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Final Report on NAS8-37586

Under this contract UAH was involved in a collaborative program with MSFC to
carry out design and development activities for the Ultraviolet Imager to be flown on the
Polar Spacecraft of the International Solar Terrestrial Physics (ISTP) Mission. In
addition several other related tasks were carried out as per statement of work. These
are described below.

The following tasks were performed:

1. Designh and Fabrication of Prototype/Engineering Model of the uvi
Imager

Following completion of the conceptual design and table top testing at UAH,
modifications were identified in accordance with the test results and, a subcontract was
awarded to Perkin Elmer Corporation to optimize the UAH design and to develop and
fabricate an engineering model of the optical bench.

The program was initiated with a statement of work to Perkin Eimer on
2/15/89. This was followed by a meeting on March 31, 1989. Work commenced with
UAH issuing a letter of intent on 4/17/89. However, to provide the funding required to
support the overall effort at Perkin Elmer, additional funding had to be provided through
a second contract supporting ISTP activities at UAH, namely NAS8-36955, an umbrella
contract with MSFC that was used to provide the balance in the short turn-around needed
to get the Perkin Elmer effort going on schedule. The funding was provided under
Delivery Order Number 59.

The work was divided into 2 phases. During phase 1 the following tasks were
accomplished.

- The system and subsystem level requirements were defined
- The UAH optical design was optimized
- A sensitivity analysis of the final optical design was performed

- A straylight analysis was performed and the conceptual layout of the
baffles was done with a rework done under D.O. 59

- The conceptual layout of the optical bench was generated, with final fine-
tuning done under D.O. 59

- The design and layout of the optical elements was finalized and alignment
tolerances and mounting interfaces defined

During Phase 1l an engineering model of the optical bench was fabricated and
detailed engineering drawings developed. Copies of the drawings which were
preliminary are attached.

The unit incorporated appropriate interfaces for the detector assemblies, filter
wheel and other system interfaces. Critical components were lightweighted. A coarse
NASTRAN model of the optical bench was produced and the delta temperature limits were



analyzed. A weight analysis was performed. System alignment tests were performed and
an alignment procedure generated.

The deliverable of a mid-term, final report and Engineering unit Ultraviolet
Imager with associated engineering drawings were delivered to MSFC on June 11, 1890.

Note: During the design development UAH identified the need for a second system of
reflective filter components in the optical train which were needed to provide additional
filtering to meet the UVI science spectral purity requirements. To incorporate this
filter requirement Perkin Elmer was requested to insert a 45° reflective surface at the
entrance aperture to the system and to fold the optical beam through 90°. This effort
was carried out under subcontract NAS8-36955 - Delivery Order Number 59 and will
be reported on separately. This was the main task carried out on D.O. 59.

Attached as Appendix A to this report are the Mid-Term and Final Reports
received from Perkin Elmer (now Hughes Danbury). Note: Hughes Danbury did not
separate out the two tasks in their reports and their final design reflects the above-
mentioned changes. The reports give details on the list of tasks discussed above including
the performance evaluation of the design.

It is noteworthy that the UAH design which was fine-tuned by Perkin Elmer
constitutes a technological breakthrough in far ultraviolet imaging in that it represented
the first high speed (f/# = 2.8) imaging camera with high spatial resolution developed
to date for this wavelength regime. The sensitivity improvement of the instrument over
existing systems exceeded a factor of 10, placing UAH at the forefront of this technology.

2. Preliminary Design Review
UAH supported the UVI PDR at MSFC on October 17, 1989 in the following areas:

- Presentation of the optical system (not included in the attached report on
PDR)

Presentation of the data analysis software
- Report on the status of the filter design

Note: The data analysis software flowchart shown in the PDR report was
generated by Science and Engineering Associates. However, UAH provided the science
algorithms needed to evaluate the dependence of intensity ratios on the characteristic
energy of precipitating particles. UAH presented the UVI scientific goals and described
the model development that has been used to support the UVI requirements definition.

Relevant sections of the UAH contributions to PDR can be found in the copies of
the PDR presentation included as Appendix B and in the Perkin Elmer reports (Appendix
A). Because Perkin Eimer could not attend PDR, the optics review was conducted with
the GSFC review team optics specialist in a splinter session telecon with Mr. Andreas
Nonnenmacher of Perkin Eimer. Dr. D. G. Torr convened this session.

3. Vacuum Ultraviolet Filter Design
Narrowband filters with the spectral performance specified for the UVl had

never been fabricated before. In order to meet the spectral requirements of the filters,
a novel design strategy was developed. First, it was discovered that suitable materials
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for use in the VUV had never been identified, and second, the effects of absorption which
occurs in the VUV had not yet been incorporated into thin film design theory. Third,
accurate measurement techniques for determining the transmission and reflectance of
thin films (needed for the determination of optical constants) had not yet been developed.

All these shortcomings were addressed as follows:

- A technique was developed for the experimental determination of the
reflectance and transmission of thin films and substrates in the VUV

- A mathematical algorithm was developed for the retrieval of optical
constants of thin films and substrates from measurements of their reflectance and
transmittance.

- Thin film multilayer theory was modified to include the effects of
absorption. This essentially involved starting from scratch with Maxwell's equations.

A detailed report of the above work was published in two papers entitled "Vacuum
Ultraviolet Thin Films 1: Optical Constants of BaF2, CaFa, LaF,, MgFa, AL2O3, HFO2 and
Si0O, Thin Films" and "Vacuum Ultraviolet Thin Films 2: Vacuum Ultraviolet All-
dielectric Narrowband Filters" attached as Appendix C.

Reprints of both papers are attached. However, it must be noted that the work
reported in these two papers covers the overall development of the filter program
during the course of the ISTP program under contracts NAG8-086, NAG8-639, NAS8-
37576, and D.O. 59. The final reports on the above four contracts describe the early
phase of the work including establishing a VUV coating facility at UAH, debugging it, and
developing the state-of-the -art filter technology in existence at UAH today. The
fabrication of the engineering model filters being done under this contract.

This work will have very broad applications in NASA and will open up the VUV to
high resolution interferometry, photometry and high powered VUV lasers with the
future development of Fabry-Perot etalons, beam splitters and high reflectance
mirrors.

At the time of PDR two prototype filters had been developed and their spectral
characteristics are given in the PDR report attached as Appendix B. Also shown in the
PDR report are the characteristics of commercially available VUV filters. A comparison
of these with the UVI filters demonstrates that we have achieved an order of magnitude
improvement in performance. The filter at 135.6 nm is a narrowband filter, and the

filter labeled LBH, ong is a specially designed broadband filter with a rectangular
bandpass which meets the specific requirements of the ISTP science.

Fabrication of the flight filters was carried out under the prime contract NAS8-
38145 and is described separately in the reports on that contract.

4. Auroral Energy Deposition Code
UAH was also responsible for the development of a computer code to calculate the

auroral energy deposition rate from the images to be taken by the UVI instrument. This
code is needed for two purposes:



1. To determine what wavelengths and filter characteristics are needed for
the UVI.

2. To provide the auroral source function to a global ionospheric model
which will be used by the ISTP community in the interpretation of the measurements
taken.

This task was a major undertaking and under NAS8-37586 the code was
developed to a point where the filter design requirements could be finalized. Results
achieved to date were published in the Journal of Geophysical Research under the title,
"Auroral Modeling of the 3371 A Emission Rate: Dependence on Characteristic Electron
Energy." In addition the application of this code to interpretation of the UVI images was
published in the same journal under the title, "The Dependence of Model Ol 1356 A and
N> LBH Auroral Emissions on the Neutral Atmosphere”. Other relevant associated papers
partially supported under this contract are also attached as Appendix D.

5. Model of LBH Vehicle Glow

This component of the work was carried out to study the effects of optical
contamination due to interactions of the spacecraft with the natural environment.
Previous observations of Vacuum Ultraviolet glow had been observed on Spacelab 1 and
on the DoD satellite S3-4. A preliminary model of a mechanism that could generate the
glow was developed under NAS8-057 "Assessment of Vehicle Contamination In Spacelab
1 Spectroscopic Data." The model invoked surface production (and desorption) of
metastable N»(A) via surface recombination of atomic nitrogen. The Nao(A) is then
collisionally excited to the a'llg state which radiates in the LBH bands. However, no
adequate mechanism for the production of surface N could be found. In addition the
mathematical development of the mechanism to account for the altitude dependence of the
LBH glow was incorrect. Nevertheless, the basic concept of surface production of N»(A)
leading to a'llg was a major conceptual step forward. The calculations also utilized the
concept of a gas build-up on vehicle surfaces which D. Torr had previously developed in
conjunction with R. Rantanen of Science and Engineering Associates, Inc. This approach
also proved to be crucial in the development of the understanding of the glow.

Under the current contract the following new developments occurred:

1. A source for surface N was found. It was argued that ambient N2
impacting the vehicle surface would acquire vibrational excitation which could provide
the exothermicity needed for the reaction

No(X1z+tg)v=213+ 0 5> NO + N

to proceed, thereby providing an abundant source of surface N.

2. The surface chemistry was updated to take account of the production and
loss mechanisms for No(X) v > 13, O, N and Nz(A).

3. The effects of radial outflow on the N2(A) gas cloud distribution was
included.

4. An analytical formulation of the model was generated in which the scale

height dependence of both the Nz(A) and N,(a'Ilg) could be easily predicted. Previous
calculations of Rantanen and Gordon of the re-emitted gas cloud around a 1m disk were

4



scaled to provide an estimation of the contaminant cloud concentrations. The model
correctly predicted both N2 LBH and Vegard Kaplan (VK) emission intensities for the
glow observed on Spacelab 1 and S3-4 as well as the height dependence observed on the
S3-4 satellite. A paper reporting these results was submitted for publication to the
Journal of Geophysical Research, and a copy of this version of the paper is attached as
Appendix E. However, one reviewer argued that VK emissions were not observed on S3-
4, and thus questioned the validity of the model. This was the status of the paper at the
conclusion of the work under this contract. Since that time, the work has been continued
by Science and Engineering Associates under DoD funding and it appears that the conflict
with the S3-4 data will be resolved.

6. Laboratory Measurement Program of Collision Cross-Sections

Dr. C. Keffer was supported for the period June 1 through September 30, 1989
on this contract. During this period the following tasks were accomplished:

- Completed drawings for using the new large vacuum chamber as an EUV
calibration facility.

- Implemented the EUV calibration facility and conducted tests on a CCD
detector system.

- The cross-section chamber was assembled which was delivered mid July,
1989. This task involved numerous minor time consuming activities. For example, the
rotary platform did not turn freely when installed, because the mating flanges were not
flat. All parts had to be cleaned before use of the 5 eV O beam. Assembly was completed
by mid September.

- The system appeared to be working satisfactorily upon pump-down.
- Development of the system software was continued.

- Alignment tests commenced mid September, but it was found that the
chamber goes out of alignment while under vacuum. Additional hardware was ordered to
repair the problem.

This effort represented all the work done on the establishment of the
cross-section facility at MSFC under this contract. Continued work on this project was
funded under other contracts.

7. Support of ISTP Meetings

UAH personnel attended and participated in the ISTP design review meetings at
GSFC and GE, Science Working Group meetings and meetings held with the NASA
Headquarters Program Office personnel to resolve the issue of merging the UVI and
Visible Imager teams of lowa and Johns Hopkins Universities.
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The University
Of Alabama
In Huntsville

Huntsville, Alabama 35899

{205) 895-6000
Research Administration Telefax: (205) 895-6677

MEMORANDUM

TO: Dr. D. G. Torr
Physics
N ’
FROM: Kathy Niemi
Contract Assistant
SUBJECT: Final Report for SUB89-117 amd SUB90-064
DATE: August 6, 1990

I have enclosed a copy of the final report on the above
referenced subcontracts. If this report satisfactorily meets
the reporting requirements of these subcontracts and all
deliverables have been received and accepted please sign the
concurrence line below signifying such and return this
memorandum to me.

If you have any questions, I can be reached at the above
number. Thank-you.

Appri;223/6}. D. G. Torr
7L

I

An Atfirmative Action/Equal Opportunty Institution
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Danbury Optical Systems. Inc. RECE el SRR A R

{ ¥V S e -

CD-JMC-1611
July 16, 1990

University of Alabama
Research Administracion
Huntsville, AL 35893

Attention: R. McKinley

Subject: Ultra-Violet Imager Final Report
Reference: Subcontracts SUB89-117 and SUB90-064
Dear Ms. McKinley:

Enclosed 1is a Final Report for the Ultra-Violet Imager Optical
System. This document is submitted in accordance with final report
requirements and completes our contractual obligations under the
referenced subcontracts.

Very truly wvours,
HUGHES DANBURY OPTICAL SYSTEMS

o /:izj;::rr~ﬂ5/ él——«*’“

fg;n M. Cassavechia
Principal Contract Administrator

JMC/cac
Enclosure
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Primary Mirror w.r.t. Secondary Mirror Despace Contributors

Altin.) = atin./in/°F) l(in.) AT(°H

Bulk Temperature Change - Ground to Orbit AT = -36 °F (-20 *C)

Length Material CTE(in/in/°P) 4 (in.)

SM Body to Flange 0.449 Al 6061-T651 1.36E-05 2.20E-04
Flang to Housing Shim 0.05 AISI 410 5.50E-06 -9.90E-06
Housing 3.182 Al 6061-T651 1.36E-05 -156E-03
PM Flang to Housing Shim 0.0S AISI 410 5.50E-06 -9.90E-06
PM Body to Flange 0.25 Al 6061-T651 1.36E-05 1.22E-04

Als  -0.00124¢in

(- 0.032 mmy)
Bulk Temperature Change - Orbit to Orbit AT = £10 °F (5.5 °C)
Length Material CTE(in/in/°F) $4 (in.)
SM Body to Flange 0.4488 Al 6061-T651 136E-05 6.10E-05
Flang to Housing Shim 0.0500 AISI 410 SS0E-06 -2.75E-06
Housing 3.1804 Al 6061-T651 1.36E-05 4.33E-04
PM Flang to Housing Shim 0.0500 AISI 410 5.50E-06 -2.75E-06
PM Body to Flange 0.2499 Al 6061-T651 136E-05 3.40E-05
Al=  +0.00034 in.
(+ 0.009 mm)

Manufacturing and Assembly Errors

Measurement of Optical Surfaces to Reference Surfaces:  $0.00014 in. (includes both PM and SM)
Measurement of Spacing between Optics: +0.0005 in.
Total Errors:  +0.00052 in. (+0.0132 mm)

A conservative total Primary Mirror w.r.t Secondary Mirror Despace Error is given by the rss of these

values:

€ = £ 0.0014 in. (£ 0.035 mm)

Total Allowable: & = ¢ 0.002 in. (+0.050 mm) Margin: €m = 1+ 0.0014 in. {+0.035 mm)

A-2
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1. Introduction

This report summarizes the approach taken and analyses performed in
deriving the optical performance error budget for the International Solar-Terrestrial

Physics Ultra-Violet Imager (UVI).

Presently under contract to the University of Alabama/Huntsville for the UVI
engineering model (Subcontracts SUB89-117 and SUB90-064), Hughes DOS
responsibilities formally encompass only the UVI telescope, i.e. the three off-axis
aspheric mirrors and the structure required to maintain alignment between these
optics, telescope baffling, interfaces to the spacecraft and MSFC hardware, as well as
the associated systems engineering, and optical (encircled energy and straylight

performance) and structural dynamics analyses.

Additional analyses, primarily a detailed thermal analysis of the instrument to
determine ground-to-orbit and on-orbit environments, are being performed by
MSFC. As results from these analyses are released, appropriate revisions to the

error budget will be made.



2. Ultra-Violet Imager Mission Description

The Ultra-Violet Imager mission objective is to spatially and temporally map the
aurora oval in the vacuum ultra-violet region of the spectrum, thereby providing a
description of the Earth's magnetic field boundaries. This in turn offers one insight
into the behavior of the energetic particles associated with the solar wind. In
particluar, total particle energy in-flux, particle acceleration processes, and
characteristic energies of incoming particles can be determined. A major mission
objective is the ability to image both the sunlit and nightside aurora, therefore
requiring an instrument with extremely good straylight rejection and out-of-band

rejection capabilites.

UVI is to be mounted on the single-axis despun platform of the POLAR
spacecraft which will orbit the earth in a highly elliptical polar orbit, providing
viewing of the entire northern and southern hemispheres. Since observation of the
entire aurora oval is desired at orbit apogee (approximately 9 earth radii), the UVI

telescope has been designed with an 8° circular full field-of-view.



3. UVI Telescope Description

The Ultra-Violet Imager telescope being fabricated is a three mirror design with
an effective focal length (EFL) of 123.97 mm and an entrance pupil diameter of 42.98
mm implying a telescope speed of f/2.88. However, since the aperture of the system
is 67.28 mm eccentric to the optical axis, the system is, from an optical design point

of view, effectively an /0.7 system, making it an extremely fast telescope.

Figure 3.1 shows a functional plan view of the final optical layout. Depicted
are optical element bodies (without mounting flange details), mirror body
diameters, and nominal dimensions between optics showing axial locations and
how far off-axis each element is located. Note that the filter mirror (refer to Figure

3.5) is not depicted here. Table 3.1 provides some nominal system parameters.

Table 3.1 UVI System Parameters

Telescope EFL: 123.968614 mm

Entrance Pupil e: 42.976800 mm (off-set 67.2846 mm from optical axis)
System f/#: 2.884547

Full Field of View: 8° (circular)

Field Bias: -6°

Plate Scale: 2.1637 mm/degree

Detector Pixel Size: 54 um x 32 um (apparent)

The original candidate three mirror optical system with a -6.25° field bias (Figure
3.2) was provided to Hughes DOS by MSFC. Using MEXP, a HDOS proprietary
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optical analysis code, preliminary analyses showed that the system had relatively
poor on-axis encircled energy (EE) performance (48% in a 27 um radius) which
varied greatly across the total FOV from a minimum of 31% (at -4°,0°) to 87% (at
+4°,0°) in the 27 pum radius.

The three mirror system was subsequently optimized adjusting the spacings
between the optics, changing the field bias to -6.0°, and altering the aspheric terms of
the three mirrors (Figure 3.3), resulting in improved on-axis performance as well as
minimizing variations across the field. The on-axis EE performance was improved
to 71% in a 27 um radius, and the EE variation across the FOV ranged from 71% (at |
0°, 0°) to 86% (at -4°, 0°) in the 27 um radius. Figure 3.4 show spot diagrams for this
system. Figure 3.5 show the final instrument configuration with the reflective filter
mirror in front of the transmissive filters. This change was made because of filter
fabrication constraints and provides for improved performance in terms of

straylight rejection.



Figure 3.2
UVI - Original Optical Prescription
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Figure 3.3
UVI - Optimized Optical Prescription
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Figure 3.4
Spot Diagrams for Optimized System
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Figure 3.5

Optimized Prescription with Filter Mirror
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" 11 SPHERE INFINITE -4,8260 -1,415660 -1,415660 ~1,915860 0.00 AIR 45,46 70,00
12 SPHERE INFINITE 0.0000 -1.000000 -1,000000 -1,000000 0.00 AIR 44,03 0.00
13 SPHERE INFINITE 0.0000 -1,000000 -1,000000 -1,000000 0.00 AIR T 403 0,00
TABLE OF DECENTRATIONS, TILTS AND ROTATIONS
(Y-TILD (Z-TILT)
NO, TYPE X-DEC, 1-DEC. Z-DEC, THETA 2 THETA Y THETA X
2 3 0,000000E450 0,000000E400 -4,500000E401  0,000000E+00 0,000000E+00
3 1 0,000000E+00  0.000000F+00 -9,000000E401  0.000000E+00 0.000000E+00
4 1 0.000000E+20  0,000000E46C -4,000000E400  0,000000E+00  0.000000E200
7 1 -6,728460E+01  0,000000E+00  0.000000E400 0,000000E+00  0.000000E+90
SURFACE TYPE 2 ASPHERIC COEFFICIENTS ORIGINAL PAGE IS
Ersilon OF POOR QUALITY
NO.  (CC+1.0) c’ g E’ F

8 6.115486E-01 0.000000E+00 9,347959%E-13 -4, 898472217 1,180927¢-7)
O ~T,1S0TTM{ELAN A AROCAAELAA 3 ALOQCOL_N0 A 122A27F 161 o Amennce . .



BRIy IS

FIRST ORDER PARAMETERS ON Y-MERIDIOMAL PIANE

MEASURED FRUM FIRST SURFACE MEASURED FROM LAST SURFACE
OBJECT DSTNCE ENTR.PUP,DIST FRST.PPAL.PNT EFF,FCL.LNGTH SCND,PPAL.PNT EXT.PUP.DSTNC IMAGE NISTNCE
INF -85.397500 185.838109 123968614 -124,542449 43,655432 -0.573835
OBJECT HEIGHT ENTR.PUP,DIAN O0BJT.SFCE.FNO INF.OBJCT,FNO IMGE.SPCE.FNO. EXT.FUPL,DIAM IHAGE HEIGHT
INF A2,9746800 INF 2,884347 2,884547 -15,333181 17.422833
HAGNIFICATION SEMIANG.FIELD BACK VTX,DIST BARREL LENGTH FRNT.VTX,DIST SEMIANG.FIELD JEMAGNIFICATION
0.000000 8.000000 - INF =70,4112%2 ~20,411792 -22,422901 TIF
APT.STOP DIAW APT.STOP DIST FROM SRFCE.NO ¥FRXXXX3fxsss FLD,STOP DIAM FLD,STOP DIST FROM SRFCE.XO
42.976800 -85.597500 0 44,845305 . -0,573853 12
HCASE FNO/SIZE  AFOCAL CODE TARGET OBJ DIST  TARGET F.L. OBJ.CURV  BASE COLOR  Y-YBAR 0BJ/ IMG
1 1 0 0,0000D+00 2,3100D+01  0,00000+00 3 0 -?
REAL ENTR, PUPIL CODES : b 0
C

AMSINLL PAGE 18

OF, POOR QUALITY



4. Development of the Error Budget

The proper criterion for evaluating optical performance depends on a number of
different factors: the nature of the source to be imaged, limitations of the optical
system, the type of detector, and the goal of the application. Figure 4.1 shows the

relationships between various commonly used image quality criteria.

Since this telescope is dominated by geometric abberation as shown in the spot
diagrams (the on-axis rms spot radius is =54 times larger than the diffraction-limited
performance of an £/2.88 system at 1200 A), error budgeting in terms of wavefront
error would not provide a practical figure of merit. Because spatial and temporal
intensity variations in the scene are of primary interest to the instrument scientists,
encircled energy and rms spot size, which are calculated from the point spread
function, were chosen to provide a convenient means of assessing telescope

performance.

An optical transfer function (OTF) budget (or equivalent) might well be
considered appropriate for this system given the desire to spatially resolve aurora
features. OTF, however, can in turn be translated via a Fourier transform into a
point spread function from which the original image quality criteria were

calculated.

Since no specific optical performance requirements were handed down to
Hughes DOS by MSFC or the University of Alabama, the approach of "best effort"
was taken giving the constraints of manufacturing and assembly tolerances,
environmental contributors, and budget and schedule. Traditionally, a degradation
of 15%-20% in the optical performance of a telescope due to environmental
influences, and fabrication and assembly errors has been tolerated. With is in mind,

a target of 60% encircled energy in a 27 um radius circle, corresponding to the half-
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width of the long side of UVI's CCD pixels, was established. This requirement is
contingent on a reasonable set of manufacturing and assembly tolerances for both
the optics and the assembly of the telescope, i.e. the use of ultra-high precision (sub-

micron) alignment techniques would not be used.



5. UVI Error Budget

Since cost is a major program consideration and given the speed of the parent
optics, it was decided that the optics should be diamond-turned using nickel-coated
aluminum substrates and subsequently post-polished. This provides one with very
smooth (typically 10-12 A rms) surfaces and allows one to put high-order aspheric

surfaces on the substrate. Based on input from the optical designers, it was

determined that the optical surface should be < 0.5 waves rms (A = 6328 A) for each
optic. This amount of surface figure error would not noticeably affect encircled
energy or rms spot size (i.e. < 1%) and is comfortably achieved with current

diamond-turning practices.

The principle contributor to optical performance degradation for this optical
system is the large bulk temperature change associated with the transition from
ground to orbit. Based on MSFC's initial estimate of the on-orbit thermal
environment, the nominal on-orbit bulk environment was specified to be 0 °C (32
°F) with allowable orbit-to-orbit bulk temperature variations of 5.5 °C (£10 °F)
while the instrument was operating. Bulk temperature changes contribute to
relative despace and decenter misalignments, as well as changes to the radius of
curvatures of the three mirrors. Temperature gradients through the optical bench
in each of the axes were estimated to be 0.1 °C/cm (£0.5 °F/in.). These gradients
were assumed to be superimposed over the bulk average, thereby contributing only

to changes in the mirror radius of curvatures and relative tilts between the optics.

Because UVI is compromised in terms of on-axis performance so that
performance variations across the large FOV could be minimized, a simple error
sensitivity analysis could not be performed. As a result, once error allocations were
determined, each misalignment case had to be run through MEXP separately to

determine its impact on performance.



Appendix A details the calculations made to determine misalignment errors due
to the various contributors. Calculated values are based on the current design
dimensions as shown in detail piece part and assembly level drawings. Total
misalignment (shown as total allowable error) due to environment and
manufacturing errors plus margin were run and the impact on on-axis encircled
energy and rms spot size were calculated. These values are illustrated in the
following error budget (Figure 5.1) and the top level number is the rss of the

contributors. This in turn is related back to endircled energy to determine margin.

Note that misalignment terms were calculated with respect to the secondary
mirror rather than the focal plane. This results from the physical location of the SM
in the telescope and the approach taken in assembling and aligning the optics.
During assembly and alignment both the primary and tertiary mirrors are to be

aligned to the secondary mirror.
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6. Conclusions

As is seen in the error budget, the target of 60% encircled energy in a 27 um
radius is meet with some margin. This 4% margin, together with the margin
initially allocated to each error contributor, helps ensure that any subsequent
changes in the thermal environment or drastic changes in assembly philosophy or

procedures will not require a relaxation of the target budget requirement.

During recent conversations with MSFC, preliminary indications were provided
that the thermal environment would be significantly less severe in terms of ground-
to-orbit bulk temperature changes. This information will be folded back into the

error budget when available.
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APPENDIX A
UVI Error Budget Calculation Details

A-1



Primary Mirror w.r.t. Secondary Mirror Despace Contributors

Al(in.) = a(in./in/°F) l(in.) AT(°F)

Bulk Temperature Change - Ground to Orbit AT = -36 °F (20 °C)

Length Material CTE(in/in/°F) A (in.)
SM Body to Flange 0.449 Al 6061-T651 1.36E-05 2.20E-04
Flang to Housing Shim 0.05 AISI 410 5.50E-06 -9.90E-06
Housing 3.182 Al 6061-T651 1.36E-05 -1.56E-03
PM Flang to Housing Shim 0.05 AISI 410 5.50E-06 -9.90E-06
PM Body to Flange 0.25 Al 6061-T651 1.36E-05 1.22E-04
Al=  -0.00124 in.
(-0.032 mm)

Bulk Temperature Change - Orbit to Orbit AT = +10 °F (+5.5 °C)

Length Material CTE(in/in/°F) *A (in.)
SM Body to Flange 0.4488 Al 6061-T651 1.36E-05 6.10E-05
Flang to Housing Shim 0.0500 AlISI 410 5.50E-06 -2.75E-06
Housing 3.1804 Al 6061-T651 1.36E-05 -4.33E-04
PM Flang to Housing Shim 0.0500 AISI 410 5.50E-06 -2.75E-06
PM Body to Flange 0.2499 Al 6061-Té651 1.36E-05 3.40E-05
Al= +0.00034 in.
(+ 0.009 mm)

Manufacturing and Assembly Errors

Measurement of Optical Surfaces to Reference Surfaces:  +0.00014 in. (includes both PM and SM)
Measurement of Spacing between Optics: 10.0005 in.
Total Errors:  +0.00052 in. (+0.0132 mm)

A conservative total Primary Mirror w.r.t Secondary Mirror Despace Error is given by the rss of these

values:

€ =+0.0014 in. (+ 0.035 mm)

Total Allowable: €t=+0.002 in. (+0.050 mm) Margin: €m =+0.0014 in. (+0.035 mm)

A-2



Tertiary Mirror w.r.t. Secondary Mirror Despace Contributors

Al(in.) = a(in./in/°F) I(in.) AT(°F)

Bulk Temperature Change - Ground to Orbit AT =-36 °F (-20 °C)

Length Material CTE(in/in/°F) A (in.))
SM Body to Flange 0.449 Al 6061-T651 1.36E-05 2.20E-04
Flang to Housing Shim 0.05 AISI 410 5.50E-06 -9.90E-06
Housing 7521 Al 6061-T651 1.36E-05 -3.68E-03
TM Flang to Housing Shim 0.05 AISI 410 5.50E-06 -9.90E-06
TM Body to Flange 0.25 Al 6061-T651 1.36E-05 1.22E-04

Al=  -0.0034 in.

(- 0.085 mm)
Bulk Temperature Change - Orbit to Orbit AT = +10 °F (45.5 °C)
Length Material CTE(in/in/°F) *A (in.)
SM Body to Flange 0.4488 Al 6061-T651 1.36E-05 6.10E-05
Flang to Housing Shim 0.0500 AlST 410 5.50E-06 -2.75E-06
Housing 7.5173 Al 6061-T651 1.36E-05 -1.02E-03
TM Fang to Housing Shim 0.0500 AISI 410 5.50E-06 -2.75E-06
TM Body to Flange 0.2499 Al 6061-T651 1.36E-05 3.40E-05

Al= +0.00093 in.
(£ 0.024 mm)
Manufacturing and Assembly Errors

Measurement of Optical Surfaces to Reference Surfaces:  +0.00014 in. (includes both PM and SM)
Measurement of Spacing between Optics: +0.0005 in.
Total Errors:  +0.00052 in. (0.0132 mm)

A conservative total Tertiary Mirror w.r.t Secondary Mirror Despace Error is given by the rss of these

values:
€ =+0.0035in. (£ 0.091 mm)

Total Allowable: €t =+0.0047 in. (+0.120 mm) Margin: €m = £0.0029 in. (+0.073 mm)

A-3



Focal Plane w.r.t. Secondary Mirror Despace Contributors

Al(in.) = a(in./in/°F) l(in.) AT(°F)

Bulk Temperature Change - Ground to Orbit AT =-36 °F (-20 °C)

Length Material CTE(in/in/°F) A (in.)

SM Body to Flange 0.449 Al 6061-T651 1.36E-05 2.20E-04
Flang to Housing Shim 0.05 AISI 410 5.50E-06 -9.90E-06
Housing (to pin) 0.165 Al 6061-T651 1.36E-05 -8.08E-05

Top Plate to Det. Plate 1.28 Al 6061-T651 1.36E-05 -6.27E-04
Pin C/L to Det. Pad 0.97 Al 6061-T651 1.36E-05 -4.75E-04
Det. Shim 0.1 AISI 410 5.50E-06 -1.98E-05

Det. Foot to FP 1.31 Al 6061-T651 1.36E-05 6.41E-04
Al=  +0.0004 in.

(+0.010 mm)

Bulk Temperature Change - Orbit to Orbit AT = +10 °F (5.5 °C)

Lengths Material CTE(in/in/°F) *A (in.)
SM Body to Flange 0.4488 Al 6061-T651 1.36E-05 1.22E-05
Flang to Housing Shim 0.0500 AlSI 410 5.50E-06 5.50E-07
Housing (to pin) 0.1649 Al 6061-T651 1.36E-05 4.49E-06
Top Plate to Det. Plate 1.2794 Al 6061-T651 1.36E-05 3.48E-05
Pin C/L to Det. Pad 0.9695 Al 6061-T651 1.36E-05 2.64E-05
Det. Shim 0.1000 AISI 410 5.50E-06 1.10E-06
Det. Foot to FP 1.3094 Al 6061-T651 1.36E-05 3.56E-05
Al= +0.0001 in.
(£ 0.0025 mm)

Manufacturing and Assembly Errors (estimated)

Assembly of Detector Assembly:  +0.001 in.
Total Errors:  +£0.001 in. (+0.0254 mm)

A conservative totalFocal Plane w.r.t Secondary Mirror Despace Error is given by the rss of these

values:

€=%0.0011in. (+0.028 mm)
Total Allowable: &t=+0.0012in. (x0.031 mm) Margin: €m =1 0.0005 in. (+0.013 mm)

This is only an estimate, since it will be dictated by MSFC tolerances and assembly procedures.



Primary Mirror w.r.t Secondary Mirror Decenter Contributors

Al(in.) = ain./in/°F) l(in.) AT(°F)

Bulk Temperature Change - Ground to Orbit AT = -36 °F (-20 °C)

Length Material CTE(in/in/°F) A (in.)
SM to PM Decenter(Y-axis) 2.165 Al 6061-T651 1.36E-05 -1.06E-03
SM to PM Decenter (Z-axis) 0.0

Bulk Temperature Change - Orbit to Orbit AT = +10°F (455 °C)

Length Material CTE(in/in/°F) A (in)
SM to PM Decenter (Y-axis) 2.1639 Al 6061-T651 1.36E-05 5.89E-05
SM to PM Decenter (Z-axis) 0.0

Manufacturing and Assembly Errors
Measurement of Vertex to Reference Surfaces (Y-Axis): +0.00014 in. (includes both PM and SM)
Measurement of Vertex to Reference Surfaces (Z-Axis): +0.00014 in. (includes both PM and SM)
Measurement of Spacing between Optics (Y-Axis): +0.0005 in.
Measurement of Spacing between Optics (Z-Axis) 10.0005 in.
Total Errors:  +0.0007 in. (+0.0132 mm)

A conservative estimate of the total Primary Mirror w.r.t. Secondary Mirror Decenter error is given by

the rss of the above values:

€ =%+0.0013 (in.) (+ 0.032 mm)

Total Allowable: £t =+0.0015 in. (+0.038 mm) Margin: €m =+ 0.0007 in. (+0.019 mm)

A-5



Tertiary Mirror w.r.t Secondary Mirror Decenter Contributors

Al(in.) = a(in./in/°F) l(in.) AT(°F)

Bulk Temperature Change - Ground to Orbit AT = -36 °F (-20 °C)

Length Material CTE(in/in/°F) A (in.)
SM to TM Decenter (Y-Axis) 3.161 Al 6061-T651 1.36E-05 -1.55E-03
SM to TM Decenter (Z-Axis) 0.0

Bulk Temperature Change - Orbit to Orbit AT =+10 °F (5.5 °C)

Length Material CTE(in/in/°F) *A (in.)
SM to TM Decenter(Y-Axis) 3.1595 Al 6061-T651 1.36E-05 8.59E-05
SM to TM Decenter (Z-Axis) 0.0

Manufacturing and Assembly Errors
Measurement of Vertex to Reference Surfaces (Y-Axis): +0.00014 in. (includes both PM and SM)

Measurement of Vertex to Reference Surfaces (Z-Axis): +0.00014 in. (includes both PM and SM)
Measurement of Spacing between Optics (Y-Axis): 10.0005 in.
Measurement of Spacing between Optics (Z-Axis) +0.0005 in.

Total Errors:  +0.0007 in. (0.0132 mm)

A conservative estimate of the total Tertiary Mirror w.r.t. Secondary Mirror Decenter error for all axes

is given by the rss of the above values:

€ =%0.0017 (in.) (£0.043 mm)

Total Allowable: €&t =+ 0.002 in. (+0.038 mm) Margin: €m =+0.001 in. (0.026 mm)

A-6



Mirror A Radius of Curvature Contributors

AR (in.) = a(in./in/°F) R(in.) ATbulk(°F)

AR (in.) = a(in./in/°F) R2(in.2) (Tfront - Tback)(°F)/ Thickness(in.)

Bulk Temperature Change - Ground to Orbit AT = -36 °F (-20 °C)

R (in.) Material CTE(in/in/°F) AR (in.)

Primary Mirror Radius 6.39200 Al 6061-T651 1.36E-05 -3.13E-03
Secondary Mirror Radius 3.28600 Al 6061-T651 1.36E-05 -1.61E-03
Tertiary Mirror Radius 6.85900 Al 6061-T651 1.36E-05 -3.36E-03

Bulk Temperature Change - Orbit to Orbit AT = +10 °F (5.5 °C)

R (in.) Material CTE(in/in/°P) % AR (in.)

Primary Mirror Radius 6.3889 Al 6061-T651 1.36E-05 +1.74E-04
Secondary Mirror Radius 3.2844 Al 6061-T651 1.36E-05 +8.93E-05
Tertiary Mirror Radius 6.8556 Al 6061-T651 1.36E-05 +1.86E-04

Axial Temperature Gradient (along optical axis) - On-Orbit ~ AT/in. = 20.5 °F/in. (£0.1°C/cm)

R (in.) Ave. Thick. (in.) CTE(in/in/°F) + AR (in.)

Primary Mirror Radius 6.3889 0.8250 1.36E-05 +2.78E-04
Secondary Mirror Radius 3.2844 0.3745 1.36E-05 17.34E-05
Tertiary Mirror Radius 6.8556 1.2650 1.36E-05 +3.20E-04

Radial Temperature Gradients effects are to small to account for.

A conservative total delta radius of curvature for each mirror is given by the rss of these values:

* AR (in.) + AR (mm) Total Allow. (mm)
Primary Mirror Radius +0.0031 +0.079 +0.81
Secondary Mirror Radius +0.0016 +0.041 +0.42
Tertiary Mirror Radius +0.0034 +0.086 +0.88

A-7



Primary Mirror w.r.t Secondary Mirror Tilt Contributors

Thermal gradients in the Y and Z axes will contribute to a relative tilt as well as alignment errors. a
gradient along the optical axis will not contribute. It is assumed that a 0.5 °F/in through the optical
bench in each of these axes is present. Note that the numbers attributed to thermal misalignment is

very conservative given the hardware configuration.
PM to SM Tilt (Y-axis): 3 arc-sec
PM to SM Tilt (Z-axis): 2 arc-sec
rss Total: 3.5 arc-sec

Manufacturing and Assembly Errors

Measurement of relative tilt in 2-axes: 30 arc-sec
Total: 30.2 arc-sec
Total Allowable: 108 arc-sec (1.8 arc-min)

This conservative total allowable was allocated prior to details of assembly and hardware.

A-8



Tertiary Mirror w.r.t. Secondary Mirror Tilt Contributors

Thermal gradients in the Y and Z axes will contribute to a relative tilt as well as alignment errors. a
gradient along the optical axis will not contribute. It is assumed that a 0.5 °F/in through the optical
bench in each of these axes is present. Note that the numbers attributed to thermal misalignment is

very conservative given the hardware configuration.
TM to SM Tilt (Y-axis): 12 arc-sec
TM to SM Tilt (Z-axis): 15 arc-sec
rss Total: 20 arc-sec

Manufacturing and Assembly Errors

Measurement of relative tilt in 2-axes: 20 arc-sec
Total: 28 arc-sec
Total Allowable: 60 arc-sec (1 arc-min)

This conservative total allowable was allocated prior to details of assembly and hardware.



Focal Plane w.r.t. Secondary Mirror Tilt Contributors

This contributor again is driven by MSFC assembly procedures. It is estimated that alignment can be

done as well as the mirrors.

A-10



Primary Mirror w.r.t. Secondary Mirror Rotation Contributors

This error contributor is driven by how well one can measure height variations of the precision
alignment surface on the flanges of each surface and subsequently determining the angular tilt of the

alignment surface.
PM Alignment Surface Length: =1.4 in. (35.56 mm)
Height Measurement Sensitivity: 0.0002 in. (0.0025 mm)

Angular Resolution: 30 arc-sec

Total Allowable: 2 arc-min

A-11



Tertiary Mirror w.r.t. Secondary Mirror Rotation Contributors

This error contributor is driven by how well one can measure height variations of the precision

alignment surface on the flanges of each surface and subsequently determining the angular tilt of the
alignment surface.

TM Alignment Surface Length: =2.3 in. (58.4 mm)

Height Measurement Sensitivity: 0.0002 in. (0.0025 mm)

Angular Resolution: 18 arc-sec

Total Allowable: 2 arc-min

A-12
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ULTRAVIOLET IMAGER INVESTIGATION/POLAR

PRELIMINARY DESIGN REVIEW OCTOBER 17, 1989
MSFC Building 4481/Room 369
PRELIMINARY AGENDA
8:30am INTRODUCTION M. TORR
introductions
agenda/objectives
instrument overview
9:30am MECHANICAL DESIGN
optical bench, mechanisms,
housing, s/c interface,radiator,
electronics stack housing
(45 min) LWALKER
mass/c.g. status L. WALKER
ICD summary (10min) J. SPANN
10:25am BREAK
10:40am THERMAL DESIGN
camera, radiator,
electronics stack,
reduced thermal model
(30 min) L. WALKER
ICD summary (20 min) J. SPANN
11:30am MISC. ICD SECTIONS J. SPANN

magnetic interface
electrostatic cleanliness
environmental interface
(30min)

12:00noon LUNCH



1:15pm ELECTRONICS DESIGN
system, processor, memory,
detector, detector interface,
s/c interface, TLM format,
housekeeping,
mechanism control,power
supplies,health and safety

data (60min) L. SAVAGE
power status L.SAVAGE
NSPARS L. SAVAGE
ICD summary (30min) J. SPANN
2:45pm DEVELOPMENT STATUS AND
SCHEDULES (15min) M. TORR
3:00pm BREAK
3:15pm SOFTWARE/DATA MANAGEMENT
flight software (15min) L. SAVAGE
GSE software (15min) L.SAVAGE
Data Management Plan G. GERMANY
(15 min)
data analysis software
(830min) D. TORR
4:30pm ISSUES, CONCERNS
ACTION ITEMS

5:00pm AJOURN
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AGREED TO RESOURCES SUMMARY

MASS 19.5 KGMS

POWER 20 WATTS

DATARATE | 12 KBPS

PDR/RESOURCES
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ULTRAVIOLET IMAGER
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/'— 251
SEE FIG. 9-6
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FIGURE 9—4 — DETAIL "B" — ELECTRONICS STACK
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HIGHLIGHTS OF THE ULTRAVIOLET
IMAGER INVESTIGATION

agrPTICS
fast (£/3) sustes with uide field of view (8 degrees)
and excellent mage quality (K 1 pixel over sost of mage),
state—of-the—-art low scatter design

DETECTORS

proven intensifisd-CCD systen that provides cospact 2-D
sansor with low noise and larga dunasic ranoe (4008 instantaneous
selectable over a range of six 1o seven orders of sagnitude)

DATA SYSTEM

on-board nicroprocessor (88CS6) controfler and data forwatter
allows procrassable operations and substantial realise data
c%aprfsrisim that iz further enhanced bu data compression
akgori

FILTERS

narrou bandpass fiters uith exceflent out of band rejection
for keu esissions (8.0, 1384A, 1356A) allous the first truky
quantitative auroral inaging

CALIBRATION FACILITIES

existing vacuus ulraviolet cabboration fadlities allowing absolute
caboration of inager at all wavelsngths

ATMOSPHERIC/AURORAL MODELS

nodals of tha upper atnosphara and enargetic particla wpact
on the atecsghere developed by our group over the last
28 gears are essential to the interpretation of the auroral

inforaation content

UVIS186

ORIGINAL PAGE IS
OF POOR QUALITY
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CAMEEA MACS AND C

e

ITEM NAME

PRIMARY DETEC
SECONDARY DET!
MIRROR MECH.
CABLE HARNECE
FLLTE? WHEEL %bSY
BAFFLE DOOK AS3SY
BASErLATE AZS3Y
CAMERA COVER ASSY
OPTICAL BENCY A33Y
THERMAL LINKZ
COLDPLATE ACCY

L’IJ - [-1 -3

INSTRUMENT TCTAL

CAMERA MASE AND CG

ITEM NAME

PRIMAKY DETECTOR
SECONDARY DETIZCTCR
MIXRCR MECH. AGSY.
CABLL HARNEZIZES
FILTER WHEEL A33Y
RFILTER/APER ASSY
BASEPLATE A33Y
CAMERA COVER ASEY
OPTICAL BENCH A3SSY
THERMAL LINKS
COLDFLATE A3ZSY

INSTRUMENT TCTAL

50t -3

= O s Ot O s bt O b4

KN

OP—‘(.\)""[\J\'.JH[‘JFQ

[

MAGS
(KG)

.11
21t
.5872
.706
.075
.6810

737

.64%
.350
. 200
.030

.8G3

MASS
(LB)

.450
.45

. 260
.7€0
.370
. 245
. 360

1 E

.910

O 44
2.270

XCG
(MM

167.64
114.3
287.02
101.6
325.12
Z686.
266.
2667
213.36
127

139.7

-3~

205.28

XCG
(IN)

— Oy

—
(@]
TN T W Wnom

5.0814

S
’»A
N

[

[

[Se BREL I NG P S 6.5
U0 W s

o
\

PlanaN
ZQ

oy
~—

0S5 Co CO #-a

[y

=y

~3 W W
DO W H WO G O o

w
-3
(@]
@8]
2]

ZCG
{ MM

144.7¢8
144 . 7u

76.
1.

1

W O
[,

-3 OB~
P ED LD - T L0 T (

[FoREwy QRN G2 EEN

(2

1

2CG
{IN)
= -

[
5.7

s}

T

4

5.7

i~

o

8.3

5

5.7
7.7
11.2
5.1591
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ISTP-UVI ELECTRONICS MASS AND CG
08:13 PM 16-0ct-83

ITEM NAME MAGS XCG YCG 4CG
(KG) (MM) (MM) (MM)
CPU/SCIF A&B 0.422 133.7 88.3 101.6
MEMORIES A&B 0.462 133.35 38.9 101.6
DETECTOR I/F A&B 0.422 142.24 88.3 101.6
HOUSEKEEZING BOARD 0.185 1327 21.59 191.6
TEU CONTROL BOARD 0.185 139.7 147 .32 i01.8
DUAL MOTOR CONTRCLLE 0.286 142.24 170.18 101.6
MOTHERECARD ASSY 0.1.98 41.275 38.9 101.86
POWER OUPPLIES A&B 0.556 127 8.9 101.86
CRATE ZTACK 1.234 121.82 38.9 101.6
STACK EMNDPLATES 0.5396 127 88.3 101.6
TENSICON RODS 0.149 127 88.9 101.6
FASTENEL ALLOWANCE 0.C54 127 8.3 101.6
INSTRUMENT TOTAL 4.718 113.5604 32.9357932 101.6
ISTP-UVI ELECTRCNICS MASS AND CG
ITEM NAME MASS XCG YCG ZCG
(LB} (IN) (IN) (IN)
CPU/5CIT A&B 0.330 5.5 3.5 4
MEMORIES A&B 1.018 5.28 3.9 4
DETECTCR I/F A&B 0.330 5.5 3.5 4
HOUGEKEEZPING BCARD 0.407 5.5 .85 4
TEU CONTROL BOARD 0.407 5.5 5.8 4
DUAL MOTOR CONTROLLE 0.564 5.6 6.7 4
MOTHERECARD ASSY 0.436 1.625 3.5 4
POWER SUPPLIES A&B 1.225 0.5 3.5 4
CRATE 3TACK 2.720 4.3 3.5 4
STACK ENDPLATES 1.314 5 3.5 4
TENSION RODS3 0.329 5 3.5 4
FASTENER ALLOWANCE 0.120 S 3.8 4
INSTRUMENT TOTAL 10.401 4.470883 3.553760 4

ORIGINAL PAGE IS
OF POOR QUALITY
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UVI ICD MECHANICAL SECTION

STATUS:
Signed by GE and UVI

COMMENTS:

Instrument Mass
Total mass does not include
MLI blankets and intra-
instrument harness

Instrument Frequency
Primary resonance
frequency for both boxes
expected to be >100 Hz

Values for CG are available



UVI ICD THERMAL SECTION

STATUS :

Inputs provided to GE

COMMENTS :

GE providing MLI blankets

CONCERNS:

Camera Operating Temperature
ICD does not reflect current
ITRD temperature ranges

Thermal Backload Analysis
Values of heat load on
instrument surfaces are
preliminary

Heat Flow Limits
Values for heat flow limits
based on current operating
temperatures and mounting

surface contact area are not
provided



3.3 _Thermal Interface Requirements

3.3.1 General, The interface conditions specified in this section are

intended to maintain each UVI item within the temperature range shown in

Table 3.3-1 when its internal heat dissipation is within the range indicated. The
Camera and electronics stack are isolated form the despun platform and the space
environment with thermal isolators and thermal blankets except portions of the +Z
facing surfaces are covered with selected coatings to radiate internal dissipation to

space.

Table 3.3-1 UVI Thermal Characteristics

Operating Non-Operate
Item Tmin/Tmax.C Qmin/Qmax.w Tmin/Tmax.C Qmin/Qmax.w
Camera -20/+20 0/0 -20/+40 0/0
Camera (Radiator) -20/0 10.0710.0 -20/+40 0/0
Digital Elect Box -20/+40 0/0 -20/+40 0/0
Digital Elect (Radiator) -20/0 10.0/10.0 -20/+40 0/0

NOTE:

1) Cold plate temperature should be +/- 1°C when operating, load dissipated by ra-
diator is a function of temperature. See Figure 10.

2) Camera box dissipation is assumed to be dissipated entirely through radiator.
3) Electronics box dissipation is assumed to be dissipated entirely through radiator.

Unless otherwise noted, all interface conditions specified in this section
are to be interpreted as orbit-average and spatial-average values.

it = en ! I
Size Coae dent No. | 1S-3282161

A 496{71

i Sheet 33
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Thermal interfaces are specified in terms of parameters depicted schematically

in Appendix 1. These parameters define temperature, heat flow, and coupling
limits which should result in adequate thermal balance for all instrument

units. Appendix 1 explains the derivation and use of the thermal backload parame-
ter for external surfaces.

3.3.2_Laboratory Exterior.

3.3.2.1 Externally Mounted Instruments. The UVI instrument is mounted on the
despun platform of the POLAR laboratory and is classified as an externally
mounted instrument. The following paragraphs specify the thermal interface

for this unit.

3.3.2.2 Instrument Exterior Thermal Environment. Radiation couplings and
thermal backloads for the exterior surfaces of UVI sensor are specified in
Table 3.3-2. These values are based on the surface finishes defined in
paragraph 3.3.2.3.

3.3.2.3 Instrument Thermal Surface Finishes. Finishes and thermal
properties of the exterior surfaces of the UVI sensor are specified in
Table 3.3-3.

3.3.2.4 Conductive Coupling. The UVI Camera is mounted to but is thermally iso-
lated from the despun platform. The UVI Electronics box is mounted to but is ther-
mally isolated from the despun platform with GE-Astro supplied thermal isolators.
Physical constraints on this interface shall apply as written in paragraph 3.3.3.4.2
of the GIIS. Table 3.3-4a specifies the nominal mounting area, conductance, and
limits of despun platform temperature at this interface. Limits of heat flow by
conductive interchange across this interface are specified in Table 3.3-4b.

. [
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Table 3.3-3 UVI Exterior Surface Definition (TBR)

Arga IR UV  Alpha

Item  Surface sqin. Type Emis BOM EOM
Camera Sides TBD (Black body) TBD TBD TBD
+Z face (top) TBD (Black body) TBD TBD TBD
-Z face TBD (Black body) TBD TBD TBD
E-Box  Sides TBD (Black body) TBD TBD TBD
+Z face (top) TBD (Black body) TBD TBD TBD
-Z face TBD (Black body) TBD TBD TBD

Table 3.3-4a UVI Exterior Mounting Thermal Interface, Tif (TBR)

Contact Conduct- Temperature (Min/Max),C

Unit Filler Areasqin ancew/C Operating Non-Operate
Camera Isolators 5x0.75 0.36 -20/30 -30/40
E Box Isolators 6x0.25 0.12 -20/30 -30/40

Notes:
1) Temperatures shown are on the spacecraft side of the interface.

Table 3.3-4b UVI Exterior Mounting Conductive Limits (TBR)

Heat Flow Limits, Qif (Note 2), w

Operating Non-operate

Unit Item Cold Hot Cold Hot
Camera Isolated mount  -3/+3 -3/+3 -4/+4 -4/+4
Digital Box Isolated mount -2/+2 -2/+2 -3/+3  -3/+3

Notes:
1) Heat flow is defined as positive INTO the instrument.

2) Cold and hot refer to laboratory conditions defined in Table 3.3-4a.

The range shown for each case assumes the instrument unit at its
coldest/hottest allowable temperature.

3.3.3 _Laboratory Interior, N/A
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Size | Code igent N | 1S-3282161

A 496]71

Sheet 37

A



Table 3.3-2 UVI Exterior Surface Thermal Environment (TBR)
PRELIMINARY

Thermal Backload, Qbl (Min/Max),w

Rad Coup, Sun Ang Sun Ang Sun Ang
Item  Surface sqin, Sdeg 90 deg 160 deg

Camera Sides 36.0 4.0/ 4.9 9.5/11.5 3.2/4.0
+Z face (top) 36.0 27.0/35.8 0.0/ 2.0 0.0/1.0
-Z face N/A N/A N/A N/A
E-box Sides 36.0 4.0/ 4.9 9.5/11.5 3.2/ 4.0
+2Z face (top) 36.0 27.0/35.8 0.0/ 2.0 0.0/1.0
-Z face N/A N/A N/A N/A
Notes:

1) Radiation couplings are defined as surface area times surface emissivity times a
view factor of unity. When used with thermal backload, these values should
couple the surface to a 0 deg K heat sink and no other external couplings should
be used.

2) Thermal backload is the total heat absorbed by the surface from its external
environment. It includes solar, albedo, and earth flux contributions, as well as
IR input from nearby surfaces.

3) The instrument will be operating at sun angles between 90 and 160 deg. It will,
however, be exposed to sun angles between 25 and 160 deg in a non-operate
mode.

4) Coupling has been normalized for a 36 sq. in. surface, actual load is dependant
on box surface area and scales directly with area.

5) Initial values based on e and alpha values of 1.00 (blackbody).
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UVI ICD EMC/EMI/ESC SECTIONS

STATUS:

First inputs to GE

COMMENTS:

Aperture Window
Dielectric MgF,
window inside baffle is
non-conducting

Baffle Surface
Interior baffle surface will

be conducting

CONCERNS:

Degaussing
Degaussing of instrument must
not affect operation of
permanent magnet stepper
motors

Surface Coatings
Value for minimum
conductivity is not specified



UVI ICD ENVIRONMENTAL SECTION

STATUS:

First inputs to GE

CONCERNS:

Instrument Purge
Nitrogen should be 99.999%
pure with hydrocarbon content
< 2 ppm (boil-off purity)

Transportation and Storage
Temperature limits should be
+10/+30 °C
Hydrocarbon content of
surrounding atmosphere
should be < 10 ppm

Vibration, Shock and
Acceleration Tests
Design is based on a time
consistant environment



3.4 Magnetic Interface

3.4.1 Spacecraft Generated Magnetic ['ields, The maximum spacecraft induced
magnetic flux the instrument will experience on the spacecraft will be TBS gauss.

3.4.2 Instrument Generated Magnetic Fields, Instrument magnetic field
characteristics shall be documented here. (TBS by instruement)

3.4.3 Instrument Degaussing, The instrument, unless noted here, will be
degaussed prior to mounting on the spacecraft. The maximum field strength used
during degaussing will be TBS gauss. The degaussing frequency will be TBS Hz.

3.5 _Electromagnetic Interference (EMI)

3.5.1 General, Instruments with electrical devices inherently susceptible to low
level EMI shall indicate special procedures and requirements here.

3.6 _Electrostatic Cleanliness (ESC)
3.6.1 General, Bonding and insulation requirements of the instrument(s): TBD

3.6.2 _Conductivity and Grounding of Conductive Finishes.

List of instrument coatings: TBS
resistivity:TBS (ohms/meter.)

3.6.3 _Bonding of Case Parts. Physical discontinuities (non-conductive) in the

instrument case must be identified here.

3.6.4 Instrument Aperture ESC Design, See Instrument aperture drawing TBD.
3.6.5 ESC of Hinged Mechanisms, Hinged mechanisms must be identified here.

3.6.6 Exposed Connectors and Harnessing, Applies as written the GIIS.
3.7 Environmental Interface,
3.7.1 General Environment. Applies as written the GIIS unless specified here.

3.7.2 Storage. Transportation, and Handling Environment, Applies as written the
GIIS unless specified here.

3.7.2.1 Instrument Environment Before Mounting on Spacecraft. Applies as
written the GIIS unless specified here.

3.7.2.2 Instrument Stored Mounted on Spacecraft. Applies as written the GIIS

unless specified here.
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3.7.2.3 Instrument Transportation while Mounted on Spacecraft. Applies as
written the GIIS unless specified here.

3.7.2.4 Instrument Purging

Purging requirements:TBD
Connector type: TBD
Purge Interface: See Mechanical Drawing for location.

The instrument team will be notified of interruptions longer than TBD.

3.7.3 Flight Environment. The instrument, while integrated on the satellite, shall
withstand the flight-induced environment detailed in the following paragraphs.

3.7.3.1 Temperature. The instrument shall specify nonoperating survival
temperature range and expected operating temperature ranges here.

NOTE: To ensure that the Qualification Temperature limits are not exceeded
during emergency conditions during spacecraft thermal-vacuum testing, a "Safety
Heater" and a monitoring thermocouple will be attached to the instrument unless
directed otherwise here.

The "Safety Heater" will be approved for thermal-vacuum chamber operation and
will be powered form a +28V supply not connected to the spacecraft power. The
capacity shall be sufficient to maintain the instrument at +10degC when the
chamber walls are at LN2 temperature. Astro will mount the heater to the
instrument when it is put onto the spacecraft. Heater location TBD. See figure
TBD.

3.7.3.2 Thermal-Vacuum. The instrument shall operate within specification over
the temperature range specified here while subjected to a nominal pressure of one
(1) atmosphere or to a vacuum pressure of .75 x 10-5 Torr or lower.
Min (1 Atm): TBD
Max (1Atm): TBD
Min (Vac): TBD
Max (Vac): TBD
3.7.3.3 Vibration, Shock, and Acceleration. Applies as written the GIIS.
3.7.3.3.1 Sinusoidal Vibration. Expected test levels: TBD
3.7.3.3.2 Shock. Applies as written the GIIS unless specified here.
3.7.3.3.3 Acceleration. Applies as written the GIIS unless specified here.

3.7.3.4 Acoustic’/Random Vibration. Applies as written the GIIS unless specified
here.

!
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3.6.4 Instrument Aperture FSC Desien, A continuous conductive surface shall
exist between the solar array substrate, which will be conductively bonded to the
primary structure, and instrument sensors which protrude through solar array
apertures (see Paragraph 3.2.6.3). The instrument surface required to interface
with the gasket will be developed jointly by Astro and the Instrumenter.

3.6.5 ESC of Hinged Mechanisms, Hinged mechanisms which do not rotate
through 360° shall utilize a conductive strap connected across the hinge connected
to spacecraft ground to preclude charge buildup on the mechanism.

3.6.6 nnect nd Hamessing, All external, exposed electric terminals
shall be rounded and coated with insulating material and, finally, overcoated with a-
conductive material. Such encapsulation shall not preclude the removal,
interchange, additions, and/or repair of any wire/pin connection. All external
instrument connectors shall have connector covers with a conducting outer surface.
All harnessing external to the laboratory surface will be shielded in accordance with
the GGS Electromagnetic and Magnetic Compatibility Plan, (Astro TBD) with the
outer surface of the shielding coated with conductive finish per paragraph 3.6.2.

3.7 Environmental Interface,

All instruments will be exposed to the environmental conditons speciied in the
following paragraphs. These environments represent conditions which will arise
during the transportation, storage, handling, test, launch and orbital operation of
the instrument when on the spacecraft.

3.7.1 General Environment, At the spacecraft contractor's faclity, controlled
environments will be provided when necessary as specified in the Instrument-
Unique ICD to bring the temperature, humidity, shock and vibration to levels less

severe than those pertaining to launch, ascent, and orbital operations.

3.7.2 Storage, Transportation, and Fandling Environment,

3.7.2.1 Instrument Environment Before Mounting on Spacecraft, The
environments experienced by the instrument during fabrication, storage, and all
modes of handling and transportation should be controlled so as to be significantly
less severe than worst-case flight conditions. Storage will be in vendor's shipping
container in a normal factory environment unless the Instrument-Unique ICD

specifies other requirements.

3.7.2.2 Instrument Stored Mounted on Spacecraft

(1)  Storage of the instrument when mounted on the spacecraft will De at
Class 100,000 or better, as defined in FED-STD-209.
During transportation and handling, the laboratory may temporarily be in
areas not meeting class 150,000. During these periods, the spacecraft will
be in a protective tent. When this tent cannot be used, the instrument
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will be bagged to prevent its being contaminated.

(2)  Humidity Limits of Storage Area: Maximum Humidity 50%. Laboratory
may be stored in a tent purged with LN2 boiloff.

(3) Temperature Limits: -10 to +40°C

3.7.2.3 Instrument Transportation while Mounted on Spacecraft, The

environments experienced during spacecraft transportation and handling will be
controlled to be significantly less severe than worst-case flight conditions.

3.7.2.4 _In@me..t_ﬂmn_ If required, the instrument wiil be provided a nearly -
continuous dry fiitered nitrogen gas purge system, distributed through teflon tubes

The nitrogen will have a greater than 99. 998% purity and less than 1 ppm of
hydrocarbons. The purge gas flow will be available throughout integration at Astro
and during launch site integration. Purge will be interrupted during thermal-vac
testing and during some ground handling procedures. Instrument teams will be
notified of interruptions longer than specified in the instrument-unique ICD.
Purging requirements of the instruments shall be specified in the Instrument-
Unique ICD.

3.7.3 Flight Environment, All instruments integrated on the satellite shall be
designed to withstand the flight-induced environment detaiied in the following

paragraphs.
3.7.3.1 Temperarture, All instruments installed on the spacecraft shall specify

nonoperating survival temperature range and expected operating temperature
ranges in their respective Instrument-Unique ICD.

NOTE: To ensure that the Qualification Temperature limits are not exceeded
during emergency conditions during spacecraft thermal-vacuum
testing, a "Safety Heater” and a monitoring thermocouple will be
attached to the instrument unless directed otherwise in the
Instrument Unique ICD.

The "Safety Heater" will be approved for thermal-vacuum chamber operation and
will be powered form a +28V supply not connected to the spacecraft power. The
capacity shall be sufficient to maintain the instrument at +10°C when the chamber
walls are at LN2 temperature. Astro will mount the heater to the instrument when

it is put onto the spacecraft.

The thermocouple shall be copper-constantan, mounted close to the location of the
instrument's analog temperature telemetry sensor. The leads of this TC shall be
independent of the S/C-instrument harness. Sensor leads inside the instrument
‘case shall be properly secured so that only the flying leads need to be clipped during

preflight preparations.

3.7.3.2 Thermal-Vacim, The instrument shall operate within specification over
the temperature range specified in the Instrument Unique ICD while subjected to a
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Tam

nomiral pressure of one (1) atmosphere or to a vacuum pressure of .75 x 10-5 Torr
or lower. In addition, the instrument shall be capable of operating after a rate of
pressure change of 1.27 psia/sec. The full pressure rate of change is shown in-
Table 7. ‘ :

.7.3.3 M1 i ion. All instruments shall be designed to
withstand the'vibration, shock, and acceleration environments experienced during

test, launch and orbital operation and shall operate in accordance with the
instrument performance specification requirements for those environments.

3.7.3.3.1 Sinusocidal Vibration, The sinusoidal vibration qualification levels
experienced by the protoflight spacecraft in each of three orthogonal axes-are listed .-
in Table 8. The levels experienced by each instrument during these tests shall be
specified in each Instrument-Unique ICD.

3.7.3.3.2 Shock, The spacecraft will experience a shock impulse when the separa-
tion band is released during test as well as during separation in orbit. A test of this
event will be performed on the integrated spacecraft. The maximum expected flight
shock levels are shown in Figure 31.

3.7.3.3.3 Acceleration. The instruments will experience worst case expected steady-
state accelerations during launch as delineated in Table 9 for platform and body
mounted WIND and POLAR instruments.

3.7.3.4 AcousticRandom Vibration. The instrument, while mounted on the
spacecraft, shall be capable of withstanding and shall operate within spedfication

after a single exposure of a 1.0 min. duration to the acoustic excitation levels
defined in Figure 32. An acoustic test may also be required if evaluation indicates
sensitivity to direct acoustic energy. The instrument shall survive and operate
within specification after exposure to the random vibration levels specified in

Table 10.

3.7.4 Radiation Environment. Preliminary radiation levels for the orbital
environments of the WIND and POLAR laboratories are shown in Figure 33 and

Figure 34. Instruments located within the laboratory will experience protective
shielding provided by the laboratory outer shell, as indicated by the effective
shielding values in Figure 33 and Figure 34. Instruments, or portions of
instruments adjacent to openings in the laboratory shell, or otherwise exposed to
the external environment, will receive radiation dosages dependent upon the degree
of exposure and the equivalent thickness of protection provided by the instrument

housing.
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. . "p
TABLE 8. SINUSOIDAL VIBRATION CRITERIA PROTOFLIGHT LEVELS

FREQUENCY (Hz)

Thrust Axis 5t0 6.8
6.8 to 30
30 to 40
40 to 100

Lateral Axis 5to06.2
6.2t0100

Sweep Rate = 4 oct/min.

PRECEDING PAGE b AR twwi rILMED

ACCELERATION (g's zero-to-peak)

0
1.2
1.5
1.0
5
0

.5 in. double amplitude

0.5 in. double amplitude
1
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TABLE 9: INSTRUMENT DESIGN LOADS (g's)*2

Instrument Mounting X Y - Z N
Location -
Despun Platform? 15.2 14.7 - 13.
(or +Z Exterior Sensors)
Body Mounted on Equipment 5.9 5.9 13.0
Decks '

1. Referenced to S/C Coordinate System (See Figure 20).
2. Preliminary results based on Delta II Inputs and &/C Structure Coupling
Effects.
3. Applies to: POLAR - UVI, VIS, PIXIE, SEPS, DRT |
WIND - TGRS, KONUS, 3-D PLASMA
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UVI ICD GSE SECTION

STATUS:

First inputs to GE

CONCERNS:

S/C Interface Emulator
Verification of S/C
interface emulator hardware
and software

Synchronization Signals
Data rate signal lacking

Environment
Temperature limits should be
20°C to 30°C
Relative humidity limits
should be 40% to 55%



4.0 INS  RUMENT GROUND SUPPORT EQUIPMENT (GSE).

Instrument GSE designed and fabricated primarily for use in tests performe& ‘at
Astro faciiities or a test site shall be capable of:

a) Verifying that the instrument has survived shipment; and

b) Demonstrating successful completion of spacecraft systems test
requirements.

All Instrument GSE required to electrically interface with the GGS spacecraft
checkout station (SCS) shall be provided the interfaces specified in Section4.1.

4.1 Instrument GSE Interfaces

The Instrument GSE test sets shall interface with the laboratory GSE as illustrated
in Figure 35, and described in the sections that follow. In general, the Instrument
GSE shall monitor instrument performance via laboratory scence data supplied in
real time, or as played back from a laboratory GSE tape recorder. Insttument GSE
processing of this data shail not require on-line support from any laboratory GSE
computer. All Instrument GSE interface requirements shall be documented in the
Instrument-Unique ICD.

4.1.1 Power, The irstrument GSE test set shall cperate on single phase 120 +12/-5
volt ac power supplied at 57 to 63 Hz and shall draw a maxdmum of 20 amperes
o current.

4.1.2 Instrument Data, The instrument GSE will be provided both low-rate
engineering and science laboratory downlink telemetry and high-rate instrument
playback downlink telemetry. The telemetry will be decoded biphase-L or NRZ-L
PCM serial data, at bit rates equivalent to laboratory downlink rates. The data
shall be received by the instrument GSE on a differential line driver/receiver

ﬁterface per Figure 36.
}Y- 41.3 Svnchronization Signals, The instrument GSE shall be provided major and

minor frame sync pulses and a data bit sync clock for processing the engineering
and science data of Section 4.1.2. Low-rate data shall be clocked at a bit rate equal
to the real time rate for each laboratory. High-rate instrument playback data shall
be synchronized with a 500 kbps clock. All clock and frame sync signals shall be
received on a differential line driver/receiver interface per Figure 36.

4.1.4 Local Area Network Interface (Optional), At the option of the instrument

contractor, a local area network interface, e.g. Ethernet, also will be provided to
instrument GSE test sets to allow the SCS to update its command load database
from the instrument GSE. The protocol for this command file retrieval function will

be established at System Requirements Review.

W
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Figure 35. Instrument GSE Interfaces at Astro
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4.2 Instr-ment GSE Safety Requirements

Safety engineering principles should be applied in accordance with MIL-S-38¥30.
Particular attention shall be paid to fail-safe provisions in the equipment design to
avoid damage to other laboratory GSE components in the event of catastrophic

failure.
4.3 Instrument GSE Environmental Requirements

The Instrument GSE shall be capable of operation over a temperature range of 55°
to 95°F and a relative humidity range of 20 to 70%.

4.4 Instrument GSE Complement

The instrument contractor shall supply Astro with a detailed list of the Instrument
GSE to be used at Astro at the Instrument PDR. The list shall include:

(a) Type of Instrument GSE

(b) Function of Instrument GSE

(¢} Power requirements

(d) Approximate size and weight of racks, targets, etc.

5.0 NOTES

51 Acronyms

In addition to common acronyms, the special acronyms listed below are used
throughout this document.

A/D Analog to Digital
ATM2 Ampere-Turn Meter Squared
C&DH Command and Data Handling
CDR Critical Design Review
CEI Contract End Item
CDhU Control Distribution Unit :
COS/MOS Complementary Symmetry/Metal Oxide Semiconductor
D/A Digital to Analog
EMI Electromagnetic Interference
FAT Flight Acceptance Test
FCC Flat Conductor Cable
FSP Frame Sync Pulse
GFE Government Furnished Equipment Instrument
. GSE Ground Support Equipment
GSFC Goddard Space Flight Center
GTM GGS Telemetry Module
PC Power Converter
PDR Preliminary Design Review
RFEM Reduced Finite Element Model
R&QAE Reliability and Quality Assurance Engineering
Size Code Ident No.
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IRT s HPS-3015 Rac:a: or Hardenec
OC-CC Converter survin2s exposure 1o
the raciation environmer:s asseciated
with a nuclear blast anc zontinues (o

supp.v OC power 1o ¢r: cal electronic
comgeenents throughcu: Tne event

The 4PS-3015 survives nigh
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RADIATION HARDENED DC-DC CONVERTER 2+#6ram¢
HPS-3015 SPECIFICATIONS

PARAMETER CONODITIONS LIMITS AT Tppe = UNITS
~55°C, + 85°C ~25°C
Min Max Min  Typ Max
ELECTRICAL CHARACTERISTICS ENVIRONVENTAL
rOLT Voo SCREENING
Continucus 18 il 18 28 3z \
“50me S0 £C «Pre.zzz ~arnga:
Inhibit input (m)'
Vi 90 v
Iy Ve = 0V. VIn = +32V -8.5 mA
V. = 0V.Vin = +50v -13.5 mA
Stanaov incut Currer: I 18 -
Output Voitage -
+5v Min to Max load 4.50 550 450 50 550 % g
=15V Vin = + 18V 10 32V 120 17Q 120 150 170 v e
Cutout Fowsr = =18V 10 32V W Ce
-3, 15 =y z . -
S £rs s -z s
Buit-in-Test Output (BIT)
Vo, loe = 1 5BmMA 15 \%
i Voo = 2.5V -400 A
~ulDul LT 3CEe N0 E
-z, Zzmawigin v 1 Vg 50 2z ™
-5 T o= =28V Max cac ‘80 a8
- 5V Step Loac Response: Half to Max Loaa on 5V 100 mv
=15V Max load. Vin = + 28V
-3V 2ose ~ate Ferrsaton
Tl raarSy sen 228 sz
"ad(S e : B
Start-Up Time vin = +28V. Max icag. 5 ms
BIT = Logic 1
g T me L7 o= -Z8y Mas nac z e
P o THRE S
It cent, o= =08V Wae sa B
Input/Qutput tsolation vV = + 500V 100 100 MO
GENERAL CHARACTERISTICS
Salcr mt Sreguenc, Tl
Operating Temperature -35°Cto - 85*C
Sioragce Temperalure EEEERbEE LN
MTBF-Airborne innabiled Fighter 21 000 hours fa 50°C
e Llzrams momiey i
RADIATION HARDNESS LEVELS MECHANICAL DIMENSIOAS
o R TrousT S5x10 :iS . sec
z 110 =218 sec 3 TEOAne
i Teig” 238 > — - -
tx 100 S . :
PIN CONNECTIONS = - T T T s
R B e - . LTI T I T
— - Y
{ :__/.“
B = "I, _.ervonage - - e
~ = = —_ ok FATIATEO DN 0T O
< ZI. _.ervoitage T oA -
‘ E H Bold-tace numerais indicate
: - [ pin locations
) - —_———
- - - .y
5 BT i
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UVI ICD ELECTRICAL SECTION

STATUS :

First inputs to GE

COMMENTS:

Cable Shielding
Clarification of shielding
in Electronics Stack for
Camera S/C interface signals

Command Timming
On which edge of clock is
command clocked in?

Major Frame Telemetry Format
Clarification of S/C
housekeeping and instrument
housekeeping formats

Power Supply Frequency
125 KHz

Time Code in Command Data
Required every 10 min



UVI ICD ELECTRICAL SECTION

CONCERNS:

Major Frame Telemetry Format
Contigious word enable in
instrument houskeeping
telemetry



Note:

s/C

UVI S/C INTERFACE

————— +28 Volt (regulated) ---->
——————— +28 Volt (pulse) ------>
———————— Command Enable ------->
———————— Command Clock ---=----->
———————— Command Data -------—-->
——————— Telemetry Clock --=---->
------- Telemetry Enable ------>
——————— Major Frame Sync ------2>
——————— Minor Frame Sync ------>
<mm—=m— Telemetry Data ---------
——————— Platform Status ------->
<--- Camera Radiator Temp ------
<-- Elec Stack Radiator Temp ---
(mmmmmm 0° Aperture Temp -------
<m=—=——- 90° Aperture Temp ------
(e 180° Aperture Temp ------
(=m==- 270° Aperture Temp ------
<---- Aperture Door Status -----
<-- Filter Wheel Home Status ---

Interface is redundant




All of the above grounds will be returned as twisted pairs with their power lines
through separate leads (in the spacecraft harness) to a single ground tie-point
herein after referred to as "laboratory” or "star” ground. All command, data,,and
telemetry voltage levels shall be referenced to "laboratory” ground. For command
and data signals, the ground level offset from instrument to spacecraft "star"
ground shall be assumed to be 0.1 volt maximum (0.04 V typical). See Figure 6 for
the GGS grounding philosophy. The telemetry ground return length will be no
longer than 20 feet of AWG 24 stranded wire, (28.1 ohms per thousand feet).

3.1.1.2 _+28 Volt Main Power Ground, The +28 Volt Main Power ground shall

be used as the return for all current drawn from the spacecraft +28 volt main
regulated bus. o T

Current in the power ground shall be limited to 500 mA per #22 conductor or 1 Amp
per allocated connector pin (see paragraph 3.1.2.3.2) excluding transient current
drawn during instrument turn on in order to minimize the effects of harness drops.

Feedthrough filters must be grounded to chasses to maintain box shielding effec-
tiveness and must have a capacitance value less than 0.1 pfd to limit AC currents
flowing to structure from the power bus.

3.1.1.3 +28 Volt Pulse Ioad Ground, The Pulse Load ground shall be used as the

power return line for all pulse loads (steppers, heaters, etc.) which do not comply
with the main bus ripple specification (see paragraph 3.1.3.2.6). Current in this,
power ground shall be limited to 500 mA per #22 conductor or 1A per allocated con-

nector pin.

Feedthrough filters must be grounded to chasses to maintain box shielding effec-
tiveness and must have a capacitance value less than 0.1 pfd to imit AC currents

flowing to structure from the pulse power bus.

3.1.1.4 _+5V Keep-Alive Power Ground, The +5 volt memory keep-alive power shall

be returned over the signal ground pin.

3.1.1.5 Signal Ground, Signal ground shall be the power return line for the
secondary side of the instrument d¢/dc converters. Current in the signal ground
output of the experiment shall not be more than 75 mA per connector pin.

The signal g'rbund may be connected to chassis by audio frequency/radio frequency
(AF/RF) bypass capacitors (less then 0.5 pfd total) with short leads to minimize the
effects of impedance of the signal ground lead at high frequendies.

3.1.1.6 Shield Grounding. For each preassigned shielded cable that carries a signal
into the instrument, a connect. - pin shall be dedicated to that cable's shield. The
connector pins so dedicated shall not be connected, but held in reserve. No other
signal returns or grounds shall be connected to the shield ground pins. Shield
ground shall not be used with triax cables. Except for coaxial cable, cabie shields
shall not be used as a return path.

Size Code ident No. 3282065
PRECEDING PAGE BLANK NOT FiLMFD A 49 671

‘ l Sheet 12

SN A
PRECEDING PAGE BoanK NUI riLMED




For non-RF signal cables, the shield shall be grounded at the signal source end only.
The shieid will be terminated at the connector backshell (chassis) and also carried
through a pin into the instrument. Each signal connector must provide at ledst one
chassis grounded pin. The chassis ground pin must be bonded internally to the

equipment chassis

3.1.1.7 _Chassis Ground, Chassis (case) ground shall be provided on the same
connector (see Section 3.1.2.3.6) used to interface the spacecraft power input with

the instrument. Chassis ground shall be dc connected to the case (including outside
wrapper and mounting surface) of the instrument. Bond straps (jumpers) must be -
used across all hinges and connections that would not otherwise meet the-bonding - ---

requirement.

The chassis ground connection to the spacecraft will be made through the mounting
surfaces and mounting hardware of the instrument. The instrument mount shall be
designed to provide a total contact resistance of less than 0.0025 chm from the
chassis to the spacecraft. Provisions shall be made for the installation of a ground

strap if required.

The shells of all connectors interfacing with the spacecraft harness shall be
grounded to the chassis of the instrument. Conductive harness overwrap will be
connected to the connector shell on the harness side.

3.1.1.8 Pvrotechnic Retuurn, A separate pyrotechnic return will be supplied for each
pyrotechnic device. It shall be separated from all other grounds within the unit.

3.1.1.9 _Passive Analog Telemetrv Ground, Passive analog telemetry points (ther-

mistors and multi-turn potentiometers) shall have a common return line to the
GTM.

3.1.2 Wiring and Connectors
3.1.2.1 Eamess Design Philosophv, The laboratory harness will be designed in

accordance with the followmg guidelines:

(a) Harness runs will be selected to minimize overall length and weight.- -

(b) Power returns will be routed in the same bundle as the associated power
lines and returned to the source in order to minimize current loops.

(¢) Telemetry (GTM) signals will be bundled together and in a separate bundle
from power and digital command lines in order to minimize crosstalk.

(d) Signal returns will be routed in the same bundle as the associated signal
lines in order to minimize electromagnetic emission and susceptibility.

ER 2GR PLOS DAY NGT FLMTD Size | Code Ident No
' 3282065
A | 49671
r ] Sheet 14
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Enable 1 TS
v I

Duir oo CEFFEL 1T 1] ERREEEE

_—>lers ey
Command
Clock 0" ” ” ” ” ” ” ” ” ” ” I """"""" ” ” ” ” ” ” ”

Bit Rate T1 T2 T3 T4
bps ms ms ms ms
1000 10 050 0258 025
- 2% 2% 2% 2% +2%

Figure 17. Serial Command Phasing Relationship

o Si Code ldent No.
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UVl PDR/ DESIGN STAT

SUBSYSTEM

OPTICS

MACHINING

ELECTRONICS

SOFTWARE

ELEMENT

MIRRORS

FILTERS

DETECTORS
FILTER WHEEL
FOLDING MIRROR
MIRROR/DOOR

BAFFLES

OPTICAL BENCH
BASE PLATE
ELECTRONICS BOX

PASSIVE
RADIATOR

DETECTORA
DETECTORB

DETECTOR
INTERFACE

S/C INTERFACE

TEC

HOUSEKEEPING

CPU
MBMORY

MOTOR DRIVERS
POWER SUPPLIES
BACK PLANE
ENCODER BOARDS

FLIGHT
GSE

KEY PARAM/TLM
ALGORITHMS

DESIGN

COMPLETE

100%
70%

COMPLETE
50%
10%
10%
80%
80%
70%
30%
15%

95%
95%
40%

50%
50%
50%
70%
70%
70%
80%
50%
10%

10%
10%
0%

10%

ENG MOD

FABRICATION

AWAITING

MACHINING
IN PROCESS

IN PROCESS

1/5
3/5
2/1
2/1
2/1
2/1
5/10
4/5

10/30
10/30
1/5/90

12/15/89
1/5/90
2/1/90
12/1/89
1/5/89
12/15/89
11/1/89
12/15/89
1/15/90

2/1/90
2/1/90
7/1/90

FLIGHT
FAB
7/1/90

9/1/90

10/30/90
10/30/90
10/30/90
10/30/90
10/30/90
10/30/90
10/30/90
10/30/90
10/30/90

10/30/89
10/30/90
10/30/90

10/30/90
10/30/90
10/30/90
10/30/90
10/30/90
10/30/90
10/30/89
10/30/90
10/30/90

1/1/91
1/1/91
7/1/91
10/1/91
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GGS/UVI FLIGHT SOFTWARE REQUIREMENTS DIAGRAM 2

Program code shall not utilize more than 8k words of PROM
space.

Program code shall not utilize more than 256k of RAM memory.

A means shall be provided by the flight program for uploading
program "patches" in the event of a software or hardware
malfunction or failure. This implies that the program code
shall allow portions of the main flight program to reside

in RAM memory.

The code shall be structured in such a manner as to circumvent
and report minor faults where possible.

The flight program shall implement a power on self test (POST).
The POST routine shall verify instrument functionallity.

The software program architecture shall be a table driven state
machine. This software structure optimizes code size and process
execution time.
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ON - ORBIT

SUM OR SAMPLE
Reduce numoer of pixels by foilowing
sequence of forming neighborhood sums
or of decimaung image by sampling

’

ENCODE VALUES OF
REMAINING PIXELS
Reduce number of bits/pixel

TRANSMIT
v

GSFC RECEIVES
RAW DATA

Y

GROUND PROCESSING CoHF PRODUCES

LEVEL 1 DATA

y

DECODE
Resiore neigndorhood or sampied
values from received coded numoers

ARCHIVE N
LEVEL t+ CORRECTIONS
CCD response corrections
Moation comoensaton if necessary
Bacxground subtracton
Aspect rato adjustmnent
NS division by 4

!

y
SIS XX Y
\ CREATE KPF
TANSSSNN

DETERMINE

\\X‘Y!\\\\\
g N ARCHIVE KPF
N DERIVE N N EXPAND N N LEVEL 2
§ HIGH RESOQLUTION N N NEIGHBORHOOD SUM N A AL RN RBR Y
N IMAGES N N IMAGES N
N AURRVLTRLRRL ML USSR NWAN

\\\\\\\\\'\\\\\\
N
N DisPLAY
A

ARV RN

X
ARCHIVE N
N

LEVEL 2

N SELECT IMAGES AND N
§ PERFORM DESIRED

N SCIENTIFIC

N ANALYSIS N
TR R

CDHF = Central Data Handling Facllity, GSFC = Goddard Space Flight Canter, KPF a Key Parameter Fils
NS = Neighborhood Sum, SG a Sampled Grid

OVERVIEW OF DATAFLOW FROM ULTRAVIOLET IMAGER IN NOMINAL OBSERVING SEQUENCE
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DATA ANALYSIS SOFTWARE
THREE MAIN CATEGORIES:
1. KEY PAEAMETERS
THIS PROVIDES SUMMARY DATA USEFUL TO THE
ENTIRE ISTP COMMUNITY
2. FULL SCALE DATA REDUCTION

REDUCTION OF SPECTRAL IMAGES TO GEOPHYSICAL

QUANTITIES
3. SCIENTIFIC MODELING OF OBSERVATIONS
INTERPRETATION OF MEASURMEENTS BY GLOBAL

MODELING OF EMISSIONS

INPUT CALIBRATED RECONSTRUCTED SPECTRAL IMAGES

BRIGHTNESS GIVEN IN RAYLEIGHS



KEY PARAMETERS

1. TOTAL GLOBAL POWER INPUT AND AVERAGE ENERGY FLUX

2. SIZE AND SHAPE OF THE POLAR CAP

3. SIZE AND SHAPE OF THE AURORAL OVAL

4. TOTAL POWER INPUT AND AVERAGE ENERGY FLUX TO

THE POLAR CAP -

5. TOTAL POWER INFLUX AND AVERAGE ENERGY FLUX TO THE

AURORAL OVAL

6. ACTIVITY INDICES

7. CHARACTERISTIC ENERGY ESTIMATE AT SELECT LOCATIONS

8. SELECTED AURORAL IMAGES



INVESTIGATIVE METHOD
THE UVI IMAGER WILL OBTAIN GLOBAL IMAGES OF THE EARTH

AT SEVERAL ULTRAVIOLET WAVELENGTHS. THESE WAVELENGTHS

WERE SELECTED SPECIFICALLY TO PROVIDE THE INFORMATION

NEEDED TO EXTRACT THE KEY PARAMETERS

THE WAVELENGTHS SELECTED DEFINE EMISSIONS THAT ARE

GENERATED:
- BY DIFFERENT ATMOSPHERIC CONSTITUENTS

- AT DIFFERENT ALTITUDES

- WITH DIFFERENT LEVELS OF ABSORPTION

TASK: OBTAIN INTENSITY AT THE

REQUIRED WAVELENGTHS

_— : SPECTRAL DECONVOLUTION SOFTWARE



A (nm)

121.6

130.4

135.6

150 (BROAD)

150 (NARROW)

165 (BROAD)

185 (BROAD)

215

UVI FILTER WAVELENGTHS AND FUNCTION

SOURCE SPECIES

N , (LBH SHORT)

N/N,

N, (LBH MID)

N, (LBH LONG)

NO

FUNCTION
PROTONS & GEOCORONA
O ABUNDANCE
ELECTRON ENERGY SPECTRUM
ELECTRON ENERGY SPECTRUM
SPECTRAL.DECONVOLUTION

SPECTRAL DECONVOLUTION
ELECTRON ENERGY SPECTRUM

TOTAL ENERGY INPUT
ELECTRON ENERGY SPECTRUM

NITRIC OXIDE ABUNDANCE



IMAGE RECOGNITION PACKAGE

IRP

THIS SOFTWARE PACKAGE IS DESIGNED TO RECOGNIZE THE INNER
AND OUTER BOUNDARIES OF THE AURORAL OVAL.
TECHNIQUE INTENSITY THRESHOLD/GRADIENT DETECTION

RMS FITTING OF BOUNDARIES WITH SNAKE FUNCTIONS OR

SIMILAR TECHNIQUES

THE IRP PACKAGE WILL PROVIDE THE KEY PARAMETERS:
- SIZE (AND SHAPE) OF THE AURORAL OVAL
- SIZE (AND SHAPE) OF THE POLAR CAP

FROM THE SIZE AND SHAPE, THE TOTAL ENERGY INFLUX

PACKAGE (TEP) WILL GENERATE THE KEY PARAMETERS:
- TOTAL ENERGY INFLUX TO THE AURORAL OVAL

- TOTAL ENERGY INFLUX TO THE POLAR CAP



TOTAL ENERGY PACKAGE

TEP

THE TEP PACKAGE USES OUTPUT FROM IRP (IMAGE RECOGNITION
PACKAGE) TO OBTAIN A MAP OF THOSE PIXELS COMPRISING THE

AURORAL OVAL AND THE POLAR CAP.

TEP THEN CALLS EFF (ELECTRON FLUX FUNCTION) TO OBTAIN THE

ENERGY FLUX AT EACH PIXEL.

TEP SUMS THE ENERGY FLUX PER PIXEL WITHIN THE DEFINED
PIXEL MAP.

FROM THE FOLLOWING MAPS TEP WILL PROVIDE

GLOBAL MAP: TOTAL GLOBAL POWER INPUT DUE TO ELECTRONS

AURORAL OVAL MAP: TOTAL AURORAL POWER INPUT DUE TO

ELECTRONS
POLAR CAP MAP: TOTAL POLAR CAP POWER INPUT DUE TO ELECTRONS

ENERGY FLUX FUNCTION [EFF]

THE EFF ALGORITHM WILL COMPUTE THE ENERGY FLUX GIVEN THE

MEASURED LBH-LONG INTENSITY



SPECTRAL DECONVOLUTION PACKAGE

SPECDEC

UNDER THE UVI PROGRAM AN ENTIRE NEW TECHNOLOGY WAS
DEVELOPED TO BUILD FILTERS WITH SUFFICIENTLY NARROW
BANDBASS AS TO BE ABLE TO ISOLATE KEY SPECTRAL LINES.
BECAUSE OF THE PROXIMITY OF SOME OF THE SPECTRAL FEATURES
SOME DECONVOLUTION IS REQUIRED. THIS PROCESS UTILIZES
THE SPECTRAL INFORMATION FROM SEVERAL FILTERS TO ISOLATE

INDIVIDUAL LINES



GRIP POINTS ROUTINE

GP

THIS ROUTINE IS USED TO DEFINE THE LOCATIONS AT WHICH
THE CHARACTERISTIC ENERGIES OF THE PRECIPITATING ELECTRONS
ARE TO BE COMPUTED. THE DEFAULT GRID WILL BE AXES

CENTERED ON THE DAWN-DUSK AND NOON-MIGNIGHT GEOMAGNETIC

MERIDIANS.

THE GRID SPACING WILL BE 1°® TO 5° IN LATITUDE WITH

SPECIFIED HIGH-LOW BOUNDARIES



CHARACTERISTIC ELECTRON ENERGY

CHEE

THE CHEE PACKAGE WILL COMPUTE THE CHARACTERISTIC ENERGY OF
PRECIPITATING ELECTRONS AT A SPECIFIED SET OF GRID POINTS.

DEFINED BY THE GP ROUTINE

THE DEFAULT GRID WILL BE ALONG AXES SAMPLING FOUR
SECTORS COVERING THE DAWN-DUSK AND NOON-MIDNIGHT MERIDIANS

AT "1 TO 5° IN LATITUDE

THIS ROUTINE WILL COMPUTE THE RATIOS:

I1356/LBH-LONG LBH-SHORT/LBH-LONG

IT WILL USE LOOK UP TABLES ILLUSTRATED IN FIGURES 1
AND 2 TO ESTIMATE THE CHARACTERISTIC ENERGY AT THE

PRESCRIBED GRID POINTS
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Figure 1
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SELECTED AURORAL IMAGE PACKAGE

SAI

THE SAI PACKAGE WILL GENERATE A FULL INTENSITY COLOR
PLOT OF THE LBH-LONG EMISSION ( a TOTAL ENERGY FLUX)

APPROXIMATELY ONCE EVERY 10 MINUTES.

ACTIVITY INDICES

Al

THE AI PACKAGE WILL SCAN THE LBH-LONG IMAGE AT INTERVALS
OF 10 MINUTES AND COMPUTE THE PERCENTAGE AREA IN FOUR
SECTORS FOR WHICH THE IMAGE BRIGHTNESS EXCEEDS GIVEN

THRESHOLDS, E.G. 1KR, 10KR, 100 KR.



KEY PARAMETER FLOW CHART

READ INCOMING DATA STREAM

v

STRIP OUT DATA FOR KEY PARAMETERS
CYCLE TIME 10 MINUTES

h 4

CALL SAI

SELECTED AURORAL
IMAGE (LBH-LONG)

CALL EFF
— ENERGY FLUX
PER PIXEL

A

CALL IRP S

CALL TEP 2

TOTAL GIOBAL
(ELECTRON) POWER INPUT

CALL AT —

ACTIVITY INDICES

2 AND 3

BOUNDARIES OF
AURORAL OVAL
AND POLAR CAP




CALL TEP

CALL GP
— GRID FOR
CHARACTERISTIC
ENERGY

CALL SPECDEC

b

SPECTRAL INTENSITIES
I135.6, LBH-SHORT
LBH-LONG

\

4 AND 5

TOTAL AURORAL
POWER INPUT

TOTAL POLAR
CAP POWER INPUT

CALL CHEE

| — SPECTRAL RATIOS

CHARACTERISTIC
ENERGIES OF

ELECTRONS VS LAT,
IN 4 SECTORS




FULL-SCALE DATA REDUCTION

THE UVI WILL PRODUCE ONE IMAGE EVERY ~30 SECONDS.

THE NOMINAL OPERATIONAL MODE WILL BE TO CYCLE THROUGH THE
FILTERS.

THUS THE MAXIMUM TEMPORAL RESOLUTION POSSIBLE IN THIS MODE IS ~4
MINUTES FOR 8 FILTERS.
THE FULL-SCALE DATA REDUCTION WILL INVOLVE THE FOLLOWING STEPS:
1. GENERATE GLOBAL GRID OF THE ENERGY FLUX USING LBH-LONG.
2. DECONVOLUTE THE SPECTRAL FEATURES.

3. COMPUTE SPECTRAL RATIOS NEEDED FOR CHARACTERISTIC
ENERGIES.

4. COMPUTE THE GLOBAL GRID OF CHARACTERISTIC ENERGIES.
1. USING I135.6/LBH-LONG (SEE FIG. 1)

2. USING LBH-SHORT/LBH-LONG (SEE FIG. 2)
5. COMPUTE THE GLOBAL NO COLUMN ABUNDANCE RUN I215.
6. COMPUTE THE GEOCORONAL BRIGHTNESS FROM H Ly «a.

7. COMPUTE THE GLOBAL COLUMN O ABUNDANCE FROM I130.4



SCIENTIFIC MODELING

THE IMAGES TO BE TAKEN BY THE VISIBLE AND ULTRAVIOLET
IMAGERS ON THE ISTP MISSION REPRESENT THE END PRODUCT OF MULTI-
FARIOUS PROéESSES WHICH RESULT IN THE TRANSPORT OF ENERGETIC
PARTICLES FROM THE SUN TO THE EARTH. THE IMAGES THEREFORE CAN BE
MAPPED BACK INTO VARIOUS DISTANT REGIONS OF THE SOLAR TERRESTRIAL
ENVIRONMENT. THUS MEMBERS OF THE ISTP IIWG WILL HAVE THEIR OWN

PARTICULAR INTEREST IN VARIOUS ASPECTS OF THE IMAGING DATABASE.

WE CONCENTRATE HERE ON THE SPECIFIC INTERESTS OF THE UVI

TEAM.



UVI SCIENTIFIC GOALS:

PRIMARY GOAL: GLOBAL MODELING OF THE TERRESTRIAL IONOSPHERE,

ATIRGLOW AND AURORA.

MODEL: FIELD LINE INTERHEMMISPHERIC PLASMA MODEL (FLIP) (TO BE

UPGRADED FOR ISTP) — GLOBAL EMISSIONS MODEL

MAJOR PREVIOUS LIMITATION: GLOBAL CORPUSCULAR IONIZATION AND

EXCITATION SOURCES WERE UNKNOWN.

NOTE: NO IMAGING SYSTEM OF THE PAST HAS PROVIDED
SUFFICIENT INFORMATION TO GENERATE GLOBAL IONIZATION

AND EXCITATION RATES.

THE UVI WILL DO THIS.

NEEDED DATA: ENERGY FLUX AND CHARACTERISTIC ENERGY PER PIXEL.

FLIP — GLOBAL ATLTITUDE PROFILES OF
IONIZATION AND EXTRACTION RATES.

— GLOBEL MODELING



MID AND LOW LATITUDE MODEL OF THERMOSPHERIC EMISSIONS:

1. o*(2p) 7320 K AND N, (2P) 3371 A

Marsha R. Torr
Space Sciences Laboratory
NASA Marshall Space Flight Center
Huntsville, AL 35812

D. G. Torr and P. G. Richards
University of Alabama in Huntsville
Huntsville, AL 35899
S. P. Yung

Boeing Corporation
Huntsville, AL 35899

Submitted to J. Geophys. Res.

September 1989
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Auroral Modelling of the 3371 A Emission Rate: Dependence
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We have developed an efficient two-stresm auroral electron model to study the deposition of
auroral energy and the dependence of auroral emission rates on characteristic energy. This model
incorporntes the concept of average energy loss to reduce the computation time. Our simple two-
stream model produces integrated emission rates that are in excellent agreement with the much
more complex multistream model of Strickland et al. [1983] but disagrees with a recent study
by Rees and Lummerzheim [1889] that indicates that the N; second positive emission rate is &
strongly decreasing function of the charscteristic energy of the precipitating lux. Our calculations
reveal that & 10 keV electron will undergo approximately 160 jonizing collisions with an average
encrgy loss per collision of 62 ¢V before thermaliting. The secondary clectrons are created with
an average energy of 42 ¢V. When all processes including the backscatiered escape fluxes are

teken into account, the average energy loss per electron-ion pair is 35 eV in good agreement with

laboratory results.
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Vacuum ultraviolet thin films.

: Optical constants of

Ban, Can, LaF;, Mng, A|203, HfOz, and Sl02

thin films

Muamer Zukic, Douglas G. Torr, James F. Spann, and Marsha R. Torr

The optical constants of MgF; (bulk) and BaF», CaF., LaF;, MgF3, Al,O3, HfO,, and SiO- films deposited on
MgF; substrates are determined from photometric measurements through an iteration process of matching
calculated and measured values of the retlectance and transmittance in the 120-230-nm vacuum ultraviolet
wavelength region. The potential use of the listed fluorides and oxides as vacuum ultraviolet coating

materials is discussed in part 2 of this paper.

l.  Introduction

The optical constants of materials in the vacuum
ultraviolet (VUV) region of the spectrum are of inter-
est to several areas of technology. Most applications
such as high reflectivity mirrors and bandpass and
narrow bandpass interference filters involve thin
films. The design of optical instrumentation for space
astronomy, space aeronomy, spectroscopy, and the de-
velopment of electrooptic devices are critically depen-
dent on experimental data for optical constants of thin
films.

We report measurements of optical constants of
BaF,, CaF,, LaF,;, MgF,, Al,O;, HfO», and SiO, thin
films, and MgF, bulk material over the 120-230 nm
VUV spectral range. The optical properties of MgF,
film and bulk materials in the vacuum ultraviolet spec-
tral range have been reported in a number of papers,!-?
while optical constants of other fluoride and oxide
films presented in this paper are reported we believe
for the first time for the 120-230 nm wavelength range.
It is found that BaF, and LaF; may be used as high
refractive index film materials for constructing a high—
low index pair with MgF, being the most useful low
index material in the VUV.

Optical properties of lanthanide trifluoride films
and their potential use as high refractive index film
materials in the vacuum ultraviolet were investigated
by Lingget al.!® Although optical constants of lantha-

James Spann and M. R. Torr are with NASA George C. Marshall
Space Flight Center, Huntsville, Alabama 35812; the other authors
are with University of Alabama in Huntsville, Physics Department,
Huntsville, Alabama 35899.

Received 28 September 1989.
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nide trifluorides for the VUV range are not presented
in the paper, plots of the measured transmittance sug-
gest that some of these trifluorides may be useful coat-
ing materials for wavelengths as low as 140 nm. Mea-
sured transmittances of films obtained by the ion-
assisted and conventional depositions are compared
and discussed within the paper.

Optical constants of an isotropic material—refrac-
tive index n and extinction coefficient k—can be in-
ferred from photometric or polarimetric measure-
ments. Since compensators or transmission
polarizers are not generally available in the VUV from
120 to 230 nm, photometric methods are almost exclu-
sively used for obtaining n and k. A number of meth-
ods exist for extracting optical constants from reflec-
tance (R) and transmittance (7) measurements at both
normal and oblique angles of incidence. Because R
and T are very complicated functions of optical con-
stants!!1? it is generally impossible to express optical
constants as explicit functions of R and T. Most ap-
proaches to solving this complicated dependence in-
volve either graphic or numerical techniques.!3-20
The expressions are nonlinear so the problem may be
considered as a numerical exercise in which n and k are
found through an iteration process of matching calcu-
lated and measured values of reflectance and transmit-
tance. The retrieval of optical constants from mea-
surements of R and T is a well-established approach,
but it has not been fully exploited for the VUV regime.
The numerical method employed by us is based on the
use of a damped least-squares fit approach which is
incorporated into a thin film design computer pro-
gram. The damped least-squares fit technique pro-
vides a rapid and reliable retrieval mechanism for n
and & in matching measured and calculated quantities.
It is surprising that to our knowledge the method has
not been fully utilized previously. This fitting method
is described in Sec. I1.



\
TM

Fig. 1. Measurement of reflectance R\ from the wedged substrate
to avoid contribution from the back side reflectance. Uansmit-
tance Ty was measured on a 2-mm thick parallel substrate.

In Sec. III the experimental techniques are nresent-
ed, including sample preparation and handling, reflec-
tance and transmittance measurements, and deposi-
tion of thin films. The optical constants of MgF»
(bulk) and BaF;, \:aFg, LaF;;. MgFg, AlgOg, HfOQ, and
SiO» thin films (deposited on MgF; substrates) are
given in Sec. IV. Conclusions and a summary are
given in Sec. V.

il. Determination of Optical Constants

Beam diagrams for the measurement and calcula-
tion of the optical constants of the substrate and sub-
strate with a sir. .:e thin film are shown in Figs. 1-4.
Reflectance R, trom the semi-infinite media is mea-
sured by means of a wedged substrate, and transmit-
tance Ty is measured using a plane-parallel substrate
as shown in Fig. 1. From the beam diagram for theo-
retical derivation of transmittance of the nonabsorb-
ing slab T\, shown in Fig. 2, it follows that

T,=T,(1-R)+ T.R{(1 - R)
+ TR -R)+T\RUL-R)+.... (D

and after multiplying we get
n=nu—m+kﬁ4w+m—m+kpa”y (2)

Using the binomial expression, the transmittance of a
thick nonabsorbing slab can be written as

3 T,R}

Y

T.(1-R,)
Y 1 R3(1-Ry)

T,R$(1-Ry)

Beam diagram for theoretical derivation of the transmit-
tance of the nonabsorbing thick slab.

RI

Fig. 2.

X«
(SR

TF
M
Fig. 3. Measurement of reflectance Rf of the single film deposited
 ~he wedged substrate. R% is the calculated reflectance of the
- . film with the substrate as an incident medium and air as an
eme ~ng medium. Ty is the calculated transmittance of the single

film sundwiched between two semi-intinite media—air and sub-
strate.

T, 1-R

.= = , 3)
1+R, L+R,

T

where R, is the measured reflectance from the §ingle
side of the substrate. If absorption is present in the
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Fig. 4. Beam diagram for theoretical derivation of transmittance
T# of the single film deposited on the nonabsorbing substrate.

slab, the measured transmittance is smaller than that
calculated theoretically using Eq. (3). If the measured
transmittance is denoted as Ty, the total loss due to
the substrate absorption is given by

A=1--1 (4)

and the correction factor for any other transmittance
measurement on this substrate at the particular wave-
length by

= (5)

Since the imaginary part of the refractive index of the
MgF; substrate is very low (of the order of 10~7), it does
not affect significantly the measured reflectance R, on
the wedged substrate. Thus, R, can be used in the
calculation of refractive index n of the substrate, i.e.,

_{n=1)

= =, (6)
(n+ 1)

1

(7

The correction factor given in Eq. (5) can be consid-
ered as the intrinsic transmission of the substrate ma-
terial. Using the known relation for light propagating
through the absorbing media

I(z) = 1(0) exp(—az), (8)

where the coefficient of absorption « is given by

a= Tk' 9)
we get
I (03}
g po 1(0)]’ 10
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The ratio 1(z)/1(0) is the so-called intrinsic transmis-
sion of the medium (no reflection occurs). Using our
correction factor C defined in Eq. (6) we have

A Ty
=—__" — 1, 11
k D ln( Tu) (11)

where D is the thickness of the substrate. Thus, from
measured values R; and Ty using Egs. (7) and (11),
optical constants of the weakly absorbing substrate
(MgF; in our measurements) can be obtained. As an
example, consider measurements done at A = 135 nm
on the MgF; substrate with thickness D = 2mm. The
measured reflectance of the wedged substrate was R, =
5.5% and the measured transmittance Ty = 77.4%
giving n = 1.61 and & = 6.2 X 10~" which agrees perfect-
ly with known values for bulk MgF; in the VUV.?

From the beam diagrams for reflectance and trans-
mittance measurements given in Figs. 3 and 4 it follows
that T4 is

T = TeT\[1+ R.RE+(RRD + (RRE + (RRE* ...}, (12)

and again using the binomial expansion we obtain
T:T, THl1-R)
1-RRE 1-RRY’

where RY is the calculated reflectance of a single film
with a substrate as an incident medium and air as an
emerging medium (substrate), and T'ris the calculated
transmittance of a single film sandwiched between the
incident medium and semi-infinite substrate.

Equation (13) gives the transmittance of the single
absorbing film on the nonabsorbing substrate. Using
the correction factor defined in Eq. (5) we express the
transmittance of the substrate with a single film

TH1-R,)

Te=C LSRR (14)
Using Eq. (14) and calculating Rf from the initial
values of n and &, we form the merit function F defined
as

F =W/ (R = REY + W(T{, - TH?, (15)

(13)

T =

where RY and Rf are the measured and calculated
reflectances of the film on the wedged (semi-infinite)
substrate; T% and T% are measured and calculated
values of transmittance through the plane-parallel
substrate with a single film; W, and W, are the weight-
ing factors chosen according to the relative accuracy of
the R and T measurements for each wavelength.

Merit function F is then minimized using a damped
least-squares approach. This is implemented as a
subroutine in a computer program for thin film
design.2! Reflectances RS and Rl and transmittance
T% are calculated using vaiues of n and k at the particu-
lar wavelength. Merit function

F = FIR{ RE T, THRD) (16)

depends on five variables of which three are dependent
onn and k of the film. Thus, the minimum value of F
has a high probability of providing accurate values for
the optical constants of the thin film.



To minimize uncertainties in the optical constant
determination, several single films of the same materi-
al but with different thicknesses are deposited on sepa-
rate substrates. The total merit function Fr is then

given by
Fr=NF., (17

n=1

where F, is the merit function of the nth film defined in
Eq. (15) and L is the total number of single films with
different thicknesses deposited either on the same
type of substrate material or on several different types
of substrate material.

lil. Experimental Techniques

A. Sample Preparation and Handling

All depositions are made on 12.7-mm diam by 2-mm
thick magnesium fluoride substrates with root mean
square roughness (usually referred as rms*) <2.5 nm.
To eliminate the contribution of the back side reflec-
tion to the reflectance measurements, some of the sub-
strates have a 3° bias. The substrates were cleaned by
the supplier (Acton Research Corp., Acton, MA) using
the following procedure: optical soap wash, water
rinse, ethanol soak then ultrasonic bath, fresh ethanol
rinse, and finally a Freon rinse.

The substrates were shipped in Delrin holders
wrapped with lens paper and were only removed im-
medic-ely prior to deposition. After deposition, the
substrates were allowed to cool to 40°C, and the vacu-
um chamber was vented with dry nitrogen. The sub-
strates were kept in the flow of dry nitrogen and placed
in a stainless steel container to prevent contamination
due to exposure. All depositions were made at the
University of Alabama in Huntsville Optical Aerono-
my Laboratory and the transmittance and reflectance
measurements were made at Atomic Physics Branch of
the Marshall Space Flight Center.

B. Deposition of Thin Films

The vacuum system consists of a cryo pump and a
sorption pump giving an oil-free environment for all
depositions and therefore providing a very low proba-
bility for hydrocarbon contamination of the films.

The film materials BaF,, CaFs, and LaF; were pre-
pared for vacuum deposition by CERAC with a typical
purity of 99.9%. Al,O3 (99.5%), SiO2 (99.98%), and
MgF; (99.95%) are standard Balzers coating materials
while HfO, with a purity of 99.5% was prepared by EM
Chemicals.

The fluoride films were deposited with low ' =posi-
tion rates on heated substrates. To reoxidize «<:issoci-
ated molecules of the oxides Al;O3, HfOs, and Si0Os, the
films were deposited at a low deposition rate on heated
substrates in an oxygen residual atmosphere. The
temperature of the substrate was monitored with a
Chromel-Alumel thermocouple attached to the alumi-
num substrate ring holder. The substrate and its ring
holder were placed in a 6-mm thick stainless steel plate

Table |. Deposition Conditions
P, P Dy d
Material i Torr) {Torr) (nm/s} (nm)
BaF 95X 10" 1.5X 107" 0.16 53.0
CaF, 35x10°7 2.5X107" 0.20 99.0
LaF, 35X 1077 2.0X10°° 0.14 51.0
MgF. 85%10°° 25X10™" 0.23 68.0
Al,O-0 85X 107" 1.0x 10" 0.10 112.0
HfO, 3.5%10°7 1.5X 107 0.10 30.0
Si0- 95X 1077 1.2x10°* 0.10 51.0

' Oxygen leaked into the chamber during deposition of the oxides.

with 40-cm diameter. Further details about the con-
ditions of depositions are given in Table I.

The depositions were made with an electron gun.
The gun had a fixed voltage of 10 kV and low power
depositions were maintained by supplying low current
to the gun. The source-to-substrate distance is 50 cm
and the source-to-thickness monitor distance was 35
cm. The thickness control and rate measurements
during film depositions were done with the Kronos
Digital Film Thickness Monitor QM-300 series and the
Kronos Deposition Rate/Thickness Output Accessory
RI-100/R0-200 series with FFT-300 transducer.

The vacuum chamber geometry provided excellent
calibration constants C. for all film materials. The
calibration constant C. is defined as the ratio of the
film thickness expressed in transducer counts (hertz)
and the measured thic..:iess in nanometers, i.e., the
number of ~ounts (hertz) needed to obtain a 1-nm
thick film. [he values of C. varied from 44.09 Hz/nm
for MgF, up to 72.23 Hz/nm for LaF;. The physical
thickness measurements o!f the films were made with a
Talystep stylus profilometer. The stylus radius is 2
um and the stylus loading is 1 mg.

The physical thicknesses for each material are cho-
sen according to the following criteria:

{a) nonzero transmittance measurements over most
of the considered spectrum;

(b) no overlap of maxima and minima for R and T
measurements; and

(c) at least one measurement must be close to the
possible physical thickness in the design of either a
multilayer interference filter or an absorbing single
layer coating.

C. Photometric Measurements

Transmittance and reflectance measurements were
performed in a hydrocarbon-free vacuum system at
pressures below 107> Torr. A sealed deuterium lamp
with a MgF; window was used in tandem with a 0.2-m
monochromator producing a beam with 1-nm FWHM
spectral resolution. Folding and collimating optics
were used to produce a 1- X 0.75-cm reference beam
which is incident on an eight-position filter wheel con-
taining the substrates. Different detectors were used
for transmittance and reflectance measurements.
Each detector consists of a sodium salycilate-coated
Pyrex window placed in front of a bialkali photometer.
A schematic diagram of the system optics is shown in
Fig. 5.
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Schematic diagram of the single beam VUV spectrophotom-
eter.

Fig.5.

Absolute transmittance and reflectance were mea-
sured by determining the ratio of the transmitted or
reflected beam intensity and the unattenuated inci-
dent beam intensity. For reflectance measurements,
the unattenuated beam intensity was determined by
the measured reflectance of a calibrated VUV-en-
hanced aluminum mirror located in one of the filter
wheel positions. The reflectance measurements were
made at a 6° angle of incidence.

The aluminum mirror was calibrated by Acton using
the ACE-type®? self-calibrating VUV photometer.
The estimated error of this instrument for reflectance
measurements is <2%. The uncertainties associated
with the thin film thickness, reflectance, and transmit-
tance measurements resulted in the total uncertainty
for optical constants determination of the order of
+5%. This uncertainty is derived from discrepancies
between the theoretically and experimentally ob-
tained spectral performance of deposited VUV multi-
layer filters. In the theoretical calculation, films are
assumed to be homogeneous, isotropic, and bounded
by two infinite ideal planes. Thus, the discrepancy
between theory and experiment is caused by both
physical effects (such as film inhomogeneity, surface
and volume scattering, diffusion, and possible con-
tamination) neglected in the theoretical calculation
and the uncertainty in the optical constant determina-
tion. Taking all this into account we might say that
the maximum uncertainty for optical constant deter-
mination is <5%.

IV. Optical Constants

A. MgF, Substrate

The reflectance and transmittance measurements
shown in Fig. 6 were made on wedged and 2-mm thick
parallel substrates, respectively. Optical constants n
and k shown in Fig. 7 were determined using Eqgs. (8)
and (12).

B. Fluoride Films

The temperature of the MgF; substrate during de-
position of the fluoride films is 250°C. The pressure
before (P,) and during deposition (P) as well as the

4288 APPLIED OPTICS / Vol. 29, No. 28 / 1 Qctober 1990
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Fig. 7. Optical constants of the MgF, substrate determined using
Eqs. (8) and (12).

deposition rates (Dg) and physical thicknesses of the
films (d) are listed in Table I. Single sets of the R and
T measurements of BaFs, CaFs, LaFs, and MgF films
deposited on MgF; substrates are given in Figs. 8, 10,
12, and 14, respectively. The corresponding optical
constants determined from at least two independent R
and T measurements [Eq. (19)] are given in Figs. 9, 11,
13, and 15.

From the reflectance and transmittance curves ofa
53-nm single film of BaFs, it follows that this coating
material can be used for wavelengths longer than 135
nm. Even asingle film of BaF> could be used as a cut-
on filter if wavelengths shorter than 130 nm are not
desired. Refractive index n has values between 1.87
and 2 for wavelengths from 125 to 135 nm and it is
higher than 1.7 throughout the region from 140 to 210
nm, increasing up to 1.98 at 230 nm. Extinction coeffi-
cient k has values of the order of 10~2 for wavelengths

from 140 to 230 nm. '
The measured reflectance and transmittance of a99-
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nm thick CaF, film indicate low values of refractive
index n and a relatively small extinction coefficient &
for wavelengths longer than 135 nm. The values of
refractive index n of CaF, are lower than 1.3 for A = 180
nm, and the & values are of the order of 107* for the
same wavelength region. Low values of the refractive
index make CaF, suitable for use as the alternative low
index material for the longer wavelengths of the VUV.

The material with the highest values of refractive
index among all the fluorides n = 1.85 within the 135-
230 nm range of the VUV wavelengths is LaFs. The
extinction coefficient has values lower than 2.2 X 1072
for A = 145 nm. Compared with other fluoride and
oxide coating materials LaF; seems to be the best
choice for the high index material in the considered
spectral region.

Magnesium fluoride films have extinction coeffi-
cient values lower than 10~ throughout the entire
140-230-nm wavelength region. This makes MgF5 the
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Fig. 10. Reflectance Rf and transmittance T, of a 99-nm thick
CaF, film deposited on the MgF: substrate.
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Fig. 11. Optical constants of CaF» determined from R and T mea-
surements of 99- and 54.5-nm thick films deposited on the MgF,
substrate.

most attractive low index material for the VUV. The
n and k values of MgF, film deposited on the substrate
heated up to 250°C reported by Wood et al.” at 121.6
nm are n = 1.7 £ 0.1 and & close to 0.01 are in good
agreement with values reported here. Unfortunately,
we are unabl. 10 compare these n and k values of MgF,
with the values obtained by some other authors be-
cause either the MgF, films were prepared in different
conditions or ‘nsufficient experimental data were pro-
vided by the cLher workers.!-1°

C. Oxide Films

The temperature of the MgFs substrate during de-
position of oxide films was 300°C. The deposition
conditions Py, P, and Dy, as well as the physical thick-
nesses of films d, are listed in Table I. The measured
spectral curves of R and T for Al,O;, HfO,, and SiO,
films deposited on MgF; substrates are shown in Figs.
16, 18, and 20 while the corresponding optical con-

1 October 1990 / Vol. 29, No. 28 / APPLIED OPTICS 4289
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Fig. 17. Optical constants of Al;03 determined from R and T mea-
surements of 112-, 152-, and 99-nm thick films deposited on the
MgF; substrate.
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stants are given in Figs. 17. 19, and 21, respectively.

The transmittance curve of a 112-nm thick Al,Oy
single film suggests that this material could possibly be
used for the design of absorption edge filters with cut-
on wavelengths between 160 and 180 nm depending on
the thickness of the Al,Q, film. The values of refrac-
tive index n are higher than 1.85 for almost the entire
region from 120 to 230 nm while the & values are higher
than 10~! for 120 nm < X < 175 nm.

The HfO film has the highest extinction coefficient
(shown in Fig. 19) and it does not seem that this mate-
rial could be useful for the vacuum ultraviolet wave-
length region, particularly for wavelengths below 200
nm.

The values of refractive index n of SiO- films are
very close to the values of bulk SiO,, while the k values
are an order of magnitude higher.>* The refractive
index n = 1.8 for 125 nm < A < 150 nm and decreases
gradually to 1.6 at 200 nm. Extinction coefficient & is
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of the order of 10~! for 120 nm = X\ = 135 nm which
makes SiO- a useful material for the design of a single
layer absorption edge filter with cut-on wavelengths
within the interval from 125 to 135 nm depending on
the relative thickness of SiO- film.

V. Summary

We demonstrated that iterative mathematical mod-
eling of transmittances and reflectances measure-
ments provides a reliable way for determining the opti-
cal constants of thin films deposited on the weakly
absorbing substrates. Inpart2, proof of the validity of
the approach is demonstrated by design and fabrica-
tion of multilayer coatings. The model is used for the
VUV wavelength region but its application extends
over the whole visible and IR spectrum whenever a
substrate has a low value of extinction coefficient &
such that its effects on the substrate reflectance are

negligible.
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The tluoride film materials have generaily lower
extinction coefficients than the oxides. High values of
refractive index n make LaF; and BaF. useful materi-
als for the VUV, particularly for constructing a high-
low index pair with MgF, being the most useful low
index material. The designs of the VUV coatings such
as narrowband pass, and narrowband reflection filters
are possible with these materials.

SiO- coating material, among other oxides measured
in the VUV, seems to be the most applicable for design
of multilayer stacks such as the narrowband reflection
filters. Al,O; coating material may be used for the
design of absorption edge filters for A = 160 nm, while
HfO, becomes a useful high index material for wave-
lengths longer than 230 nm.
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Vacuum ultraviolet thin films.
all-dielectric narrowband filters

2: Vacuum ultraviolet

Muamer Zukic, Douglas G. Torr, James F. Spann, and Marsha R. Torr

We report the design and performance of narrowband transmission filters employing the rapidly changing
extinction coefficient that is characteristic of BaF» and SiO; films within certain wavelength intervals in the
vacuum ultraviolet. We demonstrate the design concept for two filters centered at 135 nm for BaF;and at 141
nm for Si0,. Itisfound that these filters provide excellent narrowband spectral performance when combined
with narrowband reflection filters. The filter centered at 135 nm has a peak transmittance of 24% and a
bandwidth of 4 nm at full width at haif-maximum for collimated incident light. The transmittance for Ay <
130 nm s <0.1% and for 138 < Ao < 230 nm the average transmittance is <3%. Another filter centered at 141

nm has a peak transmittance of 25% and a bandwidth of 3.5 nm.

I.  Introduction

The design of all-dielectric multilayer interference
filters for the vacuum ultraviolet (VUV) wavelength
region from 120 to 230 nm is limited by the lack of film
materials with suitable optical constants. Film mate-
rials such as MgF, and LiF have low values of refrac-
tive index n (the real part of the optical constant) and
relatively low values of extinction coefficient & (the
imaginary part of the optical constant) within the
VUV wavelength region. The low resistance to high
energy radiation damage in a space environment!
makes LiF not very useful as a material for interfer-
ence optical filters intended for many space applica-
tions, reducing the choice of low index film materials to
just MgF,.

For their values of the extinction coefficient, both
BaF, and LaF; may be used as the high index materi-
als* to form a high-low (HL) index pair together with
MgF.. A HL pair, made either with BaF,-MgF; or
LaF;-MgF, can provide the basic sequence of a multi-
layer design which can be used for wavelengths as low
as 130 nm. A brief review of the basic theory for such
multilayers is given in Sec. I, while theoretical calcula-
tions of so-called tuned multilayer interference filters
with absorbing film materials are given in Sec. IIL.

All-dielectric Fabry-Perot type filters employing

James Spann and M. R. Torr are with NASA George C. Marshall
Space Flight Center, Huntsville, Alabama 35812: the other authors
are with University of Alabama in Huntsville, Physics Department,
Huntsville, Alabama 35899.

Received 9 November 1989.

BaF; and MgF; are considered in Sec. IV along with an
alternative design for narrowband transmission filters.
Designs of narrowband reflection filters are also given
in that section. Spectral performance is compared to
transmission filters. It is found that, for a small cone
of light (£5°) centered about some incident angle,
reflection filters when combined with transmission fil-
ters can provide excellent spectral performance in the
VUV. Asummary and conclusions are given in Sec. V.

Il. Basic Theory

A. VUV Absorption of Dielectrics

Absorption of dielectrics in the VUV can be treated
with classical or quantum mechanical theory. Be-
cause of the present accuracy of the retlectance and
transmittance measurements there is no advantage to
using the quantum mechanical approach; thus the
classical model is used for the calculation of optical
constants. In this model, bound electrons in a dielec-
tric illumination with electromagnetic radiation are
treated as damped harmonic oscillators.?

To determine the optical constants of metals, the
classical theory uses the free electron gas model.* Ab-
sorption of incident electromagnetic radiation in di-
electrics and in metals are two different physical phe-
nomena (bound electrons in dielectrics and free
electrons in metals), but the final result is the same,
i.e., loss of incident intensity.

Both phenomena can be described in terms of a
complex optical constant. However, the transition
from the real optical constant of a lossless medium
(dielectrics in the visible part of the spectrum) to the
complex one of an absorbing medium requires a redefi-
nition of phase velocity v and wavenumber &, such that

1 October 1990 / Vol. 29, No. 28 / APPLIED OPTICS 4293
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{where .V is the complex optical constant) are now the
complex quantities. In addition. the angles between
the direction of the light propagation and the normal
to the film plane are also the complex quantities and
thev no longer represent just the refraction of the
propagating light.

B. Multilayers with Absorbing Film Materials

The VUV coatings presented in this paper consist of
an HL pair with BaF5, LaFs, or SiO- as the high index
materials and MgF, as the low index material. Since
extinction coefficient k& of the MgF films is <107 for
wavelengths longer than 130 nm, it is neglected in the
theoretical discussion concerning the angles of light
propagation through the absorbing multilayers.
However, the extinction coefficient of MgF; films is
taken into account in the exact calculation of multi-
layers.

The amplitude reflection and transmission coeffi-
cients for the plane electromagnetic wave incidenton a
multilayer are’

M+ Mandmg = (M., + Mom,)

r= 3)
(My + My, dng + (Mo + Moo, )

2
t= T (4)

(M, + Mpangng + (Mo + Maon,)

where n, and n. are the effective optical constants of
the incident medium and the substrate, respectively.
They are defined as

Ny = N, costly, {5)
n, = n, cost, (6)

for s-polarization; and for p-polarization

costly

m.=
lan

cost,
(8)

n = o
where n, and n. are the refractive indices of the inci-
dant medium and the substrate. respectively. [t is
assumed that both the substrate and incident medium
have negligible extinction coefficients and. therefore,
real optical constants. The terms M,;,i,j = 1.2 are the
elements of the multilayer characteristic matrix M
which is defined as the product of the matrices of the
individual layers M, ({ = 1,2,.. .P),

M= MM, . M, (9)
where P is the total number of layers. Matrices M, are
given by

[
cosd,  — sing

M = m . (10)

in,sind,  cosd,
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The phase terms 6., which are usuallv referred to as the
phase thicknesses of the films, are defined by

9
5, = 22 N.d, costh (11)

ry

where A\, is the vacuum wavelength of the incident
light, NV, is the optical constant of the {th layer defined

as
Ny=nal + )= 0+ ine, =n, +ik, (12)

with «; = k//n;, and where n;is the refractive index, k; is
the extinction coefficient, d; is the physical thicknes-
s.and O is the complex angle of light within the ith

film. . .
If the complex angle O, 1s written as

sin@, = g, expUiv)), (13)

the generalized Snell’s law applied at the interface
between the nonabsorbing (I — 1)th medium and ab-
sorbing {th medium is given by

N, sin®, = (n, + ik)q, expliv) =i, sin®,_,. (14)
The right-hand side of Eq. (14) is real, thus

n,q, cosy, — kg, siny, =n._, sint, ;. (15)

n,q, siny, + kg, cosy, = 0. (16)

From Egs. (15) and (16) it follows that g/ and v, are
given by

0= n,_‘l sinQ_, ' an
V‘n," + ki
n
v =cos” | —— . (18)
vt R}
If k; = 0, then
o= n,_, sin®,_, ‘ (19)
n,
v =W (20)

and the generalized Snell’s law [Eq. (14}] shouid re-
duce to the well-known law of refraction.

The reflection and transmission coefficients are
complex numbers of the form

r =il explio.). (21)

¢t = t| exptio,), (22)
where o, and ¢, represent the phase changes on reflec-
tion and transmission, respectively. The phase
change of reflected light ¢, 1s referred to the plane
bou dary between the semi-infinite incident :medium
ana he front surface of the multilayer, while the phase
ch: - of transmitted light ¢, is referred to the plane
bou. iry between the muitilayer and the semi-infi-
nite medium of the substrate. Reflectance R, trans-
mittance T, and absorptance A of the multilayers are
given by

R=rre. (23)
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T=;r[" 124)
T

A=1—-(R+D. (25)

il Tuned Multilayers

Multilayers formed by high and low index materials
alternating throughout the stack are, by analogy with
electrical networks, called tuned filters or tuned mutti-
layers. Because of their importance in the design of
VUV coatings presented in this paper, we investigate
the properties of tuned multilayers with absorbing
film materials in more detail here.

Consider the muitilayer (HL)? with a total number
of films P = 2p. Let the angle of incidence be zero, i.e.,
8o = 0. By denoting the angle within the low index
material as O and the angle within the high index
material as Oy we may write

By =0, =0. (26)
Thus, phase thickness 6y and d;, are now given by

2r .
Ay =\—‘71H +’hH)dH (27)
Ay

for the high index material, and for the low index
material

5. = 2% iny + iky)dy. (28)
Ao

If the optical thicknesses of both the H and L materi-
als are quarterwave relative to the same reference
wavelength A, then

A,
nLdL = :‘ ' (29)

A,
rudy = (30}

Phase thicknesses 6y and &, are given by

= A ky
hy=o—l+r—], £31)
2 A, ny

A k
b= 142, (32)
T2 A, ny

Further. with

k

g = (33)
ny
hl,

A= (34)

n.

Eqgs. (31} and (32) can be written as

o a A

°”=§A_q(1+“”)' (35)
T A ,

(514 = Erﬁ {1+ lKL). (36)

The matrices of such quarterwave films at A, = \y
become

eIl T aE S

O PUR QUALITY

;
M —! sinhay V_H coshay (37)
A H = + il
N, coshay =i sinhay
{ \
M —i sinha, A cosha; (38)
L= Vi ,
N, cosha; =t sinhay
where
k
w Ry T
LYH=§E=§"H» (39)
k
TR 7
aL=:2'n—l‘=§l(L. (40)

At this point, we shall assume (just for theoretical
consideration of the tuned multilayers with absorbing
films and not for exact calculation) that the hyperbolic
functions in Egs. (37) and (38) may be approximated
by their values at the origin, i.e., sinhx — 0 and coshx
— 1 for x — 0. Matrices My and M, within this
approximation and for Ay = A, can be written as

3

0 =
My = Nuj, (41)
iNg 0
0 ——
M, = My, (42)
N 0
giving matrix M, of the basic sequence (HL):
—N!, 0
Ny
M, = MM, = N (43)
‘¥H
0 Ny

The characteristic matrix of multilayer (HL)? is

then given by
N, \?
( : r.) N
o a {44)

From Eq. (3) the amplitude reflection coefficient fol-
lows as

St
_ m\NJ (45)

- n, [Ng\-P ’
1 +—<—”>
ng \ N

The ratio of optical constants Ny and N|, can be
written as

Mp = M M) =

N, I+icy) n s o .

—"-=n—H(——£=—E(0-+b')“'exp(zd|, (46)

Ny np(l+ix)  ny

where
e “n

1+ «j

b= KH—K)I. i (48)
1+ ki
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PR ,“)\
7 =1tan (7) 149)

Thus. (.Ny/N | )? can be written as

(:—T) = Fipyexp{tdipi|. 150)
where

F!pi=(:—t{)p<a-+b-’)”{ 151)

L(p) = na. 152)

Now. Eq. (45) for r becomes

n;
1= (;)F(?p) exp(iy(2p)}
! (53)

rip) = .
nt
1+ (—)F(Qp) exp[iy(2p)]
N

giving for reflectance R(p) of the (HL)? multilayer
tuned at wavelength A, = X\

n\: | n,
I+ — F’(‘_’p)—2(—)F(2p)cosu’12p)

ny a

n\-_, n, '
I +(— F—(Zp)+2(—)F(2p)cosw\2pl

Ty n

Rip)r =

If p = 0, L.e., if no films are present on the substrate,
Eq. (54) reduces to the well-known Fresnel formula for
reflectance at the boundary between two semi-infinite
media with indices ny and n.:

n\*
n,
R(0) = ~——— (55)

(5

From Eq. (54) it follows that the reflectance of the
(HL)" stack will have maximum values if, for | =
0,1,2....

Ci2p) =+ (56)

Thus. for { = 0 from Egs. (47)-(49), (51), (52),and (56)
it follows that the maximum retlectance is achieved if

T an ([ (57)
N = - = — l " .
p=p 4 an 1+ ks !

Equation (54) indicates that R(p,) = 1 if p satisfies
Eq. (37). This is caused by the high level of approxi-
mation at the beginning of our derivation. Equation
(57) is the final goal of this theoretical consideration
for determining the maximum useful number of layers
for achieving the highest possible reflectance with ab-
sorning materials.

From a certain number of (HL) pairs p,, both the
reflectance and absorptance of the stack will remain
practically constant. adding to unity, and no signifi-
cant improvement of the stack’s reflectance can be
achieved bv adding new (HL) pairs, i.e.. for p 2 py:

R(p) + A(p) —~ 1. (38)

The transmittance of the stack will be equal to zero for
all pr:.ctical purposes.
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The resuits of exact calculation of how reflectance
R(p) and absorptance A(p) depend on the number of
(HL) pairs p of multilavers formed with BaF., LaF,
and Si0O. as the high index materials and MgF, as the
low index material are shown in Figs. 1, 2, and 3,
respectively. The optical film thicknesses of all the
films are quarterwave relative to wavelength \y = A, =
135 nm. At this wavelength the ratio « for the SiO-
film is xy = 0.05759, and for the MgF, «. = 0.00025,
giving py = 13.7, i.e., pp — 14, which agrees with the
exact calculation shown in Fig. 1. Since the extinction
coefficients of BaF» and LaF; are an order of magni-
tude lower than the extinction coefficient of SiQs,pe
attains higher values if these fluorides are used as the
high index material.

From the reflectance R(p) and absorptance A(p)
curves shown in Figs. 1-3, it follows that BaF; has the
highest potential as the high index material for wave-
lengths close to 135 nm. At longer wavelengths, Ao 2
150 nm, the extinction coefficients of LaF, and BaF»
become similar while the refractive index of LaFj re-
mains higher.”

The R(p) and A(p) curves shown in Figs. 4-6 are
calculated again for multilavers with BaF,, LaF,, and
Si0Qs as the high index materials but with optical thick-
nesses of

hY

nydy = ; . (59)
A,
ndy =3 {60)

where n is the refractive index of MgF,, and Ao = A, =
135 nm. This type of tuned multilayer stack is some-
times referred to as the third wave (TW) design, by
analogy with quarterwave (QW) stacks. The thick-
ness of the (absorbing) high index material is larger in
the QW than in the TW multilayers, thus one may
expect that the TW designs will have lower absorp-
tance and therefore higher reflectance. That this ex-
pectation is justified follows trom comparison of the
R(p) and A(p) curves for the QW multilayers shown in
Figs. 1-3 and R(p) and A(p) curves for TW mulitilayers
shown in Figs. 4-6.

The maximum reflectance of the QW stack with
BaF, is R = 85.4% (Fig. 1), while the TW multilayer
with the same high index material has a maximum
reflectance of R = 87.6% (Fig. 4). The largest relative
difference between the maximum reflectances of ~he
TW and QW stacks is for a multilayer with SiO» as the
high index material. The maximum reflectance of the
QW stack is R = 60.9% (Fig. 3), while for the TW stack
R = 66.3% (Fig. 6).

The number p, found for the quarterwave multi-
layers using Eq. (57) seems to be useful even for the
third wave stacks. It again represents the minimum
number of (HL) pairs p, needed to obtain the maxi-
mum value of reflectance or zero transmittance.

A more rigorous treatment of absorbing multilayers
with the so-called potential transmittance and absorp-
tance is given by Knittl> and the original references
listed therein.
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IV. Narrowband Filters

A.  Transmission Filters

1. Fabry-Perot Filters

Transmission or bandpass filters are frequently de-
signed using the basic structure of the Fabry-Perot
(F.P.) interferometer—the muitiayer in which one of
the lavers (spacing layver or spacer) is bounded by two
partial reflectors. The transmittance of such an inter-
ference filter is given by®-’

Tmax
=, (61)
1+ Fsin-¥
where
T ALE 62)
x = ———)' (
™ - RRy
4:R\R,
Fe— = (63)
(1- RR)
oyt @,
V=5— {64)

R, and R, are the reflectances and T and T are the
transmittances of the partial reflectors bounding the
spacing layer, calculated with the spacer taken as the
incident medium (seen from inside the spacer). The
emerging medium for reflector R, is air and for partial
reflector R, it is the substrate. & is the phase thickness
of the spacing layer defined in Eq. (11), ¢1 and ¢, are
the phase changes [Eq. (17)] associated with reflec-
tions on partial reflectors R, and R,. The maxima of
transmission according to Eq. (61) are given by

¥ =6—-9=mn, (65)
where
[N + (D‘_.
o= (66)

R

and the bandwidth (AX), full width at half-maximum
(FWHM) is given by’

1/ d -t
m_;<d—xﬂ”\ﬂ®))\,,=\'ﬂl1{} (67

of the mth order filter (m = 1,2,...).

For BaF., LaF,, and SiO» the values of the extinction
coefficients are too high in the VUV~ to be used as film
materials for the spacing layer. Thus, in all our de-
signs MgF; was used as the film material of the spacer.
The possible designs of F.P. type interference filters
are then given by

(AN, = 2N [rr\F

airfH(LH)?2L(HL)H]substrate, (68)
or
airf(LH)?2L(HL)?]substrate, (69)

where L denotes the quarterwave optical thickness of
the MgF,, H is the quarterwave optical thickness of
one of the high index materials (BaFs, LaF3, or Si0.),
and the substrate is bulk MgF,. The optical thick-
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nesses are quarterwave reiative to the central pass
wavelength of the F.P. filter.

Reflectances R and R and transmittances T and T
appearing in the above basic equations for the F.P.
filter are seen from inside the spacing layer. The R;
and T, are calculated for the boundary between the
spacing layer and one side of the F.P. filter including
the incident medium (air), while R> and T’ are calcu-
lated for the boundary between the spacing layer and
the other side of the F.P. filter including the substrate.
The partial reflectors in both designs [(68) and (69)]
are (HL)? QW tuned multilayers with an additional
outer H layer in design (69).

The dependences of reflectances R, and R; on the
number of (HL) pairs p for BaFs, LaFs;, and SiO, are
shown in Figs. 7,8, and 9, respectively. The maximum
values of transmittance Tmay calculated using Eq. (62)
and the corresponding bandwidths (AM), calculated
according to Eq. (67) for the first-order filter (m = 1)
are plotted vs p in Figs. 10-12 (for the high index
materials listed above). The differentiation of the

function
®(Ag) = AolAg) 70)
in Eq. (67) was done numerically according to
d Attt d_
l::i—)\; ‘1’()\0)] = ['3()\0)]\”_,‘ .t [Xn an ‘Dl)\n)]\ﬂ_km . (1)
d B(hg + A} = B(A,)
£ - . (72
o T el W )

with A\ < \o X 1074 and the central pass wavelength of
the F.P. filter Ay = 135 nm.

From Fig. 10it follows that the F.P. filter centered at
Ao = 135 nm should have Trax 2 30% and (A)g)y < 10
nm for H = BaF, and p = 6. The design of the F.P.
filter becomes

air{(LH)?2L(HL)"]substrate, (73)

where the substrate is bulk MgF..

The experimentally obtained and theoretically cal-
culated spectral performance of such a filter is shown
in Fig. 13. The theoretical curve is not corrected for
loss due to MgF, substrate absorption and back side
reflection (23% at Ao = 135 nm). The experimentally
obtained bandwidth is smaller than the one predicted
in Fig. 10. This can be explained by much higher
values of the extinction coefficient of BaF: for wave-
lengths below 131 nm than for Ay = 135 nm.

To improve the transmittance at central wavelength
Ao = 135 nm, a F.P. filter with two spacing layers may
be designed such as

air{(LH)*2L(HL)*H2L(HL}*|substrate. (74)

where H and L represent the quarterwave optical
thicknesses of BaF, and MgF; respectively, and the
substrate is bulk MgFs. Tk= calculated and experi-
mentally obtained transmitiances of this filter are
shown in Fig. 14. The effects of the MgF, substrate
absorption and back side reflection are not taken into
account in the theoretical curve. The bandwidth of
the filter is again smaller than that calculated using a
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formula similar to Eq. (67) for the bandwidth of the
F.P. filter with two spacing lavers.” This can also be
attributed to the much higher & values of BaF. films
for shorter wavelengths; &k = 0.1 at A = 130 nm com-
pared with £ = 0.026 at A = 135 nm.

2. Tuned Stack

The fact that the extinction coefficient of a BaF,
film is almost four times larger at 130 nm than at 135
nm can be used for the design of a narrowband filter
centered at 135 nm. The design of such a filter is a
simple QW tuned stack with the high reflection zone
centered at 140 nm. The theoretical and experimental
spectral curves of the twenty-five-layer QW tuned fil-
ter are shown in Fig. 15. The interference effects are
predominant in the wavelength region above 135 nm,
while the absorption of BaF: dominates for wave-
lengths shorter than 135 nm. The peak value of the
transmittance is Tmax = 39% at Ay = 135 nm. The
theoretical curve in Fig. 15 is not corrected for loss due
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to MgF. substrate absorption and back side reflection.

The filter shown in Fig. 15, which combines absorp-
tion effects of the film material (BaF.) to reject shorter
wavelengths and interference effects to reject longer
wavelengths relative to the central wavelength Ay =
135 nm, has a higher peak transmittance and at the
same time provides better rejection of the longer wave-
lengths. Another possible design of such a filter cen-
tered at 141 nm with a twenty-five-layer TW tuned
multilayer is shown in Fig. 16. The rapidly changing
extinction coefficient k of SiO» film within 135 nm < A
< 145 nm is utilized.

All these filters suffer from pass windows at longer
wavelengths. Anedge filter is needed which will reject
longer wavelengths. When the edge filter is combined
with the narrowband transmission filter, the combina-
tion should provide useful transmittance at Ao. For
the filters centered at 135 nm, the edge filter might be
required (for some applications) to reject longer wave-
lengths up to at least 170 nm to better than 95%, and at
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the same time provide T = 50% at Ay = 135 nm. The
basic design of such a filter is again a tuned mulitilayer
with either QW or TW optical thicknesses. The QW
stacks generally have a wider high reflection zone than
TW stacks. The width of the high reflection zone of a
QW multilaver with nonabsorbing film materials is
given by?

4A nyg—n
(ANy g = — sin™! [ ——), (75)
T nyg +ny

where ny and ny, are the refractive indices of the high
and low index materials, respectively. If the presence
of absorption in the films affects only the maximum
value of the reflectance but not the width of the high
reflection zone, (AN)y g = 21.6 nm for H = LaF;and L
= MgF, at \, = 160 nm. Because of the transmission
requirements at 135 nm, the idea of coupling QW or
TW multilayers centered at several wavelengths with-
in the wavelength interval from 140 to 170 nm cannot
be used. Hence. the edge filter which would provide
the required transmission at 135-nm wavelength and
at the same time reject longer wavelengths up to 170
nm cannot be designed with the dielectrics known to
us. The twenty-five layer QW stack shown in Fig. 17
justifies calculations done using Eq. (75); the high
reflection zone of the measured spectral curve (AN y R
< 15 nm.

B. Refiection Filters

Designs of the dielectric cut-on filters which would
have a useful range of transmittance (T = 50%) for
wavelengths below 145 nm and at the same time reject
the longer wavelengths up to 230 nm better than 95%
do not seem to be feasible at the moment. Another
possibility in solving this problem is to try to design a
reflection filter at an incident angle of, say, 45°, which
would reject a narrow spectral band with a reflectance
of 50% or more at the desired wavelength. If this type
of filter is then combined with one of the previously
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Fig. 18. Twenty-five-layer second-order QW tuned filter with the
high retlection zone centered at 135 nm. The angle of incidence is
45°. H = lanthanum fluoride and L = magnesium fluoride.

presented transmission filters. the combination could
provide excellent rejection for the shorter wave-
lengths, high peak transmittance, and reasonably good
blocking of the longer wavelengths.

The design of the reflection filter is once again a QE
or TW multilayer with the optical thicknesses of the
films corrected for oblique incidence. A first-order
QW stack generally has a wider high reflection zone
and suffers from high side reflection ripples. The
ripples can be reduced by introducing films with opti-
cal thicknesses H’/2 or L’/2 (primes denote correction
of the quarterwave optical thickness for the oblique
incidence) at the first and last positions in the stack.
The width of the high reflection zone decreases if the
order of the QW multilayer is increased. The increase
of the order by 1 means a change in the optical thick-
ness of one of the film materials from Ao/4 to 3Aq/4.
Obviously, in the VUV range MgF; is a material whose
optical thickness can be increased from L’ to 3L with-
out affecting the maximum value of reflectance possi-
ble with a first-order QW stack.

The experimental and theoretical spectral curves of
the second-order QW stack at an angle of incidence 8,
= 45° are shown in Fig. 18. The design of the filter is
given by

air[s—_)L- (H3LNHY %]subsr.rate. (76)

where H' = BaF, L’ = MgF5, Ay = 135 nm, and primes
denote the correction for oblique incidence. The
width of the high reflection zone (AN R. < 5 nm and
the reflectance at the central wavelength is 60%.

The measured overall transmittance of the filter
presented in Fig. 15 combined with the reflection filter
(Fig. 18) is shown in Fig. 19. The central wavelength
of this filter is Ao = 135 nm, the peak value of the
transmittance is Tmax = 24%, and the bandwidth (A)),
= 4 nm. The average transmittance for the longer
wavelengths is <3%, while for wavelengths shorter
than 130 nm the transmittance is <0.1%. A cone angle

1 October 1990 / Vol. 29. No. 28 / APPLIED OPTICS 4301
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of incident light of £5° causes the bandwidth to in-
crease up to 7 nm.

The overall transmittance of the filter shown in Fig.
16 combined with the QW muitilayer reflector cen-
teredat .l nm isshownin Fig.20. The bandwidth of
the filter is 3.5 nm and peak transmittance is 25%.
The film materials used for the reflection filter are
LaF'; and Mng.

V. Summary

The idea of utilizing the natural absorption of one of
the film materials to limit the transmission at shorter
wavelengths and a combination of this filter with a
reflection filter to control the transmission at the long
wavelength end of the bandpass constitutes the basis
of our design of narrowband filters. The two filters
that we designed and evaluated to demonstrate the
approach have bandwidths smaller than 5 nm and
peak transmittances higher than 25% for collimated
incident light. The average transmittance in the re-
gion of longer wavelengths is <3% while the transmit-
tance in the region of shorter wavelength is <0.1%.

The values of the extinction coefficients of BaF; and
LaF ''ms are much smaller at longer wavelengths
thai. . 135 nm. ~~hich makes the design of a narrow-
band high reflectur much easier. Other film materials
such as Al,0; and HfO, or suitable bulk materials
(substrates) such as BaF,, fused silica, and Al,O; can
be - -d to reject ifferent shorter wavelength ranges.
Whe. such materials are combined with reflection
multilayers, narrowband filters with bandwidths
smaller than 5 nm and overall transmittances higher
than 25% can be made for the whole VUV region from
120 to 230 nm.
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Fig. 20. Combined filter centereu ... {41 nm.

The discrepancies between theory and experiment
may be partially explained by the random errors which
occur in the film thickness monitoring during deposi-
tion. There are certainly some other effects to consid-
er such as scattering, film thickness nonuniformities,
and possible film inhomogeneities. Since the discrep-
ancy between theory and experiment varied for differ-
ent designs, it seems that these effects do not affect
each of them equally.

The first author would like to thank the Physics
Department of the University of Alabama in Hunts-
ville (UAH) for the graduate student assistantship
received during this study, and the ZRAK Optics Co. in
Sarajevo, Yugoslavia, for additional financial support.

This work was supported by NASA contracts NASS-
17586 and NAS8-37576 and NASA grants NAG8-639
and NAG8-086.

Reterences

1. D. F. Heath and P. A. Sacher, "Effects of a Simulated High-
Energy Space Environment on the Ultraviolet Transmittance of
Optical Materials Between 1050 A and 3000 A, Appl. Opt. 5,937-
943 (1966).

2. M. Zukic, D. G. Torr. J. F. Spann. and M. R. Torr, “Vacuum
Ultraviolet Thin Films. 1: Optical Constants of BaF;, CaFs,
LaF3, MgF,, Al,O3, HfOs, and SiO- Thin Films,” Appl. Opt. 29,
00000000 (1990), same issue.

3. M.Born and E. Wolf, Principles of Optics { Pergamon, New York,
1980), p. 60.

4. Ref. 3, p. 616.

5. Z.Knittl, Optics of Thin Films (Wiley, New York, 1976), Chaps. 5
and 6.

6. H. A. Macleod, Thin-Fiim Optical Filters {Adam Hilger, Bristol,
1969), Chaps. 2and 7.

7. Ref. 3, p. 347.

8. Ref. 6. p. 98.

ORIG” "L prar I5
OF POOR QuUALITY

4302 APPLIED OPTICS / Vol. 29, No. 28 / 1 October 1980



APPENDIX D




JOURNAL OF GEOPHYSICAL RESEARCH. VOL. Y5, NOUAT PAGES 10.337-10.344 JULY 1. 1990

Auroral Modeling of the 3371 A Emission Rate:
Dependence on Characteristic Electron Energy
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We have developed an efficient two-stream nuroral electron model to study the deposition of
nuroral energy and the dependence of auroral emission rates on characteristic energy. This model
incorporates the concept of average energy loss to reduce the computation time. Our simple two-
stream model produces integrated emission rates that are in excellent agreement with the much
niore complex multistream model of Strickland et al. (1983) but disagrees with o recent study
by Rees and Lummerzheim {1989} that indicates that the N; second positive emission rate is a
strongly decreasing function of the characteristic energy of the precipitating flux. Our calculations
reveal that a 10 keV electron will underge approximately 160 ionizing collisions with an average
energy loss per collision of 62 eV before thermalizing. The secondary electrons are created with
on average energy of 42 eV. When ail processes including the backscattered escape fluxes are
taken into account, the average energy loss per electron-ion pair is 35 eV in good agreement with

Inboratory resuits.

1. INTRODUCTION

There is currently renewed interest in the use of au-
roral optical emission rates to deduce the characteris-
tics of the precipitating particle fluxes, and ultimately,
the global auroral energy input to the Earth’s upper
atmosphere. Images from the Dynamics Explorer satel-
lite have been used by Rees et al. [1988] to calculate
the energetic electron flux and its characteristic energy.
Imaging instruments planned for the ISTP mission will
monitor key UV emissions on a global scale for the ex-
press purpose of determining the global energy input.

Early work in determining auroral particle character-
istics from emissions concentrated on the use of the ra-
tios of atomic oxygen emission rates (6300 A, 5577 A)to
molecular nitrogen ion emission rates (3914 A, 4278 A)
to deduce the incident auroral spectrum [Rees and
Luckey, 1974; Vallance Jones, 1975; Shepherd et al.,
1980; Strickland et al., 1983]. The higher energy auroral
electrons penetrate deeper into the thermosplere where
the relative proportion of atomic oxygen is smaller.
Thus the ratio of atomic to molecular emission rates de-
creases with increasing electron energy. Unfortunately,
chemical processes play an important role in the atomic
oxygen emissions and it is difficult to separate the ef-
fects caused by the characteristics of the auroral energy
flux from the effects caused by changes in the atmo-
spheric composition. Therefore, it would be useful to
find an emission rate ratio that is sensitive to the au-
roral characteristics but which is not complicated by
chemical factors.

Copyright 1990 by the American Geophysical Union.

Paper number 90JA00233.
0148-0227/90/90JA-00233%05.00

Recently, Rees and Lummerzheim [1989] suggested
that the ratio of the second positive to first negative
emission rates could be used to determine the charac-
teristic energy of the auroral electron flux. Using an
auroral electron model developed by Lummerzheim et
al. [1989], Rees and Lummerzheim [1989] found that
the N2 second positive (3371 A ) emission rate de-
creases substantially with increasing characteristic en-
ergy of the auroral electrons while the N._T emission
rates are almost constant. This ratio would be an at-
tractive alternative to those used previously because it
would be independent of atmospheric composition and
both emissions are prompt, thus eliminating chemical
effects. Unfortunately, the calculations of Rees and
Lummerzheim (1989] are in conflict with the earlier cal-
culations by Danteil and Strickland [1986] who found
that the 3371 A emission rate was nearly independent
of the characteristic energy.

The experimental evidence also seems to be in con-
flict. Rees and Lummerzheim [1989] present data from
high flying aircraft that support their theoretical calcu-
lations. On the other hand, Solomon [1989) presented
data from the visible airglow instrument on the At-
mosphere Explorer C satellite showing that the ratio
of the N» 3371 A to NJ 4278 A emission rates has
only a small dependence on the characteristic energy,
which can be accounted for by contamination of the
3371 A second positive emission by the Vegard-Kaplan
(0-9) band. The VAE data support the earlier calcula-
tions of Daniell and Strickland [1986] and Strickland et
al. [1983]. Solomon was able to reproduce the observed
ratios using his own two-stream auroral electron depo-
sition code. We note that the experimental data pre-
sented by Solomon [1989] for the ratio of N, 3371 4 to
N} 4278 A is in excellent agreement with the ratio of
N, 33714 to N1 3914 A that was measured on a 1974
rocket flight by Sharp et al. [1979].
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The source of the discrepancy between the models is
difficult to understand. Both Rees and Lummerzheim
[1989] and Strickland et al. [1983] use relatively com-
plete muiti-stream models. The model used by Solomon
(1989] is a simpler two-stream model and his calcula-
tici.s are in agreement with the ~alculations of Strick-
land et al. [1983) and Danieli -d St:-:kland [1986)
which show little variation in the 3371 A to
3914 A emission rate ratio as a function of characteristic
energy. In this paper we present calculaiions of a num-
ber of important emission rates obtained from a two-
stream auroral electron model that we have developed.
The calculated emission rates for the 3371 A emission
rate and a number of other emission rates are in accord
with the earlier calculations of Strickland et ol. [1983]
and Daniell and Strickland [1986] for the dependence
on characteristic energy of the precipitating flux. How-
ever, mainly due to the use of a revised cross section,
our atomic oxygen 1356 A emission rate is a factor
of 2.5 lower than that calculated by St~ickland et al.
[1983].

2. MobEL
2.1.

The model that we have developed is based on the
two-stream photoelectron flux model of Nagy and Banks
(1970] that was subsequently extended to 500 eV and
combined with a continuous energy loss model to calcu-
late auroral electron fluxes by Banks et al. [1974]. Al
though both our model and the model of Solomon et al.
(1988] have origins in the Nagy and Banks (1970} two-
stream model, they have evolved substantially along en-
tirely separate paths. Our model owes much to our ear-
lier work with the ionospheric photoelectron flux
[Richards and Torr, 1984; 1985a).

By incorporating a variable energy grid developed by
Swartz (1985] and a variable altitude grid we have been
able to extend the two-stream model up to energies
greater than 20 keV. This has eliminated problems en-
countered by Banks et al. [1974] in matching the con-
tinuous slowing down approach that they used above
500 eV with the two-stream approach they used bejow
500 eV. The continuously variable altitude grid allows
altitude steps of less than a kilometer below 90 km up
to 50 km at 500 km with a manageable number of grid
points.

Further economy in computer time is achieved by in-
troducing the concept of an average energy loss for an
excitation or an jonization event. This concept allows
the use of only the total excitation and ionization cross
sections instead of treating each partial excitation or
ionization process separately. That is, the excitation
(or ionization) is treated as arising from a single aver-
age state for each thermospheric species. The average
energy loss depends on the species and also on the en-
ergy of the primary electron. The calculation of the
emission rates then becomes a two stage process with
just the total cross sections being needed to calculate
the electron flux as a function of energy and altitude
in the first stage. In the second stage, the partial cross
sections are folded with the electron fluxes to produce
the excitation rates.

General Principles
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For each of the 3 main neutral atmospheric compo-
nents (O, 02, N3) the total cross sections are made up
of partial cross sections from the numerous electronic
states of each species each corresponding to a different
energy state of the atom or molecule. In addition, each
electronic state of a molecule can be created in any one
of a large number of vibrational energy states. A com-
plete evaluation of the electron flux would require the
separate accounting of all these energy losses which we
have replaced with a single, energy dependent average
energy loss for the excitation and ionization of each of
the three main thermospheric species O, 04, and Nj.

The treatment of excitation processes is relatively
straightforward; the average energy loss is specified and
the electrons deposited in the correct lower energy bin.
However, ionizing collisions are more complex because
of the production of secondary electrons which may be
produced with energies ra.ngmg from 0 up to E, — [;
where E,, is the energy of the primary electron and L is
the ionization potential of the state i being produced.
We follow the approach of Banks et al. [1974) and des-
ignate the higher energy electron as the degraded pri-
mary and the lower energy electron as the secondary.
This means that the maximum secondary energy is then
(E‘,, — 1;)/2 as is the minimum energy of the degraded
primary. We treat ionization as arising from a single
state with an average ionization potential I and we use
the measured secondary electron distributions of Opal
et al. [1971] to determine the average energy E, of the
secondary electrons produced by an electron of energy
E, (we note that the measured secondary electron dis-
tributions are in fact a sum of the contributiors from
all the ionization states). The average energy of the
degraded primaries is then £, — I — E,. A separate
ionization potential could be used for each species but
a further improvement in computational efficiency can
be made by observing that the ionization potentials and
secondary electron distributions are similar enough that
a single ionization potential and secondary electron dis-
tribution for all 3 major species will suffice. Since N4 is
the most important species in aurora, we adopt the N,
ionization characteristics. At each electron energy, the
total number of secondary electrons from O, O,, and N,
is calculated and then they are distributed according to
the measured secondary electron distributions of Opal
et al. [1971]. The model has been found to conserve
energy to better than 5% for characteristic energies in
the range .1 to 20 keV.

2.2,

The calculation of the average ionization potential
follows from the knowledge of the ionization potentials
and the partial cross sections for the various ionization
states of each of the thermospheric species. For exam-
ple, N, ionization results in the formation of the X, A,
and B states of N7 and also N* which arises from sev-
eral higher lying states that dissociate. The ionization
potentials for the X, A, and B states are 15.6, 16.8, and
18.8 eV respectively while the bulk of the Nt probably
arises from a state with a threshold near 37 eV [Erd-
man and Zipf, 1986]. The actual energy lost by the
primary electzons may be greater than threshold due

Average fonization Potentials
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to the ions being vibrationally excited and because, in
the case of dissociative ionization, the atomic fragments
are observed to carry substantial kinetic energy [Lil-
wana and Stoc-dele, 1975]. To complete the calculation
of the average ionization energy for N, we also need
the ratios of the partic.. cross sections. We examine
the high energy case first where the proportions of the
various partial cross sections are practically constant
and the cai-ulation is straightforward. Above approxi-
mately 100 eV, dissociation accounts for ~20% [Rapp et
al., 1965] and the B state ~10% [Borst and Zipf, 1970]
of the total cross section. According to Cartwright et
al. [1975], the X and A state cross sections are ap-
proximately equal (that is, ~35%). Using these per-
=ntages for the partial cross sections and ionization
-otentials given above, the average ionization potential
is ~20 eV for high energy electron impact ionization of
N,. We now examine the low energy average energy loss
per collision. The average ionization potential begins
at 15.6 eV at threshold when the X state is produced
but increases to ~16 eV above 17 eV when the A state
threshold is reached. There is only a marginal increase
when the B state threshold is reached at 18.8 eV because
it accounts for less than 10% of the total cross section
at these energies and the energy loss of 18.8 eV is only
marginally larger than 16.8 eV. After about 30 eV dis-
sociative ionization becomes important. The ionization
potential then rises steadily to approximately 19 eV at
50 eV before leveling off toward 20 eV at high energies.

A similar calculation yields an average ionization po-
tential of approximately 18 eV for both O and O, at
high energies. Because N, is the dominant constituent
and all three ionization potentials are similar, we use
e average N, ionization potential for all three species.
This simplifies the calculation and reduces the compu-
tation time without introducing significant errors. The
adopted ionization and excitation energy losses as a
function of primary electron energy are shown in Fig-
ure 1. This figure also shows the average energy of the
secondary electrons as a function of the primary en-
ergy. Below 25 eV the ionization potential is assumed
to be 16 eV while above 25 eV it is represented by
10 (14 (1 —15/E)Y?) eV.

2.3. Average Secondary Electron Energy

To obtain the secondary electron distribution we
adopt the Banks et al. [1974] parameterization of the
Opal et al. [1971] measured distributions. The proba-
bility of a secondary electron of energy E. is given by

A

PlE) = B

(1)

where 4 = [(E arctan(E,, /E)~1}is a normalization fac-
tor that ensures a total probability of unity when in-
tegrated over all secondary energies from 0 to E,, =
(E,—1}/2 and E=14 is an empirical normalization fac-
tor. The product of E, and Equation 1 integrated over
energy yvields the average secondary electron energy for
a primary energy E, as

Eu. =054 E’In (1+(E,./E')2) 2)
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Fig. 1. Average energy losses per collision and average secondary
electron energies (E..) as a function of primary electron energy.
The nverage ionization potential is labelled I and the total en-
ergy loss per ionization is labelled I+E.... The average excitation
potentials are indicated by an asterisk and the O3 excitation po-
tential is set equal to that of N2. Note that below 5 eV, the N;
excitation potential is set at 1 eV.

The dependence of the average secondary energy on
the primary energy is shown in Figure 1 along with
the average total energy loss of the primary (I + Eu).
The average energy of the secondaries increases steadily
from 0 near threshold to 52 eV for 10 keV primary elec-
trons. The total energy loss per ionizing collision for
10 keV electrons is 72 eV, wlen the 20 eV ionization
potential is included. The average energy of the secon-
daries is approximately equal to the ionization energy
for 200 eV primary electrons.

A quantity of interest, in relation to energy degra-
dation of high energy electrons, is the average energy
required to produce each electron-ion pair. The aver-
age energy required to produce cich electron-ion pair
is a quantity that is independent of electron energy
and is also remarkably independent of the species be-
ing ionized. The experimental value for the energy lost
per electron-ion pair for high energy electron is 35 eV
[Valentine and Curran, 1958]. This energy loss per
electron-ion pair was used in early auroral electron de-
position codes [Rees, 1963: Rees el al. 1969; Rees and
Jones, 1973].

An approximate value for the energy loss per electron-
ion pair can be deduced by using the average energy
losses depicted in Figure 1, assuming that for electron
energies above approximately 100 eV the energy lost
to excitation collisions is small and can be neglected.
With this assumption, it requires about 160 ionizing
collisions to thermalize a single 10 keV electron. Thus,
on the average, 62 eV is lost in the creation of each of
the 160 electron-ion pairs. Since the ionization energy
is 20 eV for electron energies above 100 eV, the average
energy of the secondaries is ~42 eV. This means that
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the 160 secondary electrons are sufficiently energetic to
(reate one more electron-ion pair each. If all secon-
daries created an additional electron-ion pair, the total
number of pairs would be 320 and the average energy
per electron-ion pair would decrease from 62 to 31 eV.
In reality this does not happen because, below 100 eV,
excitation processes begin to compete effectively with
the ionization processes for the available electron en-
ergy and the number of additional electron-ion pairs
produced by the secondary electrons would be less than
160. In fact, for a 42 eV electron the total ionization
and excitation cross sections are approximately equal
and only half the secondaries could be expected to pro-
duce an additional electron-ion pair. This agrees with
our previous calculations that show that a third rather
than a half, of the total ionization is created by de-
graded primaries and secondaries with energies below
100 eV [Richards and Torr, 1985b]. Thus the original
10 keV electron would ultimately produce about 240
electron ion pairs and yield an average energy loss per
electron-ion pair of 42 eV. This is only an estimate of
the energy lost per electron-ion pair and a more detailed
calculation including transport is required to determine
the actual value. It was pointed out by Banks et al.
(1971] that escaping backscattered electrons will be lost
to the system and act to increase the energy loss per
electron-ion pair.

We have summed the total ion production rate in our
full auroral caiculation, and we obtain an average en-
ergy loss per electron-ion pair of 35 eV, which is smaller
than our estimate but in agreement with the laboratory
measured value. A slightly higher value of 37 eV was
obtained by Foz and Victor [1988] using their discrete
local energy loss method. The reason that the energy
lost per electron-ion pair is not a strong function of
electron energy has to do with tle relationship between
the average secondary electron energy and the primary
electron energy. Electrons with higher initial energies
suffer a greater energy loss per collision as they degrade
but they produce higher energy secondaries which are
more likely to generate secondary ionization. For ex-
ample, a 1 keV electron will undergo only 22 ionizing
collisions with an average energy loss of 45 eV before
it thermalizes. Thus, the secondary electrons have an
average energy of only 25 eV compared to the 42 eV for
the 10 keV electrons and are much less likely to produce
additional ions.

2.4. Cross Sections

In a number of previous studies of the ionospheric
photoelectron flux we have chosen measured total exci-
tation cross sections that produce good agreement be-
tween theory and the photoelectron spectrometer mea-
surements from the AE-E satellite [Lee et al., 1980]. At
low altitudes where N is the dominant species, the to-
tal cross section obtained from electron mobility studies
by Pitchford and Phelps [1982] was found to be com-
patible with the PES measurements. At high altitudes
where atomic oxygen is the dominant species, the emis-
sion cross sections measured by Zipf and co-workers pro-
duced good agreement between theory and PES mea-
surements. These total cross sections for energies be-
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low 100 eV have been published by Richards and Torr
(1988]. Basically the same cross sections have been used
in this study but they have been reparameterized to ex-
tend them to higher energies.

Above 100 eV, the excitation cross sections decay
rapidly with increasing energy and are much less im-
portant than the ionization cross sections both because
they are smaller and because the energy loss per colli-
sion is smaller. The total ionization cross sections are
better established than the total excitation cross sec-
tions although there are some differences [Kieffer and
Dunn, 1966]. We have adopted the N, and O, total
ionization cross sections of Rapp and Englander-Golden
(1965] which have also been used by most other mod-
elers. Tle total ionization cross section for O is from
Brook et al. [1978]. The elastic cross sections are very
important because of their role in inhibiting transport.
We have used the elastic cross sections of Solomon et
al. (1988] and also their elastic backscatter coefficients.
The total cross sections used in our auroral model are
shown in Figure 2. Our N, total excitation cross section
is comparable to that of Solomon et al. [1988] below
25 eV but is smaller at higher energies. The differences
at high energies have little effect on the calculated fluxes
because the excitation cross section is smaller than the
ionization cross section. However, differences in cross
sections below 30 eV produce comparable differences in
fluxes. The N, total excitation cross section of Strick-
land et al. [1983] is almost a factor of two larger than
ours at all energies and their fluxes would be a fac-
tor of two lower below 30 eV, at least below 200 km
where N, is the dominant species. The cross sections
of Solomon et al. [1988] and Strickland et al. [1983]
were obtained by summing the partial cross sections
and there is the possibility of double counting some
cross sections; for example, those that lead to dissocia-
tion. Moreover, Strickland et al. [1983] included large
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Fig. 2. Total elastic, excitation, and ionization cross sections em-
ployed in the model. The ionization cross sections are indicated
by a plus while the excitation cross sections are indicated by an

asterisk.
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Rydberg cross sections from Green and Stolarski {1972]
which have been revised sharply downward by Porter
et al. [1976]. There is now good agreement between
the total cross section of Pitchford and Phelps [1982]
and the sum of the partial excitation cross sections of
Cartwright et al. [1977a.b] as revised by Trajmar et al.
[1983], below 20 eV. Above 20 eV, the ionization cross
section becomes an increasingly important component
of the total inelastic cross section and it is not easy to
compare the two cross sections.

The total atomic oxygen excitation cross section em-
ployed by Solomon et al. [1988] is a factor of 2 larger
than ours above 15 eV and will produce a similar dif-
ference in flux above 250 km where O is the dominant
species but the atomic oxygen cross section has little
effect on the integrated emission rates. Our atomic oxy-
gen excitation cross section was obtained by summing
the measured emission cross sections for 1304, 1356,
and 1027 A [Zipf and Erdman, 1985], the 989 cross
section from Gulcicek and Doering {1988], and the the-
oretical ' D and 'S from Henry et al. [1969]. lmplicit in
this procedure is the assumption that the higher lying
triplet and quintet states are included in the i304 and
1356 emission cross sections via cascade. We have left
out some theoretical Rydberg cross sections proposed
by Jackman et al. [1977] and some minor states that
radiate directly to the ground state but for which there
is no experimental data. Thus, our cross section must
be regarded as a lower limit.

Figure 3 shows the excitation cross sections for the
second positive (C>r,) and Lyman-Birge-Hopfield
(a@'m,) systems of N;. Also shown is the cross section
used for calculation of the O(°S) 1356 A emission rate.
We obtained this cross section by reducing the measured
cross section of Stone and Zipf [1974] by the factor 3.1
which is the same factor that the 1304 A emission cross
section of Stone and Zipf [1974] was reduced by Zipf and
Erdman {1985]. The (C?7,) cross section was obtained
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Fig. 3. Cross sections for the three excited states giving rise to
the emissions studied in this paper.
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by multiplying the 3371 A cross section of Imami and
Borst (1974] by 4 and the (a'm,) cross section is from
Ajello and Shemansky [1985).

We liave examined the sensitivity of the emission rate
ratios to cross sections and this will be discussed later.
In all these calculations we have used the 1 erg cm~3s~!
Gaussian incident flux distribution, and the neutral at-
mosphere employed by Strickland et al. [1983].

3. RESULTS

3.1. Comparison With Previous Work

We have calculated the N2 3371 A, N} 3914 A, N7
4278 A, O 1356 A , and several N; LBH band emission
rates as a function of energy and these are shown in
Figure 4. This figure shows that both the 3371 A and
3914 A emission rates are independent of the char-
acteristic energy of the precipitating flux for energies
above 2 keV in agreement with the resuits of Strickland
et al. [1983] and Daniell and Strickland {1986]. Not
only is the shape in good agreement but, except for the
1356 A emission rates, the magnitudes are also in good
agreement. Although the shape of the 1356 A curveis
in good agreement with that of Strickland et al. (1983],
the magnitude is a factor of 2.5 lower owing to the use
of the revised cross section of Zipf and Erdman [1985].
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Fig. 4. Calculated emission rates as n function of the characteris-
tic energy for a Gaussinn energy distribution with a total incident
energy flux of 1 erg cm~—? s—!. When differences in cross sections
are taken into account, there is excellent agreement with the cal-
culations in Figure 8 of Strickland et al. (1983) and Figure 11 of
Daniell and Strickland (1986).
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We have included O, Schuman-Runge absorption which
affects both the 1356 A and the 1200-1600 A LBH
bands when the characteristic energies are high and the
electrons penetrate to lower altitudes [Strickland et al.,
1983]. The ratios of the LBH bands are taken from
Ajello and Shemansky [1985].

Our calculated second positive to first negative emis-
sion rate ratios are within 20% of the measured val-
ues for the N, emissions. At 10 keV, our 3371 A to
3914 A ratio is 0.3 compared to 0.25 from Sharp et al.
(1979} and our 3371 A to0 4278 A ratio is 0.98 compared
to 0.8 from Solomon [1989]. Solomon obtained better
agreement between his model ratios and the measured
ratios but there is sufficient uncertainty in the input
parameters to account for the differences.

3.2. Sensitivity of Ratios

We have performed some parameter studies to char-
acterize the sensitivity of the ratio of tlhe second positive
to first negative integrated emission rates to possible
errors in the model inputs. Obviously, a reduction of
20% in the 3371 A emission rate cross section would
bring the calculated and measured values into excellent
agreement but a 30% increase in the N, total excitation
cross section has a similar effect by decreasing the low
energy electron flux which is responsible for most of the
3371 A emission. Likewise, a 30% increase in the N,
total ionization cross section above 100 eV reduces the
ratio from 0.3 to 0.25 by increasing the 3914 A pro-
duct:-n rate. The integrated ratio is not sensitive to
chan_es of up to a factor of two in most other param-
eters including: the atomic and molecular oxygen in-
elastic cross sections, the O, O,, and N, elastic cross
sections and backscatter coefficients, and the relative
concentrations of the species. Ve estimate a possible
error of 10% in our computed average excitation and
lonization potentials but this has negligible effect on
our computed ratios.

3.3. Energy Budget

Th~ incident electron energy flux is initially parti-
tioned into a large number of excitation and ionization
processes before it finally emerges as heat for the tier-
mospliere or is radiated into space. Figure 5 shows the
gross energy partition amongst ionizations, excitations,
therma: -ectron heating and backscattered escape flux
as a function of characteristic energy. N ions capture
the greatest share of the available energy (35%). Exci-
tation of Ny is next with (20%) while only 15% is lost

througlh le escaping backscattered flux. This escape
flux is ch smaller than the 45% obtained by Banks
et al. . 4], possibly as a result of the use of different

cross sections and backscatter coefficients. Below 1 keV,
"-unization and excitation of atomic oxygen absorption

.e important energy sinks for the electron energy, but
they become small for high energy incident fluxes. Ab-
sorption in molecular oxygen shows the opposite trend,
becoming more important with the deeper penetration
of the higher energy fluxes. Thermal electrons capture
a greater proportion of the available energy, the lower
the characteristic en :gy.
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energy flux between ionization, excitation, thermal electron heat-
ing, and backscatter as a function of charncteristic energy. The
largest proportion of the energy (~38%) goes in::ially into the
jonization potential of the N;’ while (~20%) goes into N3 excita-
tion. Only (~16%) is backscattered out of the thermosphere. O
is nn important absorber of energy at the lowest energies while
03 becomnes increasingly important as the characteristic energy

ncreases.

3.4.

Downward moving fluxes at 120, 174, 223, and 326
km are shown in Figure 6 for a 5 keV incident Gaussian
flux with an energy flux of 1 erg cm~?s~!. The incident
flux can be seen centered at 5 keV in Figure 6. At the
two highest altitudes, there is very little degradation
of this initial Alux but the degradation is noticeable at
174 km and pronounced at 120 km. Because there is so
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Fig. 6. Downward moving electron flux spectra at several alti-
tudes for & 5 keV Gaussian incident flux. The incident energy
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little interaction with the thermosphere for high energy
electrons at the high altitudes. there are few degraded
primarties to fill in the region between 300 eV and 5 keV.
However, at the lowest altitudes this intermediate en-
ergy range is filled in. Comparison of the downward
fluxes in Figure 6 with the upward fluxes in Figure 7
reveals that, below 225 km, where transport is inhib-
ited, the electron flux is isotropic for energies less than
300 eV. At 326 km, the upward (escape) flux is a factor
of 2 larger than the downward flux at low energies and
orders of magnitude larger at intermediate energies.

4. CONCLUSIONS

We have developed an efficient two-stream auroral
electron model that incorporates the concept of aver-
age energy loss. This model produces integrated emis-
sion rates that are in excellent agreement with the more
sophisticated multi-stream model of Strickland et al.
(1983] but is in disagreement with the model of Rees and
Lummerzheim [1989] with regards to the energy depen-
dence of the N, 3371 A second positive emission rate.
Our calculations give a value of 35 eV for the average
energy lost per electron-ion pair produced independent
of primary electron energy and we have explained this
behavior in terms of the variation in the energy of the
secondary electrons. We find that more than 30% of
the initial energy flux is stored initially as ionization
energy of N7 while about 20% goes into excited states
of N, while only 15% is backscattered out of the ther-
mosphere. All other processes are minor except at low
incident energies where 20% of the energy is stored in
atowic oxygen ions.
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Images of the enure auroral oval at carefully selected wavelengths contain information on the global energy
influx due to energetic particles and some mtormation on the characteristic energy of the precipitating particies.
in this paper we nvestigate the sensitivity of selected aurorai emissions 1o changes in the neutral atmosphere. In
particular. we examine the behavior of Ol 1356 A and two Lyman Birge Hoptield (LBH) bands and their ratios
to each other with changing atmospheric composition. The two LBH bands are selected so that one lies in the
region of strong O» absorption (1364 A) and one lies at a wavelength where O- absorption 13 effectively negii-
mible (1838 A). We tind that for anticipated average uncertainties in the neutral atmosphere (factor of 2 at aurorai
altitudes). the resuitant change 1n the modeied intensities 15 comparable to or less than the uncertainty n the
neutral atmosphere. The smaliest vanations. tor example. are for | 1838 (approximately 10 10 20%) while the
largest variation 1s seen in the Ol 1356 A crmission which 1s imear with [O] to within 20%. We have also
investigated the dependence of these intensities. and their ratios. to much larger changes in the composition (1.¢.
[O1/[N.}) such as might be encountered in large magnetic slorms. or over seasonal or solar cycle extremes. \\L
lind that the varation in the | 1356/ 1838 ratio over the equivalent of a solar cycle 1s less than 50%. The
summer-to-winter changes are approximately a factor ot 2. The | 1356/1 1838 ratio1s a very sensitive indicator ol
the charactenstic energy. showing a change of 13 over the energy range 200 eV to 10 keV. The corresponding
change in the LBH long-to-short wavelengih ratio 1s much less (about a factor of 3). However, the latter 15
insensitive to changes in the neutral atmosphere 1 < 20% changes in LBH emission ratio for large changes in N-).
The three emissions theretore potentially provide a most vaiuable diagnostic of particle charactenstic energy and

cnergy tlux

1. INTRODUCTION

While 1n situ observations of energetic particles provide
accurate information on the particle charactenstics at the point ot
measurement. imaging from space of the cnure auroral oval holds
the potental for providing details on total auroral energy mflux.
estimates ot the charactenstic energy ot the aurorai particles. and
the capabthity o map and relate the footprint of this dernived
intormation back along the magnenc field lines to varnious regions
of the magnetosphere. Auroral imaging in the vacuum ultraviolet
permits observations of the regions of interest under both day and
mght conditions. Work by Rees und Luckev [1974] on the ratos
of visibie emissions. UV cmission intensity  calculations by
Stricktund er of. [1983]. and analvsis of UV auroral spectra by
Ishimoto er af. [1988] all indicate the potential value of using
ratios of emission intensities to study auroral processes. A major
tocus of work in this area at the present time 1s to establish the
guantitative footing on which such determinations can be pldud

With the exception of HI Lva. the Ol muluplets at 1304 A and
1356 A and the N> Lyman Birge Hopficld (LBH) bands are the
most prominent vacuum ultraviolet auroral emissions. The Ol
1304 A cmussion has a high efficiency tor muluple scattening. As
4 result, it has limited use for actual auroral imaging. although it
does have potennal value as an indicator of the O concentration.
While the 1356 A emission does undergo muitiple scattering. the
etficiency s relatively small [Strickland and Anderson. 1983] and
we 1gnore muitiple scattering for | 1356 for this study. Similar
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considerations allow us to also ignore multiple scattering for the
N. LBH emissions that are also considered in this study. The OI
1356 A emission is absorbed increasingly by O, with decreasing
alitude. Thus its intensity varies strongly (inversely) with
increasing depth of penetration of the incident auroral electrons
and hence with increasing energy. The N, LBH transitions are
clectric dipole tforbidden and the only prominent excrtation mech-
anism 18 clectron impact. The LBH emission may therefore serve
as a direct measure of the total energy flux of charged particles
into the atmosphere. The longer wavelength LBH bands. which
lie outside the region of substanual O, absorption. are useful
indicators of the total energy influx. while the long-to-short
wavelength LBH intensity ratio provides information on the O,
and thus also some information on ecnergy. These are the
emissions (Ol 1356, long and short wavelength LBH) on which
we shall concentrate in this study.

The purpose of this paper is to examine the sensitivity of these
emissions to both likely uncertainties and anticipated changes in
the neutral atmosphere. This is just one step in the process of mak-
ing quantitative interpretations of auroral images. but an
important one. We will consider other aspects (energy spectral
characteristics and wavelength spectral extraction) elsewhere. In
this paper we conduct a series of sensitivity studies using an
auroral emission code that has been developed by our group
(Richards and Torr, 1990]. The results are discussed below.

2. DESCRIPTION OF AURORAL CODE

The behavior of auroral Ol 1356 and N- LBH emissions has
been studied with the use of an auroral computer model. The
model is a two-stream auroral electron energy loss code that deter-
mines the energy degradation of the primary spectrum as a func-

-y
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ton ot energy and altitude and determines the production rates ot
prominent auroral emissions. A more compiete description ot the
program. the selected cross sectiens. and companison with other
auroral models is given by Richar.i and Torr [1990). The
Na(a'm. cross section. as well as t* r:u0s of the individual LBH
bands are taken trom Ajello and Sncmansiv [1985]. Attenuauon
due to malecular oxvgen absorption 1s cxplicitly computed with
O, absorption cross sections taken from Ogawa and Ogawa
[1975] and Hudson {1971]. The modei currently assumes that O-
absorptton at wavelengths bevond 1750 A can be 1gnored.

The modei is optimized by tncorporating variable energy bins
[Torr er ul. 1974: Swartz. 1985] for the energy grid. To prevent
numerical instabilities and violation of energy conservation. the
altitude gnid 1s variable to allow small grid steps (less than | km)
at low aititudes. As a resuit, cnergy s typically conserved
to within 10%. The code uulizes either the MSIS-86 neutral
atmosphere (Hedin, 1987] or a user-supplied atmosphere. Either
monoenergetic fluxes or a specitied energy spectrum may be
used. The incident cnergy spectrum may be modeled as a
Gaussian or Maxwellian distribution. after Strickland et al.
[1983] (hereafter S/W). or a user-suppiied distribution may be
used. All simulations reported below employed a | erg cm = s '
Gaussian incident tlux distribution. The Gaussian scale parame-
ter. labeled W in S/W. has been set equai to 0.25 E,, which
vields a full width at half maximum of 0.5 [{In2]"? E.n.. wWhere
Ecnar 15 the charactenstic energy.

3. SENSITIVITY STUDIES

The emission studies reported here involved modeling auroral
emissions at local midnight at 60 degrees north latitude. Table |
lists the MSIS parameters used in this studv as well as detailing
the range of solar acuvity investigated in the latter pan of the
study.

TABLE | MSIS Model Parameters

Solar Activiy

Mingmum SModerate Maxamum
b em Flux Index TS FH 200
\wverage by, 0oom Index 7s 1o 200
\p Magnene Activity index 4 20 HK)

Geographic latitude. 64 degrees: geographic longitude. O degrees: solar
apparent tme. (.0 hours: davs 173, 356

Three emission ratios were studied. The tirst rato was Ol 1356/
[LBHi.n,. where LBH.,N designates an N. LBH cmission not
strongly dominated by O- absorption. Specificatly. the (2.8) band
at 1838 A was chosen tor this purpose. Second, the ratio Ol 1356/
LBH.,,» was also modeled to investigate the relative influence ot
absorption by moiecular oxygen. Here. LBH han is represented by
the (1.1) band at [464 A. By analogy with the previous definition
LLBH.yon i an LBH cmission which 1s strongly absorbed by O-.
The final rano studied was LBH,,,, LBH. o The volume emis-
ston rates integrated over altitude give the surface brightness or
column intensity of the emission which we shail designate [ 1356,
[ 1464, and | 1838. These are the intensities that would be seen by
a nadir viewing instrument trom above the emussion layer.

3.1.  Sensituviry to the Uncertainty of a Single Constituent

The first question we chose to investigate was the dependence
of the seiected emissions and emission ratios on the uncertainties
at any given time in our knowledge of the neutral atmosphere. We
have assumed for this purpose that if we base our caiculations on
the MSIS-86 model atmosphere. the concentrations of O, O,, or
N at auroral altitudes may on the average be uncertain by as much

ORIG.RAL PAGE IS
OF POOR QUALITY
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as a factor of 2. There will be occasions on which the uncertainty
will exceed a factor of 2. but typicallv it will be less. This is
similar to studies performed in SJW, but extends the investigation
to study the dependence of auroral emissions to each of the major
atmosphenc constituents. In addition. in section 3.2 below. we
further extend the study to inciude larger compositional variations
due to seasonal and solar cyclic vanations.

The unperturbed. or reference. atmosphere is an MSIS model
for high solar activity at summer solstice. Figure 1. Figure 2
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Fig. 1. MSIS-86 reference atmosphere used as the standard case in this

Judy (Day = 173, Fyy 7 = 200, Ap = 100).
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Fig. 2. Nadir viewing column brightnesses (I 1356. [ 1464, and 1 1838)

calculated using the reference atmosphere shown in Figure |. The
diamonds here and in the remainder of the figures show the selected
cnergies for the incident electron energy

Gaussian  charactenstic

distribution.
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<hows the computed I 1356. 1 1464, and | 1838 intensites tor this
model atmosphere as a function of encrgy over the range 200 eV
to 10 keV as determined by our auroral code. In what follows we
~hall compare these results with those obtained when each of the
atmospheric constituents (O. O, Nab is. i tum. individuaily
muitiphied by 2 at all altitudes. while the other two are held
constant,

Before examining the results of these atmospheric changes. let
us consider the possible impact of the changes. Doubling the con-
centration of a constituent might at tirst be expected to double the
ctfect of that specie on the column brightness of the momtored
auroral emissions. In reality. however. there are a number of
possible options in the interaction of the penetrating electrons and
the atmospheric gases that render the situation more complex. An
clectron of a given initial energy will undergo a fixed number of
collisions in a particular gas before thermaiizing. Thus in the very
simpie case of a single constituent atmosphere. changing the con-
centration simply raises or lowers the altitude of the peak energy
loss (and peak ermussiony. This example (singie-constituent
atmosphere) 15 representative of those altitudes in which the con-
centration of one atmospheric constituent dominates. From Figure
| it can be seen that (for the conditions chosen) O tends to
Jominate above 400 km and N- tends to dominate below 300 km.
In a muxture of gases, increasing the concentration of one specic
relative to the others may also have the effect of raising the
penetration depth. However, the gases will compete tor incoming
clectrons n proportion to their mixing ratios and collision cross
sections. and the ratio of the resuiting emissions changes
accordingly. i )

Figure 3 shows the volume emission rate profiles for Ol 1356 A
photons for the reterence atmosphere case for selected energies.
Only the very soft electrons (<200 eV) lose their cnergy in the
altitude region where O is the major species. All other energies he
in alutude regions where the various gases can compete for
collisons with the precipitating electrons. Thus. for example,
increasing the concentration of N. will resuit 1n a decrease in the
production ot Ol 1356 A photons. because clectrons that would
have collided with O atoms now have an increased probability of
colliding with Ny molecules. The resuits of changing the O, O-.
and N concentrations individually by a factor of I are shown
Figures 4 and S

500 .

400 .
€ 300 -
x 0.2 kev
[

3 0.4 kev
= 200 4
<
2 kev
100 o
p—— 20 wew _
0 N I U TUTH L I T TTY! NG I U TV I7! Wi
0.01 0.3 1 10 100 1000
Production Rate (cm™ s™)
Fig. 3. Volume emission rate profiles for OI 1356 A tor the reference

aimosphere shown in Figure 1.

Figures +a and Sa show the impact on the computed Ol 1356 A
and LBH surface brightness of the doubling of [N.). The 1356 A
intensity at 2 heV drops to 65% of the reference modei. and then
rises back to 869 of the reference model by 10keV. The 1 1356 is
reduced at all modeled energies due to the fact that there are now
more coliisions with Na. with a corresponding decrease in the
production of () emissions. The decrease 1s not a full factor of 2
hecause of the abundance of atomic oxvgen at the higher aititudes.
For the very lowest energies thighest altitudes). where [N»] is
much less than {O]. the 1 1356 should tend to an intensity level
unchanged from the standard case. as the emission is simply
raised in altitude. The modeled emissions do not include initial
cnergies less than 200 eV which would lose their energy above
200 km. but the lowest energy cmissions do show this trend. At
the higher energies. the emission 1s produced primarily at aiti-
tudes where N> is the major constituent and increased N, does not
result in a sigmficant change in the competition between O and
N..

For the LBH [464 A cmission. doubling the N» reduces the
relative concentration of the dominant absorber. O,. Thus tor the
higher energies which penetrate to greater depths. the emssion
from the increased N~ overwhelms the O- absorption. Absorption
by O, is not significant for the LBH I838 A cmission: there is thus
little dependence on the energy of the incident clectrons.

Doubling the O- density (Figures 4b and 3b) increases the
absorption of 1 1356 and I 1464 at the higher energies (lower
altitudes) resulting 1n reduced column brightnesses. The LBH
1838 A emission is relatively unaffected by O absorption and is
influenced only by increased competition for collisions of the
cnergetic particles with 0. molecules. However. since (N,}
remains the major specie relative to {O]. 1 1838 shows only small
changes.

The effect of doubling the (O} is shown for 1356 in Figure 4¢
and for the LBH emissions in Figure S¢. For | 1356 the effect is
close to a factor of 2 increase in the emission at all cnergies, while
for the LBH emissions there 1s almost no ctfect at all energies. For
the very fow cnergies (not modeled) where O 1s the major con-
Jtituent. the etfect of doubling the O is simply to raise the aititude
of the 1356 A cmussion. The trend to an unchanged ecmission can
be seen at the lower energies. For the LBH emissions. the etfect
of doubling the O concentration is only scen at the very low
energies (high altitudes) where the competition with Ny is further
increased. In the altitude regimes where N is a larger component.
the O does not play a signiticant role.

From the results shown in Figures 4 and 5 it can be seen that
ancertainties of a factor of 2 in any of the principal ncutral atmos-
pheric species translate into uncertainties of less than 20% for [
1838. The LBH 1464 A emission shows variations up to 70% for
factor of 2 uncertainties in |N-} and less than 40% vanation due to
other constituents. Ol 1356 is weakly sensitive 1o changes in O
and N-. but varies almost tn direct proportion to changes in O.

3.2, Sensitivity to Larger Compositional Changes

The neutral atmosphere exhibits relatively large compositional
changes in the course of the seasonal. solar cvclic and magnetic
storm variations. In this section we report the resuits of our
assessment of the dependence on the computed emissions chosen
for this study to changes of this magnitude. In order to simulate
changes we have varied the input parameters (F, 7. AP. day of
vear) to the MSIS-86 model atmosphere. yiclding neutral atmos-
pheres at summer and winter solstice for conditions corresponding
10 low. moderate. and high solar acuvity {Table 1). The relative
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Fig. 4. Ol 1356 dependence on (O], [O,]. and |N,]. Each curve shows [ 1356 for the doubled constituent case divided by [ 1356

trom the standard (unchanged) case.

compositional changes produced by these cases are iliustrated in
Figure 6.

) The variations 1n the emission ratio of Ol 1356 A to LBH 1838
A due to such composition changes are illustrated in Figure 7.
This particular ratio is very sensitive to incident energy. For any
given atmospheric conditions, the ratio varies by a factor of 13
over the energv range shown in the figure. What is interesting 10
note in Figurc s that the vanation due to the compositional
changes produced by solar activity variations (low. moderate, and
high F, ; cm tlux) are small (<30%). while the vanations resuit-
ing from compositional changes of the type produced by seasonal
vanations are much larger (about a factor ot 2). In Figure 8 we
show the energy dependence for these various composition cases

is relatively insensitive to the changing atmospheric conditions,
while the Ol 1356 is found to be primarily responsible for the
vanations shown in Figure 7.

The reason for this can be seen in Figure 9 which shows the
ratio o the individual concentration changes relative to the
standard case. Figure 9¢ shows that the atomic oxygen concentra-
tion (for altitudes below 300 km. which correspond to the initial
energies modeled here) is significantly higher tfor the winter cases
than the summer cases.

Figure 10 shows the modeled volume emission rate altitude
profiles for the solar minimum and solar maximum summer cases.
As the atmosphere expands under the mfluence of increased solar
activity, the production rate for a given energy peaks at higher
" note 1s the fact that the behavior of the production

for the individuat 1 1356 and [ 1838 inwensities. The LBH intensity  altitudes.
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Fig. 5. LBH dependence on [O]. [O,]. and [N,}. Each curve shows the LBH intensity for the doubled constituent case divided by

the LBH intensitv tfrom the standard (unchanged) case.
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rate profiles for electron energies below 2 keV is markedly dif-
ferent from that above 2 keV. The altitude at which this energy
loss peaks is approximately 140 km. This is the altitude below
which O, becomes a competitive constituent (see Figure 1).

Figure 11 illustrates the effect of local O absorption. As would
be expected. for emissions lying outside the region of O, absorp-
tion (LBH 1838), the production rates are unchanged by local O,
absorption. For emissions within the Schumann-Runge absorption
continuum, however, the shape of the emission rate profiles is
changed significantly due to local O, absorption.

The final ratio modeled was LBH ong/LBH hon (Figure 12). The
ratio of LBH 1838 to LBH 1464 shows a dependence on the
incident electron energy that varies oniy slightly with solar
activity. As above, this variation can be explained by the relative
densities of N, and O,. The observed vaniability from solar
minimum to solar maximum is due to changes in the O; column
density and hence in the O, absorption.

4. DISCUSSION

We have shown the intensity ratio Ol 1356/LBHong t0 be a
useful diagnostic for determining the characteristic energy of the
auroral particles using LBHiong to be LBH 1838. The I 1356/
1 1838 ratio is a very sensitive indicator of characteristic energy,
changing by a factor of 13 or more over the range 200 eV 10 10
keV. but this ratio can vary by up to factors of 2 with changes in
the neutral atmosphere. Almost all the change 1s due to variations
in I 1356. In addition. the [ 1838/1 1464 ratio shown in Figure 12
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s found to be another potentially useful determinant of
characteristic energy. The N> LBH long-to-short wavelength ratio
varies by about a factor of 3 between 0.2 and 10 keV but, unlike
the Ol 1356 emission. is almost insensitive to changing atmos-
pheric composition. The longer wavelength LBH bands are also
useful indicators of the total energy influx, while the long-to-short
wavelength LBH intensity ratio provides information on the O,.

Other workers have also attempted to use optical emissions to
characterize the auroral electron precipitatio  ~or example,
Ishimoto et al. [1988] studied a similar ratio (Ol 1,56/LBH 1928)
using a recent version of the Strickland model. Their modeled
emission ratio shows a sensitivity of 9 between 1 ana !0 keV, in
good agreement with our resuits. In their description of the auroral
code used in this study, Richards and Torr {1990] conduct a
comparison between the two-stream model used here and the
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more sophisticated multi-stream modei of S/W and find good
agreement in the shape of the Ol 1356 emission curve. (Dif-
ferences in magnitude are due to the use of revised Of cross
sections in our model.} In addition to these studies. Rees und
Lummerzheim [1989) have suggested the N> 3371/N.~ 4278 emis-
sion ratio as a determinant of the incident auroral energy. Therr
resuits. however. disagree with calculations by SJW and with our
model, which shows the 3371 emission to be independent of
characteristic energy above 0.5 keV [Richards and Torr. 1990].
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We have investigated the sensiuvity of O 1356 A. LBH 1464
A. and LBH 1838 A auroral emissions to changes in the neutral
atmosphere. Our studies show that Ol 1356 varies linearly with
[O] to within 20% and shows much less vanation with other
atmospheric constituents. The LBH 1838 A intensity is relatively
insensitive to typical uncertainties in the neutral atmosphere (fac-
tor of 2 at auroral altitudes). 1 1464 shows larger variations
hecause of its additional interaction with O,. Our results are in
good agreement with similar sensiuvity studies pertormed by S/W
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of focal O- absorption. The dashed curves are with local O. absorpuon.

who used a Jacchia model atmosphere [Jacchia. 1977] to model
Ol 1356 dependence on [O1 The dependence of these intensities
on much larger changes in the composition such as might be
encountered over seasonal or soiar cvcle extremes has also been
investigated. It is found that the Ol 1356 A intensity 1s sensitive 10
compositional changes whiic e N> LBH long waveiength emus-

sion 1s relativelv insensitiv . such changes.
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The capability has been developed 10 model thermospheric airglow emissions on a sermglobal scale (L < 5).
This model produces volume enussion rates as a tunction of altitude. latitude. longrtude. and local ume for any
selected date. and solar and magnetic condions. The model can thus be used 1o provide three-dimensional maps
ol the selected emission tor companson with data oblained trom orbiing vehicles. As such 1t becomes an
essential tool 1n the planning and interpretation of aIrglow observations. A umgue teature of the modei 15 that it
incorporates tull interhemispheric coupling by solving ail the appropnate coupled equautions along the magnetic
flux tubes from the mesosphere In one hemisphere to the mesosphere in the other hemisphere. As a result the
etfects of conjugate photoelectrons (and heat Huxes) can be tully expiored. In this paper we select two thermo-
sphenc emissions with which to demonsirate the capabuity. The firstis the 7320-A emission Itom the metastable
O~ (*P). The second 15 the permitted cmission at 3371 A from the N second postive 00 band. These two
emissions. for which the photochemistry 15 relatively well understood. are used to show the seasonal. diurnal and
solar cychic vanauons on a scale that covers mid- and jow-latitudes. and the etfects of interhemisphenc coupliing

(conjugate photoelectronst.

[NTRODUCTION

Airglow cmissions are important indicators of atmospheric
composition and the mechanisms responsibie for the production
and loss of the particular excited state trom which the airgiow 1s
radiated. For example. the 00 band of the Ny second posiive
svstem. which radiates at 3371 A_ s excrted in the airglow by
photoelectron impact. and s fost only by radiation. As a result,
this emission s an excelient indicator ot the photoelectron excita-
non rate [Kopp eraf.. 1977]. The O 7« “P)y metastable state. which
radiates at 7320 A. s excaited both by photoelectrons and by
extreme ultraviolet photons. However, because it 1s a fong-hved
state. it is lost by yuenching by O. N and electrons in addition to
radiation. Thus at high alttudes. where radiation 15 the dominant
loss mechanism. the 7320-A emission can be used to infer cither
the atomic oxvgen concentration or the solar ultravioiet flux if the
other 1s known |Mernwvether et al.. 1978: Ruseh er al . 1976].

In the past. a number of detailed studies of these emissions have
been made using measurements of the surface brightness altitude
profiles obtained from orbuing spacecraft (see. for example.
Walker et al. [1975) and Rusch et al. {1977]). In this study we

have globally modeled these two emissions for a vanety of

conditions.

The model we have used here is one that we have steadily
developed over the years. We solve the coupled time dependent
energy. momentum. continuity, and photoelectron  transport
cquations from 80 km in one hermsphere. along a nield line to 80
km in the other hemusphere (Figure 1) {Young er al . 1980a.b:

Copyright 1990 by the American Geophysical LUnion

Paper number YNJAOTOT0
DE4%-0227 90 YOJA-01010805 ()

Richards and Torr. 1985a. 1988). The equations that are solved

arc summarized below:
| lon continuity equation for major ions is given by

ﬁ = Q= LN, -V, (h
i
where N, is the concentration of the jth major ion. Q, and L, are its
production and loss trequency. respectively. and &, is the ion flux
defined below. The electron density 1s assumed to be equal to the
sum of the ion densities.
2. Momentum equation is given by

b, = NU; @
where
Vi, | mG | | T.T,
=({ 2 \y -p, { Lon, - =L+ VT, +=—FN,
U, (.\;(V))U} ' (N, ‘TI T: ne

1 N Qi a-;‘ Vin
+VT,. + —LOT, - 2LVT, |}+ ( ==V 3
T RN, (T, T, f)) (E(v)) A

where U, is the neutral wind velocity and where the subscnipts i
and j are applied first 0 O" and H”® respectively, and then
to H* and He* respectively. O™, H™, and He* are coupled
through collisions and the polarization clectric ficlds. Since the
influence of O and He* on H* becomes significant in dif-
ferent altitude regimes and since the effect of He ™ and 07 is small
due to their mass ratio, this decoupling of a system of three major
ions into 2 pairs of major ions considerably simplifics the numer-
ical calculation of the major ion densities. Here ay; and a;* are
thermal diffusion coefficicnts and D, is the ordinary ion diffusion
coefficient of species i, as in the work by Sr. Maurice and Schunk

{1977].
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3. The thermal clectron energy equation is

3Nk ”—IT = —NAT.Y-U. -% NAU ST, -Voq.+30, - 5L,
- f
= {4)
4. The ion cnergy cquation iy
iT,
3Nk DL = -NATN-U -3 NAU ST - T+ X0, XL
- - (5)
5. The ion heat flow equation is }
| Ny,
, = — | =AVT, - —/—ANT, 6
R ( N, ) ©

6. The ciectron heat flow equation is
ge = —ANVT, (7N
The thermal conductivity coefficicnts A, and XA, and the term
£ = v, v, (v,
where v,", v,". v,. and v;" arc the effective collision frequencies.
are given by St. Maurice und Schunk [1977]. The ion-ncutral

collision frequencies v,, are from Schunk and Nagy |1980].
7. The photocicctron Liouviile cquation ts given by

d ®° . a4 q”
B=— = -T:"+T o + + (8
ds 8 ‘ I<cos 9> <cos 6> L
d & - 9 g
B L =Ty + Tt + N
ds B 2 1 J<cos 8> <cos 8> (
where
& (E.s)  photoelectron flux outward along 5.
& (E.s)  photoelectron flux inward along s;
4(E.5) photoelectron production rate in the range £ (o

E + dE due 1o dircct tomzation processes:

q* photocicctron production in the range £ to E+dE
due to cascading from higher cnergy photoelcctrons
undergoing inclastic coilisions;

<cos &>  average cosine of pitch angle.
B magnenc ficld strength:
T, = ¥ uplot
k ,
7. = S ot +plel):
k

Fig. |. Illustranon of the interhemispheric nature of the code i which the
coupled and time denendent equations are solved from 80 km 1n one hemi-
sphere. along a field line. to 80 km in the conjugate hemisphere.
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and

i, Ath species number density:

p.0 photoelectron backscatter probability for elastic con-
ditions with the Ath species.

,' photoclectron total scattening cross section for elastic
conditions wuth the Ath species:

a.* inelastic cross section tor excuitanon of the Ath part-

icle species.

The model includes an option to increase the O™ -0 collision
frequency as recommended by Burnside ¢t ul. [1987]. The use of
the Schunk and Nagv {1980} values here does not significantly
influence the resuits of this paper.

The above tormulation corresponds to conditions where the dif-
terences between species temperatures and flow velocities are
assumed to be small. i.c.. stress and noniinear acceleration terms
are neglected. In addition. density and temperature gradients
normal 10 the geomagnetic ficld lines are neglected and we
assume that the electron and ton temperature distnbutions are
1S0tropIC.

The continuity cquation 1s solved using a rather unique
approach. We can rewrite (1) in terms of a funcuon £

aF =By WU -0 FLN, (10)
Then. using a Newton itcrative procedure to find the minimuni of
F. we solve for the density at the grid point, ;. Figure 2 shows
how the ficld line is divided into clements about the actual grid
point j. The lower limit of the clement (¢) is placed midway
between the grid points j and j— {, and the upper it (w) is pla-
ced midway between j and j+ 1. The wower mit of one clement is
the upper limit of the preceding element. We then integrate (10)

between « and ¢, and obtain the densitics by solving

u | ((’]N <N,,,U,,, N 'U">
F = Ao+ lds + | ———--——= 0 (1l
Ja G ot T\ T, (o

where B is the amplitude of the magnetic field. The vatues of aN/
a1, 0, and L arc obtained at the limits of integration, u and £. by
interpolation between the actual grid points.

in the past. many models have encountered numerical problems
above about 3000 km. due to the large diffusion coctticient in this
region which results in smail density changes producing large
changes 1n veiocity. At lower altitudes. both ion-ion and ion-
neutral collisions are important. while at greater altitudes. colli-
sions become less important and the plasma can be accurately

Fig. 2. The numericai grid scheme used for the solution of the continuity

cquation.



TORR B

described using a diffusive equilibrium approach. The solution of
{11 disungwishes this model from previous methods which evai-
uate the terms of the integral at only one point. As can be seen
from ( 11y and Figure 2. the tlux at the upper limit of one element
becomes the flux at the lower limit of the next ciement. These
fluxes must be identical and hence this method has been called the
“tlux preserving scheme.” Furthermore. the tlux at any grid pomnt
15 closelv tied to the tlux at neighboring grid points. allowing
stable ~olutions even for regions where targe changes would give
rise 10 unstable solutions with other numerical methods.

The modetl starts at noon with “best guess’™ initial values. [t 1s
allowed 10 run for 12 hours (in local tme) before results are used
in order to reduce dependence on initial conditions. [t has been
found that the ionospheric densities over a midmight to midnight
diurnal cycle typicaily repeat with only small ditferences due. tor
cxample. to plasmaspheric refilling. The plasmaspheric H™ and
He ™ contents are initially low, and the flux tubes are allowed to fill
continuously. The transport equations tor the three major tons.
He™. H7™. and O7. uare carmied out m two steps. As
mentioned above., the coupled O~ and H™ eyguations are solved
tirst, 1ollowed bv the He™ and H™ cquations. whcre the latter
use the O7-H 7 results. Thus the eguanons tor the three major
wns are essentially solved in a simultancous manner. Below
approximately 180 km. NO ™ and O, 7 become major ions. but
are obtamed from photochemical cquilibrium calculations.

The numenical solution of these cquations. boundary conditions
and other detatls arc turther discussed by Young e al. [1980a.5].

The full interhemispheric coupling is difficult to handlc. bul
once incorporated it imposes no artiticial upper boundary con-
ditions tor both thermal and photoelectron tluxes. This s most
important tor thermal coupling and the proper treatment of con-
jugatc photoclectrons [Richards and Torr. 1985h] which can be
significant 1n the calculation of airglow cmissions. Typically.
attenuation of the conyugate photoeiectron tlux by Coulomb colls-
sions results i approximately 3% The model
includes the option to specity foss due to piteh ungic scatienng
which we assumed to be zero tor this paper. A nlted dipole
dpproximation 1 used for the Earth's magncuce field {Richards
and Torr. 1986a)].

The concentrations of the major neutrai species are provided by
the MSIS-86 {Hedin. 1987] to the model which then computes the
concentrations of minor and excited state species and major ions
{Torr. 198S: Richards et al.. 1982a. 1986b]. In this paper u
simple model giving daytime poleward winds and equatorward
neutral winds was employed. This behavior 1s consistent with the
results obtained using the methad ot Richards and Torr [19865]
and Miller et al. {1986]. The model includes the option to use
model winds of Hedin er al. [1988]. Killeen ¢r al. 1987} and
Killeen (private communication 1989). Note, (f the Hedin et al.
[ 1988] model 15 used. the O ™ =0 collision trequency of Burnside et
«l. [1987] should be used in order to produce the observed /,,£2 at
might.

The chemistry of all significant emutuing species is incorporated
in detail. including the excitation of the metastable states {M. R.
Torr and Torr. 1982] and vibrational states (Richards et ai.,
1986a; Richards uand Torr. 1986¢]. und the odd nitrogen
chemistry [Richards et al.. 1981. 1982b: Richards. 1986]. The
vibrational popuiation distributions of N, are determined. an
important factor in calculating the ionosphenc O and N,
concentrations. The model aiso includes caiculation of the vibra-
tional popuiations of N» ™. but this does not significantly atfect the
results reported here. The photochemistry 15 that described by

energy foss

M- D Low-L i oF THERMOSPHERIC EAINSIONS

20149

Torr {19851 as updated and shown here 1n Table | and illustrated
i Figure 3. Al cquatorial latitudes. where electric fields play an
important role. the clectron concentrauons are obtained from the
fully analytical tonospheric model of Anderson et al. [1989].
Elsewhere. the clectron densities are computed scit-consistently
kv this model. The transition occurs between L = 1.5 and 1.8
with interpolation between these L shells. The major elements of
the cade are shown 1n Figures 4« and 4h. The solar EUV flux 1s
obtained in the following way. For solar minimum (£10.7 = 71)
the model utilizes the F74113 reference spectrum trom Torr et al.
[1979]. with the tluxes below 250 A doubled as recommended by
Richards and Torr [1983] and supported by Ogawa und Judge
[1986]. For other levels of solar acuvity. cach of the 37
wavelength intervals 15 scaled linearly as a function of F10.7
using the solar maximum measured flux at £10.7 = 206 given by
Torr and Torr {1985]. For further details. sce Richards and Torr
[1988]. which also provides the cross sections uscd.

The main outputs of the model include ion densities (O7.
O°(S). O CD). O°C¢PL, H™. He™. N7, NO™. N.".
N.TH). neutral densities (NCS). NCD)Y. Ni*P). NO. O('D).
OC'S). NJA'ST). Ny electron and ion temperatures and
flow velocities. the photoelectron flux. and a large number of
cmissions (see Figure 4a).

During the Atmosphere Explorer C. D. and E program.
numcrous studies were conducted which compared the photo-
chemistry of the code with in situ measurements of species con-
centrations. The photochemistry vields results consistent with the
dJata base taken over the lifetime of the AE satellites. Generally.
very good agreement with measurements has been obtained with
reeard to ull parametcrs with the exception of high altitude
clectron temperatures 1 the plasmasphere and ionosphere {New-
berrv et af.. 19891 The model has been extensively tested against
comprehensive satellite and incoherent scatter radar data bases
[Younge of al.. 1980a.b. Chandler et al.. 1983: Richards and
Torr. 1988: Newberrv et al ., 1989 Horwiz er al.. 1990: Richards
of af . 19%9]. Apart from the input parameters tsuch as data and
location) the only free parameter i the code s the pitch angle
cattering of photoclectrons in the plasmasphere. In sts present
form. the model 1~ ideally suited for studies of the airgiow
CIMSS1ONS.

The code is run on the Murshall Spuce Flight Center CRAY
NMP computer. Values of output parameters ure provided on a
2lobal gnid ot potnts. providing results in a latitude. longitude.
altitude. and local nme mesh for any selected date. or solar or
magnetic conditions. For the cases discussed 1n this paper. we
have run the model for [44 flux tubes. which corresponds to 144
northern and 144 southern hemisphere locations. Figure 5 shows
the locations of the tield lines along which the cquations arc
wolved. These are constrained to L < 5§

We have chosen the O 7¢°P) emission at 7320 A and the N,
weeond positive 0=0 band crmssion at 3371 A for the inital global
modeling. The calculations have been made for November 28.
1983 for which the F10.7 cm flux was 89, and the Ap index was
21 Thus the November 1983 calculations correspond to a period
of relatively low solar activity. An earhier example of the results
for the 7320 A case has been shown by Torr er al. [1990]. The
results shown here represent a significant improvement over the
Torr et al. [1990] casc. in that we have added approximatety 50
more flux tubes at low latitudes (144 versus 96). In addition we
have used much smaller time steps through the twilight conditions
(5 minutes versus 20 minutes). For comparison. we have also run
the calculations for the same day of vear. but tor conditions
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TABLE i. Summary of Photochermistry Used in the interhemispherc Model

Reaction Rate Coefficient (cm” s™9
Number Reaction or Rate (s7") Reference
l. O + ¢ 20 + hv ~4x 107" (T/3000 7 Torr [1985]
1 0. + >0+ 0 16 x 1077 (3007, * for T, = 1200 K Torr and Torr (1981):
2% 1077 (300/T,)" 7 for T. < 1200 K Mehr and Biondi [1969]
3. 0" + 0.+0." + 0 2 X107 (T, +2 T3 x 300578 Chen et al. [1978)"
4 0% + N;»NO™ + N 1.533x 1072 — 5.92x 107" (T, 300) St. Maurice and Torr {1978}
+ 8.60 X 107" (T 300Y Albrition {1978].
for 300 < T,y < 1T00K Chen et al. [1978]
273X 107 — 1.155% 107" (T,/300)
+ 1.483% 107" (T 300)
for 1700 < T, < 6000 K
5. NO* + e~+»N + O 4.3x 1077 (T /300y Torr and Torr {1979]
6. N." + ONO™ + N 1.4 1079 (T/300)~* for T, < 1500 K McFarland et al. (1974). Torr [1979)
7. N:" + e"+=N + N 2.1x 107 Abdou er al. [1984)
8. N." + 0+0" + N, 0.07 kg (773000 %! McFarland et al. {1974]
9. N:7 + 0,=+0," + N, 9.4 x 107" exp ( —0.002 Ter) Lindinger et al. [1974)
10. N + 0,+0." + N 4x 107" Huntress and Anicich {1976]
il N + 0.+NO™ + O 2x 1070 Huntress and Anicich {1976}
12 N* + 0.+NO" + O('Dy B =07 Langford et ai. {1985}
13, 0, + N=NO™ + O 1.2x 1o Fehsenfeld (1977]
14. 0, + NO+NO™ + O, 4.4x 1077 Lindinger er al. {1974}
15. 07(*D) + Ny+N," + O g x 107" Rowe er al. {1980]:
Johnsen and Biondi {1980]
16. 0°(D) + 0407(*) + O $x107"? Abdou et al. [1984]
17. O*(*D) + 0,+0," + O 7% 107 Johnsen and Biondi {1980}
18. O (D) + 4075 + & 6.6 107 (300/T,) * Henrvy et al. [1969]
19, O (PY+0"(*D) + hv 0.173 s Seaton and Osterbrock [1957)
20. OT(PY=0"(*S) + hv 0.047 s~ Searon und Osterbrock (1957]
24 O°(P) + e>0"(D) + ¢ 1.5 1077 (300T,) * Henry er al. (1969}
2. 0Py + e 20"0D) + € 3.7%x10™ - (3007 * Henrv er al. [1969)
23 O (*P) + N, - products 4.8x107" Rusch et al. {1977]
24. O*(:P) + O products 5.2x 107" Rusch et al. (1977}
3s. He + hv+»He™ ~ ¢~ 3.0x10™ - 1.2x107 (¢) Torr and Torr {1985]
26. He® + N.>N™" + N + He 1 x 107 Adams and Smith (1976]
27. He™ + N.=N," + He 65.5x 107'° Adams and Smith {1976}
28. 0" + HH™ + O 22x 17Tyt derived from Banks and Kockarts {1973]
29, H* + O0>0" + H 25% 107 (Tt derived from Banks and Kockarts {1973}
30. 0° + NCD)»N" + O 5x 07" Torr et al. {1979]
3L NO* + ¢"+N(D) + O 8 - ks where 3 = 0.76 Klev er al. [1977)
32. N," + e N(D) + N B kywhere = |9 Queffelec et al. [1985]
33. N2™ + O=N(D) + NO~ B - ko where B = 1.0 Frederick and Rusch {1977]
34 N* + 0;,=+NCD) + 0,” B - kg where 8 = 1.0 assumed
35. NCEDY + O+NCS) + O ~Tx 107" Richards er al. [1981]
36. N(ZD) + O,>NO + O 6x107'? Lin and Kaufman {1971}
37. NCD) + e N('S) + & 5% 107" (T/300) ° Frederick and Rusch (1977]
38. NeD) + 0,">NO™ + O 1 x 107" Dalgarno {1970]
39. N(§) + 0,+NO + O 4.4 107 exp (- 3220/ Becker et al. (1969]
40. N + NO+N, + O 34x 107 Lee et al. (1978]
4L 0. + hv>0('D) + O B = 1:1(0)sr = (1.5-2.8)x107 Torr ez ai. (1980}
42 0," + e 2>0('Dy + O B ky where 8 = 1.2 Abreu er al. [1986]
43. O('D) + N.»0O(P) + N, 2.0x 107" exp (107.8 T,) Streit et al. [1976]
44, o¢'D)y + 0,>0¢P) + O, 2.9% 107" exp (67.5/T,) Streit er al. [1976)
45. O('DYy>O*P) + hv 0.00934 Fischer and Saha (1983]
46. N(ZD) + 0,=20('D) + NO ~5x107"? Rusch et al. (1978). D. G. Torr et al. [1981]
47. 0, +e>0('S) + O B ky where 8 = 0.08 Bates and Zipf [1981): Abreu er al. [1986]
48. 0," + NaO('S) + NO~ ~2x 107" Frederick et al. [1976]
19, oSy + OCPY 40 + O ax 107" Slanger and Black (1981}
50. oDy + 0+0 + O gx107"2 Abreu et al. [1986]
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Reaction Rate Coetficient (cm” s™")

Number Reaction or Rate (s7") Reference

S1 OUSH>OU'D + hv 1.07 Kernahan and Pang (1975)
+OU'P) + hv 0.0444

52 N(*DYy + NO+N. + O 7x 107" Lin and Kaufman (1971}

53 0('S) + 0,+00P) + O 19x 107 exp 1 — 1TIRT) Zipf (19791

54 NJA'ET) + O - products 2x 107" Piper (1982)

55. NLAPET) + 0=0('S) + N» B - key where B = 0.37 Piper (1982]

56. Ny"* + 00" + N, ~2x [ Abdou et al. [1984). Torr {1985)

57. N. + hva=N" + N + ¢ (1.78 - 5.1Hx 107" Torr and Torr [1985)
+N.7 +e (3.06 — 882 x 107

58. O+ hvs+0"(%S) + ¢ (0.98 — 2.81)x 1077 Torr and Torr [1985)
+07¢D) + e 0.79 - 2.38)x 1077
»>070CP) + ¢ (0.45 — 1.38)yx 1077
>O7CP) + e (1.04 - 3.43)x 107

>O070CP) + ¢

0.46 — 142y x 107

“Since the results of Chen et al. (1978] stop at 7

temperature.

"The model computes this rate coetticient as a function of N»

00°K . we normalize the converted dnift tube data parametenzed by St. Maurice and Torr {1978} at this

Inclusion ot this process 1s an option availabie [see Abdou et al .. 1984}).
"The ranges given for the iomizanon trequencies indicate the vanauon over 2 solar cycle.

Fig. 3. Schematic of the thermospheric and ionospheric chemistry that 1s incorporated in the model.

~ vibrationai temperature (7). The vaiue reduces to that given by equaton (6} when T, = T,
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corresponding to solar maximum t£10.7 = 194, Ap = 233, This
study deals only with the airglow. and we do not show results for
lahitudes higher than L = 3.

Detatls of the resuits are given in the following section.

MODELING OF THE 7320-A AIRGLOW EMISSION

The 7320-A emission arises from the O 7 (°P) state. which is
produced in the thermasphere by two mechanisms: photoioniza-
ton and photoelectron onization:

O+ hv >0 (P ~ ¢
O+ e >0"(P) + 2¢

where the photoelectrons may be those produced locally. or those
produced in the conjugate hermisphere and transported along th.
magnetic field lines. The O ~(*P) 1s lost by several mechanisms:

~dation
O CPY > 07 (*S) + hvmg o
<ollisional deactivation
O71°P) + N:=>N-" = 0
O0°¢Pr+ 00" -0
O Py« ¢ 507D + ¢
O"CP) + ¢+07('S) + ¢

NEUTRAL

(MSIS -

ATMOSPHERE
86)

MO o Low.LaniruDE THERMONPUERIC EATSsioNs

This photochenustry has been reviewed by Torr and Torr { 1982].
It should be noted that since publication of the acronomically
dertved values of the rate coctticients by Rusch er al. [1977]. the
solar EUV flux below =230 A was doubled. We esumate that
when quenching dominates. the reported intensitics may be about
30% 1o high.

Platc | shows the 7320-A volume emission rate at the peak of
the laver as a function of latitude. local ime (longitude) and alti-
tude. The upper piot shows the peak volume emission rate as a
tuncuon ¢! fatitude and locul time. Because the model has long-
itudinal vanability resulting trom both the MSIS |Hedin 1987}
model atmosphere. and the interhemispheric coupling. this par-
ticular plot s shown tor 00 UT. This UT is equivalent to placing
midnight at (° longitude. the Greenwich meridian. and noon at
180° longitude. i.c. over the Pacitic Ocean. Where the volume
cmission rate becomes so smail as to be effectively zero. the
values are not plotted. These regions can be scen near midnight
for ecquatonal latitudes. and represent no production at these
times. The graphics tend to smear the northern and southern lau-
tude boundarics by a tew degrees to the north and south. respec-
tivelv. The solunions are oniy valid. however. within the L < §
region allustrated in Frgure 5.

The bz« features shown in Plate | have been discussed by
Torr ¢ al. 11990 but we wiil review them here brictly as this
plate will be used for the comparison with other cases. Summer 1s

CROSS-SECTIONS

DATE
F10.7 cm FLUX
GEOGRAPHIC LOCATIO
MAGNETIC INDICES

MODEL
INPUTS

1ON
CONCENTRATIONS

ELECTRON
CONCENTRATIONS

PHOTOELECTRON
FLUXES

Fig. 4tan
Mustraton ot the ow of the solutions

TILTED DIPOLE
MAGNETIC
FIELD

RATE COEFFICIENTS

BRANCHING
RATIOS

ANALYTICAL
EQUATORIAL
ELECTRON DENSITY
MODEL

EXCITATION RATES
AND AIRGLOW

e

MINOR
CONSTITUENT
CONCENTRATIONS

MODEL
QUTPUTS

ELECTRON AND 10N
TEMPERATURES

Schemauc Hiustration ot the major input and output etements of the tield line interhemisphenc ptasma (FLIP) code. (b
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SOLAR
EUV / UV
FLUX

21,153

ION / ELECTRON
PRODUCTION

PHOTOIONIZATION

PRIMARY PHOTO -
PHOTOELECTRON DISSOCIATION
SPECTRUM
(1-100EV)
PHOTOELECTRON PE
INTERHEMISPHERIC TRANSPORT
COUPLING 1
SECONDARY NEUTRAL
- PHOTOELECTRON GAS HEATING
SECONDARY IONIZATION RATE kSPECTRUM
9
PE
HEATING
AIRGLOW

.
(?Horocneusrnv

LOCAL

MOLECULAR ION
PRODUCTION,
EXCITATION,

AND AIRGLOW

~
NEUTRAL GAS

HEATING
_/

EXCITATION

ELECTRON-ION
ENERGY EQUATIONS:
COUPLED
HEMISPHERES

5D

ION TRANSPORT
FOR LONG LIVED SPECIES;
COUPLED HEMISPHERES
FOR O+ He+ He N+, O+

PHOTOCHEMISTRY

SPECIES
TRANSPORT
EQUATIONS
0+(2D)

—

( EXCITED IONIC

y

EXCITATION OF
NEUTRAL
AIRGLOW

N(2D), O(1D), NO,
TRANSPORT EQUATIONS

N(4S)

TRANSPORT
EQUATIONS

EXCITATION OF
LONGLIVED

SPECIES
AIRGLOW

Fig. 4. (continued)

(b)
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The mator meh attitude foss mechanisny s radiation,

me 1o note i Plate 1 that the midday peak volume emission rates
i the wanter tnortherny hemisphere are somewhat larger than i
I'he reason tor this can be seen in Freure

dhe summer hemispnere
N peak guenciing rate s aimost idenbical in both
N guenchine tails ot wath altitude with a

o While the
hemaapheres. the
wmatler scale hereht i the wanter henusphere. so that radiation,
domimates tou fower aititude with the resuiting higher enussion
rate.

At and bevond the werninators (tor sofar zemith angles larger
than 90 ~unhght dtumimates increasingly higher altitudes. and
the peah alttude rises while the volume enission rate fails
sharply - In Freure 7 we show the production and loss rates for a
solar zemith angle of 1057 in the evening southern hemisphere.
The peak UV phototonization has risen to above 600 km. A
second peak s tormed near 300 kme The latter 1s a result of photo-
clectrons which are produced 1n the jomzation process that caused
the upper peak. The photoclectrons are transported downward and
lose therr energy near MK kmon the impact 1onizanon ot atomic
oxveen. Plate 2 shows the sume mtormation as was given m Plate
1. but versus solar zemith angic mstead ot locul ume. This plate
Shows the extent to which scasonal henuspheric asymmetries are
reduced when the data are plotted i this format,

Plate )

The 7320-A voiume endiaston rate (photons em™* vy at the peak ol the laver as atunction ol altitude. fatitude. and focai tme
Sangitude) tor 00 UT The upper plot shows the peak volume emission rate only as a tunction ol latitude und loval trme. fhe volume
CIINSION TUIe 18 on G ioe seales The resalis are only vahid within the £+ 3 boundaries shown in Freure S
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Fig. 6.

An interesting feature of Plate | is the fact that there is signifi-
cant production (=0.2 cm™ s7') at high altitudes at midnight in
the winter hemisphere. This is duc entirely to photoelectrons
transported from the summer hemisphere. This conjugate electron
production rate together with the loss processes arc shown in

*'.:“ s2egs

(SRR F i‘)

UE POORQJNJ’U

icontinued)

Figurc 8. Without the interhermspheric capability this production
source would not be modeied.

Because of the longitudinal asymmetries of the Earth’s mag-
netic ficld. the conpugate photoelectron production rate varies for
different maps generated for different universal times. Plate 3
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<hows the global plot for the same conditions as Plate |. but for
UT = 0600. This is cquivalent to placing midnight at 90°W. over
the castern United States. In this longitudinal sector. higher
southern latitudes (solar illuminated) map to lower northern lati-
tudes. Above 30°S the Sun does not set and conjugate clectrons

Production and loss rates for 54°S for a solar zenith angle ot 105° (LT

O0).

are present all through the night ncar S50°N. Thus the conjugate
source is scen to be significantly more pronounced than for 00
UT. Plate 4 shows the integrated volume emission rate. of surface
hrightness tn ravieighs). with and without the conjugate photo-
lectron source. The scale has been adjusted t nhance the winter



TORK BT N v b ©occi o Dl Raioses i wie b issions 11.159

OO o
— n oy an
O N B
(SIS I S

Plate 4o With comugate photoelectron production.

22

oW

<o

CRIGINZ . “AGE IS
Plute 40 Without conugate photoelectron production OF m WA‘JT‘K{
]

320- A ntensity trayieighs s for sofar mmmum at UT - 06 The solution s oniy vahd within the £+ 3 houndarnces

Plate 4 \ortical o
<o breure 3



21.160 TORR F1 30 Mino anD Low-Latite Db THERMOSPHERIC EA0SSIONS

600 T 1T T rITry T T T 177 IR IRAREA T RSN REE T T TN

550

500

450

350

Altitude (KM)

Loty b b d bty bl

TTTTTTT I I T I T v T T IT U T AT I T IV TR TTITTd

250 -
-~
-
200 =
150 C Ll NS BN [ R RN L ||1|1|II I |sxuao
108 10* 107 102 10 10
Production Rate O* (2P) (cm=3 sec-)
m T 17 7 T TT] T T 1 T T17T T T IEERELERALI T LR LR ELRAE] T T 1T 10

LI

Ahitude (KM)
TTTTTTITTTITTIT IO TTT

IBARRARERRR!
(@
pa bbby ee eyl rr el eed v el

250
200
: {
C H ! Lo ! I Lot L [t
1 N S R g eiaid Lt - 0
5010‘5 107 107 102 10’ 10

Loss Rate O* (2P) (cm=3 sec!)

Fig. 8. Conjugate photoelectron production of O ~(*P) at night in the winter hemisphere (49°N. x = 137°). The corresponding loss
rates are also shown.



OR'GINAL PAGE IS
OF POOR QUALITY

CIRR P AS RN

Loy i bt

21,161

Thie RN IOSPEERIC FARSSHONS

~1201 Emission Pate (11

Plate 5. The 7320-A volume cmission rate tphotons cm”™ '~
tor 00 UT. The resuits are for the same day as Plate 1 +Novemoer
shown on a log scale

niehttime conjugate production. This interhemispheric source
results n 2 to 3R of 7320-A airglow

Plate 3 shows the same day of vear as Plate 1. but for conditions
representing solar maximum. The principai ditferences between
these two are in the overall increase 1n emission rate and the
overall increase in altitude of the emission peak. Both of these
cffects are (o be expected on the basis of the solar flux and neutral
aimosphere changes.

Plate 6 shows the resulls of integraung the volume cnission
rates of the solar minimum and maximum cases (Plates | and 5)
over alutude to obtain the vertical surface brightness. These
ntensities (in rayleighs) are what an orbiung nstrument would
we tooking verticaliv downward on the atmosphere.

VMODELING OF THE No 3371-A AIRGLOW
The production mechanism for the excitation of the N» second
posiine system n the dayglow 15 photoelectron impact:

NAX'YL T = e = NuCTE - e

The 3371-A crmission artses from the U= hand of the second post-

Tve systeny:

NACTm = NS - e

'y at the peak of the ayeras a tunction ot altitude. latitude. and local tme
18) but tor solar maximum conditions. The voiume emission rate is

Since the transition is permitted. radiation 1s the only lass process.
The excitation cross sections for the 00 band are thosc ot [mani
aned Borst [1974] which are 23% of the total cross section.

Plate 7 shows the results of the semiglobal solution of the 3371-
A volume crssion rates. The production rates tor noon at mid-
latitudes are shown in Figure 9. The results shown n Plate 7
follow the behavior anticipated trom a ~simple photoclectron
<ource und radiative loss. The behavior changes after sunset in
that the peak production rises i altitude and falls in magnitude.
Again. the high latitude conjugate photoelectron source cun be
«cen during the night in the winter hermsphere. While we do not
<how the 06 UT case here. the conjugate source agdin becomes
more pronounced for the different magnetc ficld orientatton. as it
did for the 7320-A case. because of the more tavorable alignment
of the magnetic ticld lines for this purposc.

Plate % shows the global model of the peak 3371-A volume
cmission rate for solar maximum. What is interesting 1o note in
this case is that. apart from an overall increase in the alutude of
the emission peak. the pecak cmission rate distribution 1s very
simitar at solar maximum and solar minimum. However. the dif-
ference in the vertical intensity 1s significant. This 1s seen an Plate
9 which shows the integrated cotumn surtace brightness tor solar
minimum and maximum. The difference 1s largety due 10 the dif-
fering scale heights, as cun be seen mn Figure 9
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Plate 6a. Solar minimum case shown in Plate |.

Plate 6b.  Solar maximum case shown in Plaie 3

Plaic 6.

Vertical column integrated surtace brightness (in ravieighsy. The resuits are oniy valid within the L = 3 boundaries shown in
Freare 3
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SUNMMARY

In this paper we have presented the first intcrhemispherically
coupied models of the O 76°P) and N+t () arrglow emussion at
TR20 A und 33TT A respectively. covering nud and low latitudes.
These are two enissions tor which the mechanismys are rehatively
welbl understood, allowing us to examine here the mornnoiogy.
The semiglobal graphical maps clearly tllustrate the aiurnal.
scasonal and sofar cvche vanabiliy of these emissions. In both
casen. vomugate phatoetectrons result in excitation at mid e 1igh
nighttime fatitudes in the winter hemisphere. The e -
sphene coupitny capability of the model allows us to he

extent and the longitudinal varnabiluy of the conugate photoelec-
ron ettects

This + odel provides a capability which wiii greatly enhance the
ability o interprer wirgiow observations made from spacecraft.
Any line of sight gecometry can now be proiected through the
three-dimensional model sofution. and by integrating along the
projected line of sight. surtace brightness (vertical or slant path)
vun be obtamned tor companison with the observanons. Further-
more. because of the complex vanabibity oxhibited by these
cmussions over the £+ 5 range. this model also provides a
valuable tool tor planning ot such ohservations

Plate v

Verucal intensity ot the 3371-A wirglow (in ravierghs) for solar mmmum and solar maximum conditons. The solar

maximum plotis shown on two scales: one 1o show the mntensity vanauon and one to allow comparison with the solar ninimum piot

~hown i Plate Ya. The resuits are oniy vaiid within the

. 5 boundaries shown 1n Freure 3
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Plate 8. Volume emission rate (photons ¢cm™" ™'} at the peak of the 3371-A layer for solar maximum conditions. The volume
Snission rate 1s plotted on a log scale.
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A MIDLATITUDE INTERHEMISPHERIC MODEL OF THE O ~(°Py AIRGLOW EMISSION AT 7320 A

Marsha R. Torr

Space Science Laboratory. Marshall Space Fight Center. Huntsville. Alabama

D. G. Torr and P. G. Richards

Center for Space Plasma and Aeronomy. The University of Alabama in Huntswiile

Abstract. The results are reported of the first interhemispheric
model of the 7320 A airglow covering mid- and low latitudes. at all
longitudes. A comprehensive model of the tonosphere and thermo-
sphere 15 used to compute volume emussion rates as a function of
altitude, latiude. longitude. and local ume. Selected results are
shown here 1o illustrate the computational capabtiity. In parucular
we discuss the diurnai and seasonal variability and interhemispheric
coupling of conjugate photoelectrons. The model is particulariy well
suited for airglow studies. and provides a valuable tool for the
comparison. mnterpretation. and planning of spectroscopic observa-
tions made from orbiting platforms tor all significant thermospheric
emissions

I[ntroduction

The O " (“P) airgiow emission at 7320 A provides a means ot deter-
mining the O " {*P) concentration. Measurements of this emission can
be used to determine the atomic oxygen concentration or the solar
UV ionization frequency [Meriwether et al.. 1978; Rusch et al..
1976]. The photochemistry of this species has been established
largely on the basis of the comparison of steady-state altitude profile
calculations with surface brightness measurements made from satei-
lites (Walker et al.. 1975; Rusch et al.. 1977]. Observations of limb
brightness are inverted to yield altitude profiles of volume emission
rates. The principal sources and sinks of O *(°P) have been discussed
in detail by Torr and Torr {1982].

Over the years, we have developed a comprehensive model of the
1onosphere. thermosphere. and plasmasphere. This model solves the
coupled tme-dependent energy, momentum. continuity, and photo-
electron transport equations trom 80 km in one hemisphere. along
the field line. to 80 km in the conjugate hemisphere {Young et al.,
1980]. The full interhemispheric capability allows tor the proper
treatment of thermal coupling [Richards and Torr. 1986] and con-
Jugate photoelectrons [Richards and Torr. 1985], which is important
in the calculation of airglow emissions. The concentrations of the
major neutral species are provided as input from MSIS-86 [Hedin,
1987] to the model which then provides the minor and excited state
species and ions (Torr. 1985]. The chemistry of all the emitting
species 1s comprehensively included [Torr. 1985). Ab initio calcu-
lations of the excitation and loss rates are performed for the metas-
table spectes {Torr and Torr, 1982] and the vibrational states of
molecules and ions [Richards et al., 1986]. The concentrations of
odd nitrogen species are also computed together with those of other
minor constituents (Torr et al.. 1980]. The photochemistry currently
used 1n the model is that defined by Torr [1985] (Tables A-8 through
A-12 and A-19 through A-21) with the updates. corrections. and
additions summarized in Table 1.

The three-dimensional capability is achieved by running the code
tor approximately 100 magnetic flux tubes. Because the model is
interhermispheric. solutions are obtained simultaneously for the con-
lugate hemisphere. This yields a total of approximately 200 grid
pomnts. The flux tubes are selected along various L-shells for L < 5
and the grid on which the code is run 1s shown in Figure | in geo-

Copyright 1990 by American Geophysical Union.
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graphic space. Because of the large computational requirements. the
MSFC CRAY II computer 1s used. Resuits are output on a four-
dimensional global grid. comprising latitude. longitude. aititude.
and local ume. Input parameters are date and solar and magnetic
indices.
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Fig. 1. Location of the conjugate points along L. = 1 .08toL = §

which mark the tield lines along which the computations were made.

In this paper we have selected the 7320 A emission to illustrate the
clobal airglow modeling capability. The calculations have been
made for conditions corresponding to November 28. 1983, for which
the F10.7 cm tlux was 89 and the Ap index was 23. Thus these calcu-
lations correspond to a period of relatively low solar activity.

Results

Figure 2 shows the results of the global solution of the 7320 A
emussion. The volume emission rate at the peak of the layer is plotted
as a function of altitude. latitude. and local time (longitude). This
particular plot 1s shown for 00 UT. which is equivalent to placing
midnight at 0° longitude. and noon at 180° longitude.

Severai interesting features appear in the results shown in Figure
2. Summer is in the southern hemisphere and the more extensive
solar illumination in this hemisphere is immediately evident in the
longer duration of the daytime peak values (volume emission rates of
the order of 10 photons-cm™:s™'). The model results are valid for the
latitudinal regime indicated by the envelope of the points shown in
Figure 1. The interpolation routine tends to smear the high latitude
boundary in Figure 2 by about 3°. Figure 3 shows the production and
loss rate protiles for noon at southern midlatitudes. The peak produc-
tion of O *(*P) occurs near 170 km with photoionization the major
source. The dommant loss mechanism above 280 km is radiation.
and below 280 km it is collisional deactivation by N.. The combina-
tion ot these processes resuits in the emission peak being formed at
approximately 260 km.
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TABLE 1. Updates 1o Photochemical Model of Torr | 1985]

Reaction Rate Coetficient tem® sy or s ) Reference

- -1 T
v O - 005 -0 _l‘mu\Tn‘_?{
[ 3300 |

Chen et al. [1978]

2

INT -0 .00 - N 91 10 exp 1-0.002: Ty, Lindinger et al. [1974]
VO - NfDY=eNT - O St Torr et al. [1979)
40" ~-H-H -0 22X 0TS Banks and Kockarts {1973]
SSHT -~ 0-0" - H 25x 10 T,S Banks and Kockars [1973)
Ba .
6) N7 ~ e-aNi'Dy + N a=27x10 Abdou et al. {1984]
B=19 Queffelec et ai. {1985}

T O'DY + O, =0'P) + O

G Jgllet ST

Streit et al. [1976)

) OCDY =Py + hy Vo= 0.00934 Fischer and Saha [1983]
D NAAE) - O = products 2xtot Piper et al. [1981]
~00'S) - N. B =037 Piper (1982]
It NeDy ~ NO =N, = O Tt Lin and Kautman | 1971}
I O'Dy + O=0 -~ 0O Rx 10" Abreu et al. [1986]
12) OC'S) = O('D) ~ hu 1.07 Kernahan and Pang {1975]
OC'Py + hv 0.0444

Fig. 2. Three-dimensional piot of the 7320 A volume emussion rate at the peak of the laver versus latitude and local ume. for 00
UT. The calculations were done for conditions appropriate for November 28. 1983. The upper panei shows the same resuits.
but without the altitude coordinate. 1.¢.. peak volume emission rate versus latitude and local time. The color code 1s on a log
scale. and the units are photons-cm -5

T2R0A Emdssion Pate (F1O.7=89.01
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At twilight the suuation changes rapidiv. The photoionization
peak rises rapidly in alutude and the production rate falls sharply.
Figure 4 shows the production rates for 48°S at 22:23 LT. At this
ume the ~oiar zemth angle 1s 107°, so that the high altitudes are
dluminated. There s a second peak at about 300 km due to trans-

cosbavnal,

i : ported locai photoelectrons which are produced during the ionization
& p process which created the upper peak. Radiative ioss dominates most
= 3 ot the protife. At low lautudes at midnight. the peak production rate
= tends to sero at very high altitudes. When the production rate etfec-
3 nvely drops to zero these values are omirted 1n Figure 2. 50 as not to
Z obscure the main results.
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Fig. 3. Sources (a) and sinks (b) of O~ (*P) for the location Fig. 4. Sources (a) and sinks (b) of O (P) for the location
corresponding to 48°S at 11:16 LT in Figure 2. Sources are photo-  corresponding to $8°S at 22:23 LT in Figure 2.

lonization and photoelectron impact 1onization. Sinks are radiation

and quenching by O. N,. and electrons.

Fig. S, Vertical column integrated
surface brightness tin Rayleighs) for
the same case shown in Figure 2.
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In the winter (northern) hemisphere the twilights draw closer
together but the photochemistry of the davtime and twilight 7320 A
emission is essentiaily the same as that described above. What is
interesting to note here 1s that there 1s some proc iction of O~ (°P) at
hich latitudes even at midnight. The source 15 1:.1pact 1onization by
photoelectrons from the sunlit conjugate hemisphere. The conugate
photoelectron source produces a column integrated surface bright-
ness of 2 to 3 R of 7320 A emission.

Figure 5 shows the global map of the 7320 A intensity for the same
case as Figure 1. This is what wouid be seen by an instrument look-
tng straight down at the Earth for a fixed UT. The midday intensities
in the winter hemisphere are slightly larger than those in the summer
hemisphere. This is because the winter hemisphere is somewhat
colder. and radiative loss dominates to a lower aititude.

Summary

We have reported the first results of a midlatitude interhemispher-

v coupled model of the 7320 A airglow. These resuits show the

« .nal and seasonal variation for conditions representative of near
solar minimum. The magnitude and extent of the conjugate photo-
electron source is quantified. together with the sources and sinks at
selected times. In another paper {Torr et al.. 1989] we show further
details of the longitudinal and solar cvcle vanations. This model
allows three-dimensional maps of any airglow emission to be gener-
ated. Any line of sight geometry can be projected through these maps
and the volume emission rate integrated along the viewing direction
t able comparisons with observation. A three-dimensional
perspective of airglow emission rates or brightnesses is of relevance
to the interpretation of measurements taken from an orbiting vehicle.
A satellite flying in a circular orbit through the topology repre-
sented in Figure 2 would observe large variations in emission
through the structured regions. Semi-globat maps of the tvpe pro-
duced here provide rapid insight into the sources of the variability.
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ABSTRACT

Emissions in the vacuum ultraviolet of the Lyman-Birge-Hopfiéld
(LBH) bands of N, have been observed at night from the S3-4 spacecraft
and on Spacelab 1. Conway et al. have reported that the intensity of
the LBH emission observed on S3-4 in the nadir varied approximately as
[N2]3 with altitude, indicating a vehicle-atmosphere interaction.
Observations were made at right angles to and into the velocity vector
(ram) on Spacelab 1. The LBH intensity in the ram direction shows a
factor of 3 to 4 decrease with respect to the 90° case which were taken
two days earlier. The latter observations also suggest that the N,
Vegard Kaplan bands occur simultaneously with the LBH. The Shuttle
LBH intensities are brighter than those observed on S3-4 by several
orders of magnitude. The following model is proposed to account for
the above observations.

N, striking the vehicle surface is excited to vibrational levels
near v= 13, allowing the exothermic surface reaction N, (X) *+ 03 NO+
N to proceed rapidly, thereby producing N in abundance on the surface.
Surface recombination of the atomic nitrogen leads to the formation of
vibrationally excited and electronic states of N, including N, (A%L* )
V z 9 to 13 (7.6 to 8.2 eV) which we shall designate N, (A)*. After
thermal accomodation on the surface, the N, (A) * desorbs into the local
Shuttle environment. The long-lived metastable N, (A)* component is
then collisionally excited to the aIIIg state which radiates in the LBH

bands. In the ram direction there is a large enhancement in gas



concentration which results in attenuation of inflowing ambient N,
and O and possible collisional deactivation of the N, (a)* reducing the
LBH intensity. For collisional excitation of N, (A)* by ambient N,
the net altitude dependence is - [N2]3above200]Unaltitude,changing
to - [N,]2[0] at lower altitudes in agreement with this behavior seen
in the S3-4 data. The S3-4 spacecraft intensities are smaller than
the shuttle intensities because of the smaller spacecraft size, and
because of increased attenuation at the lower altitudes, and possibly

due to different reaction rates for different surface materials.



1. INTRODUCTION

Conway et al. (1987) have reported observations of vehicle
induced emission in the Lyman-Birge-Hopfield (LBH) bands of N, on the
S3-4 spacecraft. TheN, (aIIIg) state, fromwhich the LBH bands arise,
requires 8.6 eV for excitation of the v = 0 level and up to 9.75 eV for
excitation of the higher 1lying levels below the dissociation
threshold. There is no identified source for these bands in the non-
auroral nightglow. Figure 1 reproduces the results of Conway et al.
for the altitude variation of the integrated band intensities between
1400 and 1700 A for nadir viewing. They report that the intensity
varies with altitude as [N,] ¥ (or [N,] 2r03). They demonstrated that
if the source mechanism is a three-stage excitation process involving
the surface, then the expected LBH intensity would be -16 orders of
magnitude short of explaining the observed intensities.

Observations of vacuum ultraviolet (VUV) emissions were also
made by Torr et al. (1985) on the Shuttle with the Imaging
Spectrometric Observatory (ISO). Observations were made in the
nadir and at 90° to the velocity vector at night, the ram at twilight,
and the wake in daylight. For the nadir and 90° observations, the
Shuttle was flying in an upside down airplane mode, i.e. with the nose
(x axis) pointing into the velocity vector and the bay (-z axis)
pointing in the nadir. Under these conditions the ISO views out along
the -z axis when the scan mirrors are stowed out of the field of view.
(The open mirrors are stowed > 180° to the closed position). The 90°

to ram data were made looking under the -y wing using the scan mirrors
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to point the field-of-view of the instrument between 90 and 250 km
tangent ray height. The ram data were taken with the scan mirrors
stowed and the line-of-sight of the instrument pointing directly into
ram, i.e. with the -z axis of the Shuttle into ram.

Intensities were observed to be brightest at 90° to ram,
decreasing in the ram and wake directions.

Figure 2 shows an example from Torr et al (1985) of the vacuum
ultraviolet spectrum observed on Spacelab 1 at 250 km at night on
December 5, 1983 at 90°% to ram. Curve a shows the synthesized LBH band
system for comparison. The maximum allowable intensities are
constrained by the lower values observed at the shorter wavelength
side. Thus, it is apparent that the VUV glow observed on Spacelab 1
cannot be attributed entirely to the LBH bands. Curve b shows the
effect of including the Vegard Kaplan bands of N,, where the maximum
allowable intensities are constrained by the lower values at both the
short and long wavelength sides of the measured spectrum.

Torr et al. (1985) also identified the presence of strong NO ¥
bands at night at wavelengths longward of those shown in Figure 2.
Figure 3 shows the effect of including the NO ¢ and § bands which have
transition characteristics which allow the system intensities to peak
near 1650 A. Thus it is evident that a plausible synthetic spectral
fit can be achieved with a composite system of bands comprising N, LBH,
VK and NO ¢ and § bands.

It is clear that the spectral identification of the shuttle VUV

emissions may not be unique, because there is no one-to-one match with
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Figure 2: An example of the vacuum ultraviolet spectrum observed on
Spacelab 1 at 250 km on December 5, 1983 at ~ 130° W, at 21 hours local
time, solar zenith angle = 107°, at mid-latitudes. A mirror was used
to view the 90° direction across the -Y wing of the Shuttle. Curvesa
and b are synthetic spectra of the N, Lyman-Birge-Hopfield and Vegard
Kaplan band systems respectively. Curve c shows a composite spectrum
of these two systems.
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discrete spectral features, but only with the general envelope of the
observed VUV pseudo continuum glow. Thus the identification of the
VK emission is not definitive. Detailed fitting may not be possible
because it requires several grating steps to cover the full VUV range,
and temporal variations which are severe may distort the relative
emission ratios. Given the [N,] 3 dependence of the glow indicated by
the S3-4 data it is evident that relatively small changes in the N,
concentration due to gravity waves for example, could cause
significant changes in the VUV emission because of the strong non-
linear dependence.

If the presence of the VK bands is accepted, one is led to the
conclusion that there could be a significant far-field component to
the glow. This conclusion is based on the fact that the IS0 field of
view was directed away from shuttle surfaces, and for the viewing
geometry in question the instrument itself was shielded from direct
interactions with the ram flux by the Spacelab 1 module and the aft
bulkhead. Slanger (1986) has presented evidence which strongly
suggests that shadowing of surfaces from exposure to ram
significantly reduces visible surface glow brightness.

For comparison, Figure 4 shows the VUV emission observed in the
ram direction at 250 km on December 7, 1983. The most striking
feature of these data in comparison with that shown in Figures 2 and 3
is a reduction in intensity of the N, and NO bands by of a factor of 3 to
4.

Given the fact that the inferred intensities for the VK system
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shown in Figure 3, except that the local time was ~04 hours which
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(- 3kR) can be used to roughly obtain the column abundance of NZ(A)*,
which we find to be large (-6 x 10° cm™?), we investigate the
plausibility of collisional excitation of desorbed NZ(A)* by the
influx of ambient O and N, as a source of the LBH emission. We show
that the apparent decrease in N, LBH (and VK) emission in the ram
direction, may be due to the attenuation of the incident ambient flux
of N, and O and quenching of NZ(A)* by O and N, re-emitted by the
surface. The concentration of O and N, is believed to be
significantly enhanced on the ram side of the Shuttle (Rantanen and
Gordon (1987). We consider only excitation of N, emissions in this
paper, and will deal with the source of NO excitation in a future

paper.

2. THE MODEL

We investigate the production of LBH emission via the reactions

o+ NZ(A32+u)shut - N2(alng) +0 (1)
N, + Np(A%TH ) gpye = N (@'Tg) + Ny (2)

followed by:
N,(allly) — N, (X'I*y) + hv(LBH) (3a)

N, (A32* ) snut — N2 (X'I'g) + hv(VK) (3b)

where N, (A3LY ) sput refers to metastable N, desorbed from the vehicle

surface and the usual notation (O,N,) refers to the ambient gases.



3. THE PROPOSED LBH GLOW MECHANISM

The desorbed vibrationally excited NZ(A)* internal energy peaks
between 7.6 and 8.2 eV. Both S3-4 and Spacelab 1 observations
indicate LBH emissions arising from v’ = 0 to 6, that is from
vibrational levels lying between about 8.6 and 9.7 eV. The mean
relative energy in the center-of-mass system available for processes
(1) and (2) is -3.9 + 1 and "4.6 t 1 eV respectively. Thus, both
processes are energetically capable of exciting N, states above the
a'll, state.

The volume emission rate for the LBH system, =, at a distance s

from the surface is given by
n(s) = LojgFj(s) [Ny (A)*], (4)

where Fj(s) represents the total incident flux of ambient neutral
species j, ¢ represents an excitation cross-section for collisions
with the j!P particle species where j = 0 and 1 designates O and N,
respectively, and [Nz(A)*]s is the concentration of desorbed

vibrationally excited Nz(A)* at a distance s-s, from the

vehicle/instrument surface at s,. The total LBH irradiance is given

by
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Iigy = Jn(s)ds = J {F(Ny)gog + F(O)saoz}[Nz(A)*]sds (5)

Sy Sy

where o,y and oy are cross-sections for collisional excitation of
N,(A)* toN,(a) by N, and O respectively. The flux F(x) is given by

“Tax “Taj
F(x), = F(X) e or F; = Fje (6)

Jo

where F_ refers to the unattenuated flux, x refersto 0 (j =0) or N,
(J = 1), and 7,; represents the attenuation depth at a point along a

given line-of-sight s defined by

w
Taj = J?cjini(s)ds’ (7)

=

where s’ is in a direction antiparallel to the velocity vector, «¢;; is
the collision cross-section for species j and i and n;(s) is the
induced gas concentration of the ith constituent in the environment of
the vehicle at distance s from the surface. Equation (6) is
formulated under the assumption that after one collision, incident O
and N, will no longer be capable of exciting N, (A) * to the a11'Ig state.
To evaluate the viability of the proposed excitation mechanism we
first consider the case where the attenuation of the incident flux by
the gases comprising the vehicle environment is negligible, i.e.,

where 7,; << 1. Under these conditions, (5) simplifies to
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Iigy = XFijjEJ [N, (A)*1ds (8)

Sy

= EFjODGjE[NZ(A)*]COI (9)

where [NZ(A)*]col is the column concentration of vibrationally
excited N, (A), and subscript je refers to the unattenuated flux of the
jth species.

We use the Spacelab 1 measurements of the VUV VK band systems to

evaluate [NZ(A)*]col' Given that the LBH and VK nadir intensities

are -3.5 kR and 3 kR respectively and using the relationship
I = IA;[X;] (10)

where I is the total intensity of a band system, A; is the Einstein
coefficient for all transitions from the ith vibrational level of the
emitting electronic state X, and [X;] is the concentration of the it®
vibrational level, we evaluate the total column abundance of NZ(A)*
from the intensities for the VK system, assuming an average lifetime

of 2 seconds based on the results of Shemansky et al. (1971) for low-

lying vibrational levels. Thus, we find that
(N,(A)*].4; = 6 x 10° cm” 2 (11)

We use (9) and (11) to estimate the collision excitation cross-

section needed to account for the observed LBH emission.
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o 2 (12)

FolNy(A)]con

Where ¢ is an intensity weighted cross-section, and F_, is the total

ambient neutral flux. Using the MSIS model atmosphere (Hedin, 1987)
for the Spacelab 1 conditions, i.e. November/December 1983 at 250 km,

TF. = 1.3 x 10!% em~%s” 1!,

_ 5 x 10°
op 2 = 4.5 x 1071% cm

1.3 x 10!% x 6 x 10°

2

which does not appear to be unreasonable.

The obvious questions that arise are the following: 1) What is
the source of the N,(A) molecules? 2) Why are the LBH and VK
intensities weaker in the ram direction? 3) How does the [Nz]a(or

[NZ]Z[O]) altitude dependence arise?

4. SOURCE OF THE N, (A) GLOW

In principle, there are several possible ways of generating
electronically excited N,(A). However, all but the surface
recombination of atomic nitrogen can be effectively eliminated by
energy arguments (Kofsky, 1988). Surface catalyzed inverse
predissociation of N, appears to be the only process capable of
accounting for the highly efficient excitation of N,(A) in high
vibrational levels. Reduction of available energy in the center of

mass system of the reactants, and the fact that a significant fraction

10



of the kinetic energy must be shared with the surface eliminates the
direct excitation of N, investigated by Conway et al. (1987) or impact
dissociation of N, (suggested by Green, 1984) as sources of
electronically excited N, or of atomic nitrogen. The available flux
of ambient thermospheric nitrogen would require unrealistic
efficiencies for N-N recombination.

Meyerott and Swenson (1990) have noted the importance of being
able to account for the observed anomalous vibrational distribution
of the LBH emission. They point out that direct recombination of N
into the a11'[g state via the a%1* g surface should result in predominant
population of vibrational levels near v = 5 where the crossing of these
states occur.

In order to provide a comparison with our model we briefly
describe their approach. To explain the far-field vehicle glow they
propose resonance fluorescence scattering of EUV photons which will
give rise to a1Hg by cascade from higher lying singlet Rydberg states
of N,. To initially populate these singlet states they invoke a
Rideal surface recombination mechanism in which one N is attached to
the surface and the second is ambient atomic nitrogen. The relative
kinetic energy of the latter provides the energy source needed to
access the singlet Rydberg states. It is presumed that the
transition probabilities from these states will be consistent with
dominant cascade to the v = 0 and 1 levels of the alnq state.

Recombination can occur via either one or both of the A52+g or 7E+g

11



surfaces.
Swenson and Meyerott (1988) have also proposed the gas phase
reaction

N, + 0 — NO + N (13)

as the main source of surface N, and their calculations suggest that
(13) could provide a sufficient source of N to account for the LBH glow
observed on Spacelab 1 and the §3-4 satellite. Because the branching
ratio from the singlet states to the ground state of N, is about 30 to
100 times larger than to the a‘Hg, strong EUV emission is predicted
together with the Herman Gaydon near UV bands associated with the
cascade process.

It should also be noted that the *I*; and 71*, paths require one
more step than the A%zt in the recombination process. Inthe case of
direct recombination into N,(A), one would expect high 1lying
vibrational levels to be populated, with possible partial surface
induced vibrational relaxation. According to Green (1984) some
fraction of the molecules will leave the surface in the N, (A) state.
currently it is believed that recombination should be preferred
through the 3pt . channel, because this state correlates directly with
thegroundstateatoms,andii:isthoughtthatlaboratoryobservations
of emissions from singlet states are due to quenching of high lying
vibrational levels of the A%f*  state (B. D. Green private

communication, 1989).
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As mentioned above, the N, (A) vibrational distribution observed
on Spacelab 1 is constrained rather well by the envelope of the pseudo
VUV continuum. The distribution required to fit the data shown in
Figure 2 is given in Figure 5. These values show that the N, (A) must
be populated predominantly inv=7to 13. Alsomeasurements of N, (A)
emissions from v/ = 0 in the near UV preclude low lying vibrational
levels as a possible precursor. Although collisional excitation of
N, (A) (v" » 0) to aIHg (v’ » 0) is preferred from the Franck-Condon
perspective, transitions which violate the Franck-Condon principal
are not precluded for heavy particle collisions. Thus collisional
excitation from high lying vibrational levels of N, (A) could populate
low lying vibrational levels of N,(a).

As stated earlier, the only mechanism capable of producing
NZ(A)* is surface catalyzed recombination of N. Thus, the next step
is to identify a source of N that will yield the correct altitude
dependence of the LBH emission. We consider the surface reactionof O

and N,* where the following sources of O and N,* are proposed.

€o
0(-5eV) + surface — Ogr¢ (14)
€4
N,(-9 eV) + surface — N, (X)yy13 + < 5.5 eV (15)

followed by the exothermic surface reactions

kl
Nz(x)vlia + Ogyre — NOgyre + Neurs (16)
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Noure ¥ Nours —539 Nz(A)*surF (17)
followed by desorption of the Nz(A)* and Reactions (1) and (2). The
species is probably long lived with a radiative lifetime of the order
of a second.

In this model, the NZ(A)* could be formed on the surfaces of the
shuttle wings. Then the desorbed N, (A) * could flow through the field
of view of the instrument when viewing over the wing in a direction 90°
to ram.

Alternatively, it is possible that direct impact of surface 0 and
N, by the flux of ambient O and N, could also result in the production
of N and NO, however, this will result in a different scale height for
the observed LBH and VK emissions.

Processes (15) and (16) need to be highly efficient in order to
result in significant production of N. The ram flux of 0 will be the
major source of surface O needed in (16). As pointed out by Kofsky
(1988), the probability for N recombination ranges between 1 and 10~ 6
depending on surface material (Evenson and Burch, 1966; Halpern and
Rosner, 1978, 1982).

The production of N, Q(N) is given by

Q(N) = k, [NZ(X)*surf][osurf] (18)

It will become evident that the processes which control the
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concentration of NZ(X)*Surf and O ¢ Will determine the dependence
of the LBH glow on altitude. 1In Section 5 we demonstrate that an [N,] 3
dependence requires that [N, (X) ¥ r¢] scale linearly with ambient
[N,] and that [Ogyr¢] scale as [0]1’2. Here we show that these
dependences can be provided in terms of likely processes. If we
consider the steady state production of N,(X)syrs by ambient inflow

and loss by (16) and desorption, then we can write:
€, F(N;) = (Ky[Ogyrel * Jl)[NZ(X)*surf] (19)
where J, represents a desorption coefficient (units: s™ 1)

If J, >> Ki[(Ogurels

(which is possible because of the internal excitation energy of N, (X)*
which may be available to overcome the surface bonding energy)
€,F(N,)
[NZ(X)*surf] = - (20)
J
which satisfies the required dependence. This condition implies
that Reaction (16) is a major source of N but a minor loss for N, (X) *.
If we assume that the primary loss mechanism for surface O is
recombination (at least for Shuttle surfaces), either directly or
catalytically such that the net effective process can be represented
by

k
3
Ogurt + Ogyre — OZsurf (21)
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and if the source of Og, ¢/, Q(O), is the flux of ambient O, F(O), then,

GOF(O) 1/2

[Osur¢] (22)

k3

The assumption that surface recombination of O is a major loss
process for O is supported by the well known fact that satellite borne
closed source mass spectrometer measurements of O yield both O and O,
signatures when O is the dominant ambient species present. Thus the

atomic nitrogen production rate (18) can be written as

€, F(N,) (€,F(0))!/?

Q(N) = k, = a [N,1[0]"/? (23)

Jy ki
where
) (7, T 70/2)
@ = e;Neg kv (T kg)e (24)
where 7; = J Loy in;ds’ (25)
1

S

from (7), and s’ is always anti-parallel to the velocity vector.
Subscript j refers to the incident particle and i to the attenuating
constituents.

If Reaction (16) is sufficiently exothermic desorption of N may

be the dominant loss process and assuming state steady state

16



conditions apply,
Q(N) = J,[N]

Then

[N] = — (26)

and the production rate of desorbed N, (A) from (17) is given by

Q(N)) . m(21y + 7o)
F(NA)g = €Ky |———| = Y[N,]%(0]e (27)
J 2
where, using (24)
a \? 6061262 k12k2v3
J 2 PR FR 3

¢, is the yield of desorbed N, (A)*.

Once the NZ(A)* desorbs from the surface it may be gquenched by
constituents of the gas cloud. If quenching of NZ(A)* is negligible
then the concentration of NZ(A)* close to the surface is given by:

. -(21, + Tg)

[N, (A)*] o« [N,]1?[O]e (29)

It is known from laboratory and aeronomical data that N, (&) yyq is
quenched by 0, and O, (see Torr and Torr, 1982; Piper et al. 19817 Sharp
and Torr, 1979). Quenching of N, (A)* by NO is also rapid (6 X 10-1t!
cm3s~!). Thus, it is reasonable to assume that N, (A)y59 will be

guenched both vibrationally and electronically. It is likely that
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all major constituents of the vehicle gas cloud could quench the
N,(A)*. The fraction of the N, (A)* flux that is quenched will be
determined by the relative magnitudes of the transport and chemical
(or quenching) lifetimes.

Having computed the desorbed flux of NZ(A)* it remains only to
include both the effects of transport and quenching on the
distribution. To evaluate the effects of both transport and
quenching on N, (A) * ve solve the continuity equation (and dropping the

superscript *)

3 (N,A) 1
——— = q - B[N,A] - —V($G) (30)
at G
where q@ = gas phase production rate of N,(aA) =0
B = N,(A) loss frequency = Ikjn; + Ayy
k; = quenching rate coefficient for species i = oV,

A,, = Einstein ccefficient for the VK system

n: = concentration of the it? constituent of the vehicle
gas "cloud"

$ = vi[N,A] = N,(A) flux at point s
vy = is the bulk velocity of desorbed species which is
characterized by the temperature of the surface at

which desorption occurs

G = geometrical function which characterizes the effects
of the radial outflow of gas

t = time
For purposes of deriving analytical solutions to (30) to

facilitate discussion, we assume steady state conditions,

18



1
(31a)

B[N,A] = - —(Gv¢ + $7G)
G
or
7[N,A] vG
-8/vy = —— + — (31b)
[N,A] G

If v = d/ds for a given viewing direction and

1 1

where ?q is a density weighted quenching cross-section

n = Inj
1

Upon integrating (31) and adding attenuation of the incident

flux to B we obtain

--(1q + 21, + Tg)
[N,A]4,Go ©
(33)

G

[N,A], =
s

S

where 7 = [(?qn + Ayyg/Vyp)ds

s

(34)

and 7, and 7, are the attenuation depths for the incident N, and O

respectively.
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5. THE ANGULAR DEPENDENCE OF THE SHUTTLE VUV GLOW

Using (34) in (4) the LBH volume emission rate is given by

=75 (s)
118K (S) (35)
GS
which can be written as
S @ @®

=75 (s)
an(so)Goe
j (37)

nLBH(S)
s

The LBH integrated emission rate can be readily evaluated

'Tj(s)
e ds
(38)

I g = ?ﬂoj(so)Go —
S
So

where, as mentioned previously, s is along the line of sight, and s’ is

antiparallel to ram. The attenuation terms represent the following

in order of appearance:

1) Attenuation of the incident ambient flux of O or N, (3

0 or 1 respectively) between o and point s
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2) Quenching of NZ(A)* between the surface and s

3) Attenuation of the ambient N, flux to the surface which

produces N, (vib.)

4) Attenuation of the ambient O flux to the surface which

produces surface O.

Inpractice, (38) is evaluated numerically for any given viewing
direction. However, since it is relatively straight forward to
evaluate the case analytically for the line of sight directed into
ram, and since this case is the most relevant for our discussion, we

will utilize this case as a point of departure for further discussion.

First we define

7;n = Lojn, (39)
1

For ram viewing (36) then becomes:

w0 s [os]
T;(ram) = 7 [nds + ?q {nds + (29, + og) J nds (40)
S s0 0]
i.e.
7 (ram) = T.i(s) + T (s) + 27, + To (41)
«©
where J nds = N, the total ram column density of the (42)
vehicle gas cloud

s$0

Thus (38) becomes
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®
-7; (ram)
I,gy (ram) = In,;G, e ds (43)
j
s0 Gs
where 7,5 = ngj(S,) = Fjno5e(NoAlso (44)
If G, = s? and oj z o4 (45)
-7; (ram)
I, gy(ram) = ?nojsoe (46)

where s, is of the order of the vehicle dimensions (L), and

T, =T, + Ty + 27, where T, = Taj * Tq = Taj jnds (47)

The attenuation depths for the incident O and N, fluxes depend
critically on the surfaces underlying the line-of-sight of the
instrument. For example, if the line-of-sight runs parallel and
close to a large surface such as the Shuttle wing, the flux of desorbed
N, (A) * will be largest if the wing surface is normal to ram. However,
this will also result in large values for all the attenuation depths,
yielding a large value for 7;. On the other hand, if the wing edge is
directed into ram, as in the airplane mode, the flux of desorbed N, (A)*
and the attenuation factors 7,;, To and T, will be reduced roughly in
proportion to the area exposed directly to ram. The attenuation of

incident ambients will decrease as exp [(-(Ta; t To + 27,)), that is
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exponentially with respect to the decrease in the flux of NZ(A)*.
Similarly, when the line of sight is directed into ram, there is a
large buildup of quenching/attenuating constituents which may cause
the attenuation and quenching terms to overwhelm the enhancement in
N, (A)*.

In what follows we report the results of a preliminary assessment
of the magnitude of these effects for the databases discussed in the
introduction.

From (38) we see that the angular dependence of the emissionwill
depend on the attenuation depth T;(8) which varies as the column
concentration N of desorbed species (see (40) for example) which can
be obtained via detailed modeling of the vehicle "gas cloud" dynamics,
which is currently underway and will be reported at a later time.

In order to estimate values of ?j(e) for 6 = O and 90° we
use the calculations of Rantanen and Gordon (1987) . Their results
typically indicate a decrease in column density from ram to 90° (for
the vehicles studied) of about an order of magnitude.

If G4 = Tay = 09 = 03 = 0g = 2.5 X 10~!5 cm? for example, the
N, (A) quenching rate coefficient by N, isgivenby Ky, = Vg0, = 4 X 104 x
5.5 x 10-15 =1 x 10~ 1% cm3s~! which may not be unreasonable for high
lying vibrational levels.

Thus 7 (ram) = 107'* N = 1.2 and the column density of the gas
cloud needed to account for the attenuation of the ram flux is 1.2 x
104 cm~%. IfL = 30m, (see(46)) the near surface gas density is 4 x

1019 cm-? which is reasonable and corresponds to a ram enhancenent of a

23



factor of 27.

(Note the Rantanen and Gordon (1987) ISEM model predicts a non-
linear increase in gas density with a few meters scale length near the
surface, which can severely affect the attenuation of molecules en
route to the surface.)

Table 1 provides a summary list of approximate numerical values
required for relevant parameters if the proposed model is to be

viable.

6. ALTITUDE DEPENDENCE OF THE S3-4 GLOW
ANALYTICAL FORMULATION
Differentiating (46) with respect to altitude h, for a single
species and simplifying notation, we obtain
dI di, -7 -7 dr

— = e -I,e — (48)
dh dh dh

where I, = ngL, the unattenuated LBH intensity from which we deduce the

scale height H for the LBH emissions, namely,

U (49)

1
= — + — (50)
H

where H,; is the scale height associated with =g defined by (51)
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TABLE 1

SPACELAB 1 PARAMETERS

90° DATA

F(N,) = 4.5 x 10'* cm™2s! MSIS 1986
AT

F(0) = 8.5 x 10'* cm™ s} 250 km
[N,Al* ., = 6 X 10? cm~? (measured)
F(N,A) = 8.7 X 10'?% em2%s7!
N,(A)/N, = 1.9 x 10~*
N,(X) v 2 13/N, = 0.08 ASSUMED

N/N,* = 0.1 ASSUMED

N, (A)/N RECOMB. = 0.02
N,(a)/N,(A) = 0.04

LBH PHOTONS/N, = 7.6 x 107°

VK PHOTONS/N, = 6.6 x 107 °



From (35) and (29)
n, @ [N,12(0In; (nj = (0] or [N,] (51)
Thus
1 3 1
—_= — + — for n; = [N,] (52a)
H, Hy, Hoy
and
1 2 2
—_ = —t for n; = [O] (52b)
Hy Hyz Hex

where H,, and Hyy are the scale

respectively. We now evaluate H,

heights of atmospheric N, and O

From (40) and (41) we approximate 7 by

T =0 Jnds = on,L
SO
and
ar cLdn,
dh dh
where
-2
n, = fn T,e
T
h
dh
zn = U
Hn
h
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TABLE 2

Height Dependence for N, Collisions (Reaction 2)

LBH

Ht [0] [N,] n m ALT DEPENDENCE
(km) (cm™3) (cm™ ) ag 1-aq a, 3-a, [N,1™ [0]"
180 5.50%10° 5.60x10° 1.10 -0.10 1.12 1.9 (N,]* %0170}
190 4.34x10° 3.70x10°  0.87 0.13 0.74 2.3 [N,]23[0)0"!
200 3.40x10° 2.50x10° 0.68 0.32 0.50 2.5 (N,]1%2:5(01%"3
220 2.20x10°  1.20x10°  0.44 0.56 0.24 2.8 (N,]%2-8[070"¢
240 1.50x10°  6.00x10%  0.30 0.70 0.12 2.9 [N,1%2:%[(0)°"7

Height Dependence for O Collisions (Reaction 1)

Ht [N,]"[0]"

180 [N,1°°%(01°"7
190 [N, %[o1t!
200 (N,]' S(o3!"?
220 (N,1'-8[01!"®

240 (N,)': %[0yt 7



n. = the total ambient density at reference height h,

H, = the mean density weighted scale height of the ambient

gas

T = atmospheric temperature

f = ram density enhancement factor at s,

We assume that the atmosphere is isothermal (i.e. T = T;) and
obtain

1 dr -foln,dz,

H, dh dh

= -foln,
(58)
H

n

From Rantanen and Gordon (1987) for L =z ém (assumed for the S3-4

spacecraft), £ = 30.

Recall o = Lo; = 107'% cm? (59)
1

Thus foL ~ 2 x 10°'% cm® for the S3-4 spacecraft.

Table 2 gives average concentrations for O and N, from MSIS 86 as
a function of altitude for the S3-4 spacecraft.

Equation (57) can be written in terms of the individual number
densities of O and N,, i.e.

(O] [N,]
— 4

HOX an

= -foL (60)

ml -
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= - a, T oa,

—_— (61)
Hox Hyo
Using (61) with (52) in (50)
(3 = ay) + (1 = ag)
= (62)

1
H Hy, Hoy

where «y = foL[O]

a; = £oL[N,]

Equation (62) allows the altitude dependence of the LBH glow to

be expressed in the form

I, gy [N,1"[01"

where
m=3-a; and n =1 - a,

Table 2 also lists values for a,, a;, M and n as a function of
height for the S3-4 spacecraft. Figure 6 shows a comparison of the
intensity of the computed LBH emission compared with the S3-4
observations. Here the intensities have been scaled to the
measurements at -~200 km, in order to evaluate the altitude dependence
predicted by the model, which is reasonably good. If the quantity f<L
has been overestimated, i.e. a, and a, are too large, then the
calculated scale height will approach the high altitude limit of
[N2]3[O] more rapidly than observed. If on the other hand a, and a,

have been underestimated, then there would be indications of a more
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Figure 6: Comparison of estimated theoretical intensities based on

the model results with the S3-4 observations of LBH glow as a function
of altitude.



rapid increase in scale height below -200 km, which would ultimately
lead to the formation of a peak in glow brightness, because of the
effects of increased attenuation.

Tt should be noted that these calculations do not take into
account possible surface saturation effects. This will be done
during the next phase of the work when the emission will be

comprehensively numerically modeled.

7. SURFACE GENERATED LBH GLOW

Equation (17), namely

Nsurf + Nsurf - Nz*surf (63)
also allows for the direct production of N, (alIIg) on the surface. The
radiative lifetime for the a1Hg state is -100 us which yields an e
folding distance of 4.4 cm, which would not be observable by the ISO,
put could be the mechanism responsible for the S3-4 glow. The scale
height dependence of the glow is then given by (27) as modified for

N, (a), namely

-(27,+7y9)
F(N,a) oo = €3Ko(Q(N)/T) P = V,(N,1%([0]e (64)
where
Y, = Ye€q
T— (65)
€2
¢, = efficiency for the production of Nz(alng) by (17)
and
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gy = YalN1°([O]e

Vi

(66)

Thus, the LBH glow will vary as [N,12[0] at heights when
attenuation of the incident O and N, ambient flux is negligible,
changing to a larger scale height when attenuation becomes
significant at lower altitudes, which is also qualitatively
consistent with the S3-4 observations shown in Figure 1. It is
possible that surface materials on S3-4 result in negligible
production of N, (A) and with a small production of N, (a) accounting
for the lower intensities than those observed on Spacelab 1.
CONCLUSIONS

Observations of vacuum ultraviolet emissions (VUV) made by the
Imaging Spectrometric Observatory (ISO) on Spacelab 1 in 1983 and the
S3-4 spacecraft are interpreted in the light of the following proposed
model. Key features of the observations include a decrease in VOV
emissions in the ram direction on Spacelab 1 compared to 90° to ram,
and an [N,]% altitude dependence on S3-4.

It is argued that since the ISO optical surfaces were shielded
from the direct ambient neutral flux, the observed emissions must be
of far-field origin. The Spacelab 1 observations could be
synthetically fitted with the following bands: N, LBH and Vegard
Kaplan, NO ¢ and 3. Because the LBH radiative lifetime is short
(~100us) and because of energy considerations, it appears that

collisional excitation by the inflowing ambient N, or O of a long lived
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excited state of N, to the alIIg state is needed to account for the LBH
component of the glow. The metastable NZ(A3Z+U) species not only
meets this need, but it also accounts for the presence of the inferred
VK bands. Interpretation of the NO emissions is deferred for a later
paper. Based on the measured LBH and VK intensities, the cross-
section for excitationof N,(A) to N,(a) is estimated tobe ~ 4.5x
10"16 cm?.

A mechanism is proposed for the surface production of N, (A) by
inverse predissociation of surface N. To provide an adequate source
of N which yields the correét altitude dependence observed on S3-4 it
is suggested that vibrationally excited N, recombines on the surface
with O yielding NO and N as a product. The vibrational excitation
which is needed to render the reaction of N, with O exothomic is
generated by the impact of N, with the surface. The N, (A) formed on

the surface then desorbs into the cloud surrounding the vehicle. The

N,(A) flux is estimated to be ~10!llem~%s™! for the Spacelab 1

conditions.

To explain the angular dependence of the glow observed on
Spacelab 1, it is argued that attenuation of the ambient flux of N, and
O though the gas cloud plays a significant role. First, the N, and O
that must reach the surface to produce surface N is attenuated, and the
attenuation of each of these streams enters multiplicatively into the
surface production of N, (A). Second, the N, (A) in the gas cloud may
be quenched. Third, the incident N, and O impacting the N, () in the

gas cloud is also attenuated. The net result is an accumulation of
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severalattenuatingtermswhichbecomesignificant:hmdeterminingthe
angular dependence of the glow. When the Shuttle flies with large
surface areas such as the wings facing into the ram direction, there is
a large buildup in the concentration of desorbed gases around the
vehicle, which could result in significant attenuation. When the
Shuttle flies in an airplane mode, there is an exponential reduction
in attenuation (~an order of magnitude).

On Spacelab 1, the ISO instrument viewed directly out of the bay
when the -z axis was directed into ram, and over the -y wing when the
shuttle flew in the airplane mode. The larger intensities observed
in the latter case are consistent with the exponential decrease in
attenuation resulting in larger intensities at 90° than in the ram
direction.

This model was also applied to an analysis of the S3-4 data which
covered an altitude range from .180 to 240 km. It is demonstrated
that at high altitudes, when attenuation is less significant, the
altitude dependence of the LBH glow reduces to [(N,1%[0] or N,2[01%,
and at low altitudes this changes to an [N,] or [N,][O0] scale height
depending on whether excitation of the a‘Hg state is by N, or O
collisions respectively. A simple model calculation, with
theoretical intensities normalized to the S3-4 observations at 200km,
yields reasonably good agreement for the variation of the LBH glow
with altitude.
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