imaging in this investigation is
to provide information about the spatial distributions
of a variety of species. It is also designed to allow
pointing of the spectrographs accurately and provide
a photometric map of extended gas clouds that are
being analyzed by the spectrographs; therefore high
spatial resolution is not necessary. Imaging must be
done simultaneously to properly associate the band-
pass images to changing conditions and to be contem-
poraneous with the one-dimensional image of the
spectrograph.’ For this reason we use multiple imag-
ers instead of a filter wheel. The CCD image frame
of 384 x 288 pixels was subdivided into six arrays of
128 x 144 pixels (Fig. 8). With two CCD’s we expose
12 images simultaneously. Flexible fiber-optic im-
age conduits collect the images directly or from
intensifiers and transfer them to the CCD’s,

Because of the small image format (2.8 mm x 8.2
mm), miniature optics can be used, and up to six
images can be formed on a single standard 18-mm
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Fig. 8. Schematic diagram of the imager components. Coherent
fiber-optic bundles transfer the passband images to one of two
CCD’s.

image intensifier. Broadfoot and Sandel' point out
that the photometric efficiency E of an imager is
independent of the size of the imager since the
throughput is proportional to the detector area A and
the solid angle of illumination (1}, where the solid
angle () is in turn proportional to the reciprocal f ratio
squared; that is, E « A/f*. The area of the detector
is the pixel, which is a constant of the system. Thef
ratio is independent of the size of the optics. The
design parameter remaining is to satisfy the FOV by
selection of the focal length, then to optimize the
aperture to minimize the f ratio.

Imager Set

Figure 8 summarizes the imager sets. The sets are
classified as narrow angle (N) or wide angle (W) and
are referred to by the wavelength regions of UV, VIS,
and IR. Images formed by the lenses are conducted
by flexible fiber-optic bundles to two CCD’s. The
two IR imagers are not intensified. Proximity fo-
cused image intensifiers are used to intensify the
remaining 10 images. The light from the phosphor
is conducted by the fiber-optic faceplate to a flexible
fiber-optic image conduit. The light is conducted to
a third fiber-optic window, which is in contact with
the surface of the CCD. The images were arranged
in groups of six as illustrated in Fig. 9 on the image
half of the CCD. The UV images were split to
minimize the effect of a failure in a single CCD. In
retrospect this arrangement was more complicated
than needed; future instruments would not use such
an arrangement.

The imager complement that is needed to satisfy
the scientific requirements is listed in Table
IV. Eight imagers record UV emission in four dif-
ferent passbands in the 150-270-nm wavelength
range. Four of these have a FOV of ~2° to match
the spectrographs. The remaining four imagers
have similar passbands but 25° FOV's to examine the
larger context of the spectrographs and narrow-angle
imagers.
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Fig. 9. Locations of images on one of the two CCD’s that are used
for imaging. The frame transfer capability of the CCD is used to
move the image to the storage area. Exposure continues while the
storage area is being digitized. The second imaging CCD records
the remaining six images in a similar way.

Wide and narrow-angle unintensified imagers as-
sist in several ways. Their wavelength band is re-
stricted to the IR region around 900 nm, which is
probably an important region for shuttle glow. The
NIR (2° FOV) will define the pointing of the spectro-
graphs. The WIR (18° FOV) surveys the field and
detects bright sources that should be avoided by the
intensified channels. The shuttle glow is also the
target of interest for the other two medium-field (5°
FOV) imagers that cover two visible bands.

Infrared Imagers

The IR imagers are the most straightforward since
the image is formed directly on the end of the flexible
fiber-optic bundle. The lens for the wide-angle im-
ager is a commercial lens of 9-mm focal length and
5-mm-diameter lens. A filter between the lens and
the fiber bundle limits the wavelength to > 700 nm.
The lens and filter are located in the center of a plate
that is spaced from the image plane to focus. Figure
10 illustrates the mechanical layout. A standard
frame size that is 50 mm square was used for most of
theimagers’ sections. The insides of the baffle tubes
were machined to a common diameter so that baffles
and spacers for most imagers have a common outside
diameter. Inside diameters of the baffles were ma-
chined in a jig, which allowed all baffle sets to be
machined as a group and provide tapered knife-edges.
The baffles and spacers were stacked in the baffle
tube and held inby ajam nut. The walls of the baffle
tubes were machined to leave a wall thickness of 1.3
mm between square endplates.

Figure 11 is a section through the narrow-angle IR
imager. A lens with a 75-mm focal length and
40-mm diameter was selected for this application.
In both IR imagers the end of the fiber-optic bundle
can be moved to adjust the focus.
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Fig.10. Wide-angle IR imager. No image intensifier 18 used for this pasgsband.

Visible Wavelength Imagers

Figure 12 is a cross section through' the two visible
imagers. Two identical lenses (focal length, 35 mm;
diameter, 9 mm) form separate images on the photo-
cathode of a single proximity focused image intensi-
fier. The fiber-optic output of the intensifier is
coupled to the flexible fiber-optic bundle to transfer
the image to the CCD.

Wide-Angle UV imagers

The WUV's presented some special problems. Given
the chosen image size, the desired field of 25° implies
a focal length of 6.6 mm. Using such a short focal-
length lens was complicated by the fact that the
intensifer window was § mm thick, imaging de-
signs using refractive spherical optics were consid-
ered, but they presented many problems and did not
provide better imaging than the single lens that was
used. The wide-angle tens consists of a MgF, hemi.
sphere and a MgF, spacer that form an image on the
photocathode. An aperture stop at the base of the
hemigphere limits image aberrations. Ray tracing
showed significant changes in the imaging properties
_from the center to edge of the image plane caused by
the change in focal distance. The two adjustsble
parameters were the size of the aperture stop and the
focal plane distance. It was demonstrated that a
fairly uniform image quality over the image plane
could be achieved with an £/2 aperture stop and with
~ the image plane at the median distance hetween the
best focus for on-axis and edge rays. Most (80%) of
the rays fall inside a circle of 2-pixels diameter. This
" is an sacceptable resolution for an imager that is

intended to detect changes in the surface brightness

of extended gas clouds.

Figure 13 is a cross section through two of the -

imagers. The proximity-focused image intensifier

has a MgF', window and & Cs,Te photocathode with a

) Filtar Lens
lmage '
) Conduit

sengitive area that is 17 mm in diameter. The center
of the images lies on a circle that is 12.75 mm in di-
ameter, which is common to all the multiple imagers.

Narrow-Angle UV imagers

The design goals for the NUV (2°) set were to achieve
a minimum mass by using only one.image intensifier
while maximizing the throughput and minimizing
cost, A trade-off study of both refractive and reflec-
tive optics was carried out in parallel with a search for
commercially available lens systems. Refractive de-
gigns could be used but require changes for each
wavelength. The reflective design seemed more gen-
eral. A high-speed reflective optics lens manufac-
tured by the Nye Optical Company appeared to have
the best characteristics. It employs a spherical pri-
mary surface and an aspherical secondary in a Casseg-
rain configuration. The effective focal length is 80
mm, and the effective focal ratio is 1.1.

Mechanical modifications of the selected lens were
needed to have four optical axes and thereby four
images. A cross section of this imager is shown in
Fig. 14. The lens was sawed into four pie-shaped
sections, which were then separated by the appropri-
atedistance, i.e., 12.75 mm as mentioned above. The
socondary was reassembled and bonded to a backplate

-of appropriate material. Provision was made to ad-

just the primary sections individualiy. Preliminary
adjustments were made at visible wavelengths before
Mpm filters and the Cs,Te intensifier were

Application of the intensified CCD detector has been
discussed in detail in a companion paper! The
principles outlined there have been used to define the
AlS.Figure 15 shows an ICCD assembly.

Proximity-focused image intensifiers were pro-

180 em ———eemen

' h;. 11, Narrow-angle IR itnager.
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Fig. 12. Two visible intensified imagers (VIS 700, 500).

cured from several manufacturers. Four cathode
materials were used to cover the spectrum (Tables I
and IV). Two special specifications were placed on
the intensifiers: (1) flying leads and (2) a transpar-
ent conductive coating on the fiber-optic output win-
dow. Although all the intensifiers could have been
obtained with wraparound power supplies in essen-
tially the same mechanical envelope, we prefer to
control the intensifier gain with digitally controlled
high-voltage power supplies. The conductive coat-
ing isolates the CCD from any charge leakage caused
by the high voltage (6000 V) on the intensifier anode.

Intensifiers from different manufacturers tend to
have different dimensions; thus a special external
ghell was needed to establish s common interface
hetween the instrument and the CCD assembly. The
housing is close fitting with potting cavities. A
50-mm X 50-mm format about the detector axis is
maintained on three sides. Special attention was
given to ensuring that the fiber-optic window was
plane with the back surface of the housing when the
intensifier is potted into place. The flying leads were
led through caviuu to Reynolds 167-3770 connec-
wu "‘he cavities were potted for insulation pur-

Flgure 15 illustrates the ICCD configuration. The

- fiber-optic window is oil coupled to the face of the
CCD. A ceramic frame is used to attach the window
to.the CCD package. This CCD assembly is then
positioned in the

interface to the intensifier. A small copper evapora-
tor mthae:gper inlet and outlet tubes is coupled to
the rear of the CCD package for cooling. The con.
.mwtthCDpimmpmv:dedhyawmmm

mummm Window
Image Intensifier

larger housing with the window
plane with the surface of the housing, since this is the
" used to perform

wire out the back. The cavity around the
CCD pins is covered and the cavity is potted. The
CCD housing and covers are made of Delrin, which
was chosen for its electrical and thermal msulatmg
properties. Two printed circuit boards are stacked
on the back of the housing, one for CCD biasing and
clocking and one for the preamplifier. A recirculat-
ing Freon refrigeration system cools the CCD to its

operating temperature, which is —~20°C or lower.
Although the AIS/Shuttle Pallet Satsllite instrument
is radiatively cooled in space, cooling is required for
laboratory operation and most ground-based applica-

We have tried thermoelectric cooling of the CCD
without much success. The heat load through the
fiber-optic window is large, which requires high cur-
rents and therefore efficient heat sinking. This is
not consistent with the small size that is desired.

The CCD readout circuitry is enclosed in the elec-
tronics compartment below the spectrographs. Both

" the clocking and the analog signal line are shared

among the CCD’s, The electromu can eantrol eight
CCD’s and intensifiers, as discussed belo:

Photometric Sensitivity
The sensitivity of both npectrognpba and imagers is
discussed in the companion paper.! This section

‘deals with the techniqus of calibrating the instru. -
‘ments and results. Finally the results are reconciled

with the calculations to relate the design expectations
to the instrument performance. The tools that were
e instrument calibration include
continuum light sources (quartz iodide lampe, hydro-
gen lamps), & set of calibrated passband filters, a
detector that has been calibrated againat a Natmm!

Interferencs Fliter

‘Ne. 13 &dmeWM(lﬁﬂ.mmm) mawmwmmmmmw

to the window of the itaape intenaifier.
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Fig. 14. Set of four narrow-angle ultraviolet imagers (160, 200, 235, 260). The Cassegrain design uses a four-segment optical system to
form separate images in each of four passhands.
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Fig. 15. Intensifier-CCD assembly. The refrigeration evaporator is used only for laboratory testing. The AIS is passively cooled in

flight.
Table IV. AIS imager Characteristics
FOV & Sensitivity
Wavelength i Photo- Angular  Quantum (dn/s)
Imager Imager Imager Peak (hw) Az El % sensitive Resolution Efficiency per Rayleigh
Number Type Designation (nm) (deg) ' Material (deg/pixel) (% trans.) F Ratio per Pixel
1 NUV NUV 160 160 (25) 1.8 16 CaTe 0.013 0.05 2.2 0.076
2 NuUv NUV 200 200 (25) 1.8 1.6 0.013 0.06 22 0.070
3 NUv NUV 235 235 (25) 1.8 1.6 0.013 0.06 22 0.13
4 NUvV NUV 260 260 (25) 1.8 1.6 0.013 0.06 2.2 0.39
5 wuv WUV 160 160 (25) 25 21 Cs,Te 0.17 0.05 2.2 0.58
6 wuv WUv'200 200 (25) 25 21 0.17 0.06 22 0.55
7 wuv WUV 235 235 (25) 25 21 0.17 0.06 22 0.65
8 wuv WUV 260 260 (25) 25 21 0.17 0.06 2.2 1.6
g Medium VIS VIS 500 500 (200) 6.0 53 S-20 0.042 0.11 2.6 4.0
10 Medium VIS VIS 700 700 (200) 6.0 5.3 0.042 0.09 2.6 23
11 WIR WIR 900 900 (400) 21 19 Si 0.15 0.1 23 0.098
12 NIR NIR 900 900 (400) 23 20 Si* 0.016 0.1 2.3 0.082
*Unintensified CCD.
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Tabls V. Msss and Dimensions of AlS Comp s
Dimensions:
AlS Mass Height x Length x

Component (kg) Width (cm)
Scan platform %5 7 60 x 40 x 36
Instrument contiol unit 10 23 x 36 x 33
Low-voitage power supply 8 10.5 x 35 x 26
High-voltage power supply 8 10 x 30 x 23
Data recording unit 15 20 x 50 x 25
Motor driver box 1 52 x 18 x 9.4
Cables 7

Bureau of Standards standard detector, and a dif-
fusing screen that filled the FOV of the spectrograph
or imager being calibrated.

Twe techniques were used to calibrate the spectro-
graphs. The first approach was to illuminate the
diffusing screen with the light source and bandpass
filter. Filters were available for at least two wave-
length regions within the spectral range of each
spectrograph. The spectrum was recorded for each
of the bandpass filters, and the screen brightness was
measured with the standard detector. The spectro-
graph record verified the transmission function of the
filter. The integral of the recorded spectrum, com-
pared with the brightness that is measured by the
standard detector, determined the instrument sensi-
tivity at each filter wavelength. Second, the dif-
fusing screen was illuminated by a stabilized contin-
uum source. The continuum was recorded by all
spectrographs simultaneously. The diffusing screen
was observed by the standard detector through the
bandpass filters to establish its brightness in specific
wavelength bands. The spectrographic record estab-
lished the run of intensity in the continuum. The
comparison of the brightness that was measured
through the bandpass filter with the recorded contin-
uum spectrum established the sensitivity. The re-
sults of several calibrations are given in Table I along
with other parameters that are useful in comparing

stant through the spectral range of each spectro-
graph,

The second calibration method described above is
the most useful for field work and for reconciling
possible differences between spectrographs in their
regions of overlap. The continuum intensity can be
reproduced by using regulated power supplies and
confirmed by monitoring with a standard detector
and single bandpass filter at a preferred wavelength.

Calibration of the imagers was straightforward.
The continuum source was used to illuminate the
screen, and the continuum brightness was deter-
mined by the filters and standardized detector as
describe above. The sensitivity determined for each
imager is given in Table IV, along with other charac-
teristics of the imagers.

In the companion paper' the expected sensitivity
was calculated in terms of the rayleigh-second (R-s),
which is the emission rate in rayleighs that is re-
quired to provide a signal-to-noise ratio of unity in 1s.
The calculation assumes that the ICCD detection
system has photon-counting efficiency, and therefore
the result is the count rate, in photoevents per
second, that results from an emission rate of 1
rayleigh. The difference in the calculation and the
measurement is in the gain of the system; the average
signal level per photoevent can be calculated by
combining the two measurements. If, for example, a
1-rayleigh emission rate produces 2.9 DN/s, and the
sensitivity is 4 R-s, a single photoevent gives an aver-
age signal level of 11.6 DN, where DN is a data
number equal to one unit in the analog-to-digital
ccoversion.

Arizona Imager/Spectrograph Subsystems

The AIS subsystems include the sensor head with the
spectrographs and imagers, the scan platform, the
instrumenrt control unit, the low-voltage power sup-
plies, the high-voltage power supplies, the data record-
ing unit, the motor drive box, and interconnecting
cabling. Table V lists the mass and dimensions of
these subsystems. Figure 16 shows a block diagram
of the subsystems and their interconnections.

Control Power

HVPS SP
High Voltage Scan Platform
Power Supply

Imagers

spectrographs. The sensitivity is reasonably con-
DRU ICU
Data Instrument
Recording Control
Unit Unit
Command/Data
28 Volt Power 7
LVPS
Low Voltage
Power Supply

Fig. 16. Block diagram of the AIS electronics subsystems.
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Table VI. Micro Computer Memory

Memory Type Kbytes
- Boot ROM (fused link) 8
Capacitor backed-up RAM 4000
EPROM 384
RAM 256
Data RAM (double ported) 3000
Scan Platform

A scan platform can direct the coaligned FOV’s of the
AIS to specified targets. The platform has two axes
of rotation, which we refer to as azimuth and eleva-
tion. The sensor head is suspended between two
bearings on the elevation axis. This assembly is
mounted on a turntable that provides the azimuth
rotation. Both motions are driven by stepping mo-
tors through worm gears. For strength and reliabil-
ity, the worm gears were doubly tapered cone gears
manufactured by Cone Drive Textron, which engage
19 teeth. The step size is 0.0082° in elevation and
0.014° in azimuth. The rotation range in elevation
is —60° to 135° from the horizontal and in azimuth
—175° to +175°. The scan rates are 105°/min in
azimuth and 52°/min in elevation. The position is
measured in terms of the number of steps from a
fiducial microswitch for each axis.

Instrument Control Unit

All AIS functions are initiated in the computer that
are housed in the instrument control unit. This
circuitry can be divided into three sections: the
microcomputer, the CCD controller, and the interface
circuitry. A VME bus backplane was used, and all
circuitry was fabricated on double Eurocard printed
circuit boards.

A complementary metal-oxide semiconductor single-
board computer controls the AIS. Important changes

Power ON —;

to provide reliability and flexibility were made in the
memory addressable by the 80C86 microprocessor.
The memory sections are listed in Table VI. A
custom boot program was written for the BIOS read-
only memory (ROM). All the essential startup and
communications subroutines were included in the
BIOS, which was written into the Fused Link ROM.
The bit patterns in this memory cannot be altered
permanently by high-energy particle penetration.
The operational programs for the AIS were written
into the EPROM, but reliability was insured by provid-
ing three copies of the program and a load routine
that corrects errors to the bit level.

Variable parameters are stored in capacitor-backed
RAM so that the instrument can be powered down
without loss of information on the current instru.-
ment configuration. The AIS program is loaded
from the EPROM to the RAM to run. A 3-Mbyte
double-ported memory serves for data accumulation
and buffering.

Figure 17 is a diagram of program flow. When
power is applied to the instrument control unit the
microcomputer performs the CPU health check, estab-
lishes the engineering telemetry link, and completes
the instrument functional tests. In flight selected
science data and engineering data are queued for a
real-time low-rate data link. Most of the data are
collected at high speed in the data memory, then
transferred to an optical disk when the observation
has been completed. Most of the observing pro-
grams are stored in the EPROM because the command
uplink capability in flight is quite limited.

The CCD controller, referred to as the micro con-
trol unit, contains a simple processor and memory.
The readout format of the spectrographs (Fig. 5) is
selected by on-chip or off-chip summation to form
effective pixels that are long and narrow by summing
in the direction parallel to the slit. The effective
pixel appears to be 1 x N real pixels, the length N

Boot )
and || Engineering Serial
Health Ck. Data — Data
Reset +
SPAS Command | g Command Tger . - IS)elt‘ial
Buffer Decode Reset Operation ata
Command te——me——— y v
Add To Stack emory Map
Staeck
B Data
R Compression
—_ and To
' Storage - (.:ical Disk

Fig. 17. Logical blocks of the AIS control software.
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. depending on the spatial resolution that is required.
The imagers can be read out with on-chip or off-chip
summation to form larger square pixels of 2 X 2, 3 X
3, etc. Pixel windows are addressable. High-speed
clocking is also available; the pixel shift rate can be
increased from the 1-MHz rate that is used with
digitization to a 4-MHz rate when the charge is
shifted but not digitized. Several readout formats
can be stored in the micro control unit program
memory. Once a particular program is activated the
micro control unit free runs.

Power Supplies and Data Recorder

The low-voltage power supply subsystem contains
nine miniature power supplies and matching EMI
filters that are manufactured by Integrated Circuit
Inc. Turning on power to the AIS activates only the
power supplies that power the instrument control
unit microprocessor. When the microprocessor has
performed its self-check, it can power other parts of
the system as required. To save power and reduce
heating, power supplies are turned on only when they
are needed. 7

Each intensifier has its own high-voltage power
supply. The seven units were manufactured by K&M
Electronies, Inc. (Model M2225). Digital inputs to
each supply control the microchannel plate voltage
and photocathode gating potential.

Most of the data that are collected by the AIS will
be stored on a 200-Mbyte WORM optical disk re-
corder manufactured by OptoTech and ruggedized to
military specifications by Mountain Optech. The
optical disk and its power converter are housed in a
sealed vessel that maintains 1 atm of pressure.
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