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I Introduction and Summary

The majbr purpose of the T025 coronagraph program as originally '
conceived in November 1971 was two-fold: to detect and investigate upper
atmospheric aerosols and to monitor the particulate matter in the immedi-
ate vicinity of the spacecraft. A third objective -~ narrow band photo-
graphy of Comet Kohoutek.near perihelion passage - was added in April 1973
after the discovery of the comet. A series of mission mishaps, which
included the loss of utilization of the solar airlock and the failure of
an onboard camera (see Section II, Project History), necessitated a shift
of emphasis within the program. 'The project was restructured to obtain
the maximum scientific gain from the limited Skylab data of a few atmo~
sphéric photos. (A summary of all returned data, uéefulror otherwise, is
presented in Section III). A broader theoretical approach was also
édopted to e#tend and formalize the analysis of the atmosphere. Finally,
the supporting mission efforts of ground based Kohoutek photography and
the experimental investigation of light-scattering by non-ideal particles
have been ufilized to the fullest extent. The results of these efforts
have led to a number of 5ourna1 publications or papers whiéh will be
submitted presently. They comprise Sections IV through VII of this report
and should be regarded as the major results of thé T025 Skylab experiment.

A short summary is presented below:

1) .A model for comet outbursts (published in Nature) based on
thé properties of amorphous ice was developed in conjunction
with another NASA program at the Dudley Observatory in an
effort to understand new comets and predict probabilities of

comet outburst (Section IV),
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4)

Ground based narrow-band and white light photography was
conducted from a height of 3 km to supply proper exposure
settings to the crew. This data has proven to be unique
in that it represents the only narrow-band (emission)
imagery of Comet Kohoutek this close (ten days) to
perihelion. The analysis of this data is being undertaken
as F. Giovane's Ph,D, thesis. An abstract of this nearly

completed work is also presented in Section IV,

The effect of atmospheric_refraction on the analysis of
the T025 atmospheric data was investigated in detail.
Although refraction effects proved to be negligible for
this purpose, the study suggested that stellar refraction
could be used from space as a possible tool to monitor the
height of the tropopause. With little effort, the ideas

were formalized and the resulting paper has been accepted

. for publication in the "Journal of Applied Meteorology". -

A preprint of the paper constitutes Section V,

Seétion VI of this report contains the theory, observations
and results of the T025 atmospheric program, Two major
papeis make up this section. The first develops inversion
teéhniques to extract the atmosphe?ic parameters describing
aerosols from the observations and shows the advantages of
the coronagraph technique. Because the second paper, which

will be presented at the May 29 - June 7, 1975, COSPAR meeting
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4) continued -
in Bulgaria, represents the most significant return from
the Skylab mission data, we present here the abstract

from that article:

A simple coronagraph was modified for use ahoard Skylab to photo-
graph the earth's horizon just before spacecraft twilight as a device to
monitor the aerosol component of the earth's atmosphere above the tropo-
pause. This coronagraph technique allows one to investigate these high
altitude aerosols from a uniquely favorable position - in the particles’
forward-scattering cone., The method is thus 10 to 100 times more sensitive
than daylight horizon scans made when the sun is well above the horizon.

An eight month observing program using seven narrow-band filters was planned.
Due to a multitude of spacecraft and equipment mishaps, including the loss
of access to the solar-airlock, only one reducible photograph was obtained
on a late November (1973) EVA, This particular picture was taken through a
2508 bandwidth filter centered on 36008, Since aerosol layering is de-
tected as an enhancement of radiation above the Rayleigh background, this
wavelength region, although free from the spectral influence of ozone, has
a relatively high background level compared to longer wavelengths. Even .
at this high background level, the coronagraph picture provides evidence
*r which is, if not conclusive of, at least consistant with, an agerosol layer
- peaking at 48 + 1 km. The region photographed was centered on 2695E lon-
gitude, 6390S latitude. This first observation at high southern latitudes-
suggests the global nature of the layer.

5) The microwave similitude laboratory is a facility in which
the phenomenon of light-scattering by small particles is
scaled to microwave wavelengths so that centimeter-size

particles can be manufactured and shaped to represent their

micron-size counterparts.' As support for our Skylab program,

this facility was relocated at the Dudley Observatory and

upgraded to include angular scattering measurements as well
b as extinction. It now is unique in the world in its

capabilities to measure back-scattering, forward-scattering

(< 10°), and particle albedo., The facility description is




5) continued -
presented in Section VII along with the first draft

of a paper applying ®™q the microwave technique to

the investigation of non~isotropic spheres,

-

In support of the accomplishments listed above, many hardware

tests, film and instrument calibrations, and post-launch verifications

were conducted in our Coronagraph and Optical Laboratory. Many of

these supporting tests may be of interest to other investigators. The b
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final Section, VIII, presents brief descriptions and results of those

3.

tests which we believe would be of a general interest. A table of con-

tents is present at the beginning of the section.
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Project History

Early in 1972 Dr. J. Mayo‘GreenBerg became Principal Investigator
of the existing Skylab T025 Coronagraph Experiment. The experiment had
originally been designed to monitor the particulate contamination about
the spacecraft. However, Dr. Greenberg not only proposed to study these
particles in more detail, but he also intended to utiliée the c#ronagraph
to study the earth's atmospheric aerosol distribution, To implement this
intention he formed a staff: Dr, D. Schuerman (in March 1972) was to act
as project manager, and work on the theoretical and modeling problems;
Mr. F. Giovane (in May 1972) was to be responsible for instrumentation,
calibration, and photographic reduction; Dr. R, Wang (in January 1972)
was to be in charge of the microwave scattering 1éboratory§ and Mr. D,
Hardy (in March 1972) was to act as project engineer and to be respon-

sible for the experiment's documentation.

The modification of the coronagraph to achieve the proposed aims
became the first goél'of this staff. It was quiékly realized that several
modifications would be necessary. Principal among these were the addition
of colored filters and the replacement of Ehe Hassalbald camera by a 35 mm

Nikon. The colored filters were added so that quantitative spectral infor-

‘mation about light-scattering properties of the aerosols could be obtained.

This would be impossible in the existing experiment's white light study.
The addition of the Nikon camera had two effects: 1) it allowed direct

viéwing of the field by the astronauts by means of a penta-prism, and

2) it allowed the use of a UV lens (originally developed for the S063 experi-

ment) which extended the observational range into the UV,

06
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Once the modifications had been initiated, efforts were centered

on the supervision of the contractor (MMC) in his implementation of these

changes, and in the development of observational programs, instrument

calibration, and eventually program reduction methods. Another major
effort, instituted after final contract approval in October of 1972, was
the construction of the Laboratory for Particle Scattering. This
structure (completed shortly after the first Skylab launch) was to house
the cofbnagraph test facility, optics laboratory, and the microwave

similitude laboratory.

During this period and up to the launch of Skylab, an intensive
effort was directed towards achieving an efficient reduction program for

data that was to be returned. Unfortunately, most of this effort went

for naught when the Skylab meteor shield was destroyed. The extension of
the parasol from the solar airlock prevented the coronagraph from being
deployed and invalidated our observational procedures and much of our data
reduction methods. The next several months were spent in devising a way
that would allow deployment of the coronagraph. An EVA method was devised,

and the required hardware was developed for SL-3, However, the lack of

time prevented the astronauts from being properly trained in TO025 operations,
and the coronagraph was not deployed on the 2nd mission. Nonetheless, 'the

generél success of SL-3 and our ability to develop an EVA program for the

T025 allowed the coronagraph experimentito be included in the Skylab

Kohoutek project.

The corohagraph, with its potential capability to observe the .comet

in emission near perihelion, was considered to be one of the most important
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observingvprograms of the Kohoutek operation. Consequently, major
modifications were made during the months prior to the SL-4 launch. The
existing filters were supplemented by narrow-band interference filteré
centered on the emission features of Na, Cp, CO+, CN; OH and adjacent
continuum areas. A supporting bracket with precise pointing capability

was constructed to mount the coronagraph to a structural strut of the ATM,
A new occulting disk, with non-sharp edges and a sight filter, was readied.
The créw ;as EVA trained for our experiment, The deadlines for SL-4 launch

were met,

The first EVA atmospheric obServiné program’(ZZ November 1973)
was curtailed when the shutter speed extension knob, suppiied by JSC,
became unseated. As a result, the astronauts terminated obsé;ﬁation aftef
6 exposures. The subsequent three EVA's (25 December 1973 comet éfe-
perihelion, 29 December 1973 comet post-perihelion, 03 February 1974
atmospheric aerosols) however, were conducted without apparent mishap, -

and 82 pictures of the comet and 40 pictures of the atmosphere were taken.

The development of the photographs did not téke place until early
March when it was tragically found that the results of the 2nd, 3rd, and
4th EVA's were out-of~-focus. The out-of-focus situatién, as we now ﬁave
determined, resulted from the loss of the Nikon camera film preséure élate
(that is, the springed plate that presses the film against thevcamera £film

platen, and thus keeps the film in a single plane of focus).

Several weeks were then spent in an intensive effort to learn

whether the out-of-focus images could be refocused by existing image treat-

»
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ment processes. The conclusion was that although refocusing could be
achieved, the results and quality could not be guaranteed. Consequentl&,
it was decided that it would not be wathwhile to attempt the defocusing
of the out-of-focus frames immediately, and the entire effort was directed

towards reducing the in-focus frames.

The in-focus frames were measured with the Spec =~ Scan 3000S
Microdensitometer at Houston, In addition, microdensitometer records were

also made of the out-of-focus frames to provide potential investigators

interested in the defocusing problem with working data.

The analysis of the in-focué images was concurrent with an ex-
tensive theoretical study of the horizon scanning method. In addition,
during this period, reduction of the comet data collected in Hawaii
was undertaken as were some instrumental calibrations that had been
scheduled for the year before but were previously postponed due to schedul-

ing problems,

Based on the results obtained in June from the Spec: -'Scan 3000S
and the concurrent completion of some of the instrument calibrations and
theoretical studies, it was concluded that high quality of the 36003 frame
warranted an extensive analysié. The scanning results obtained for the
3GOOX frame, however, indicated that the measurements with the Spec. = Scag
Microdensitometer were not as accurate as required. Consequently, the
36008 frame was returned to Houston and remeasured in November 1974 on a
refurbished 3000S. The resulting data was reduced successfully in the

next four months.
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a)
b)

¢)

d)

e)

Contractual

Dudley involvement 1/72
Extension Submitted 6/72

1) Budget revision and effects 7/72
2) Extension approved 10/72

Kohoutek Modification

1) Additional funding approved 10/73
Ecé‘s

1) 001, 002, 003 approved 8/73

Authorization to reduce S052 data received 11/74
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a)

b)

c)

d)

e)

£)

g)

EIS, ERD

1)
2)

MRD

1)

2)

. 3)
-4
5)

DRF
1)
2)
3)
5)
6)
7

EOH

1)
2)

Documentation

Update 4/72
Update 5/72 (due to ACDR)

Update 4/72

Input/update 5/72 (review copy)

Revised to be compatible with EOH 9/72

SL-2, SL-3 update 3/73

SL-4 update to reflect Kohoutek modifications 8-11/73

Initial specifications 5/72

Package submitted 6/72

Approved 8/72

Weather data DRF drafted 11/72

Data and forecast requirements submitted 12/72
Return of Kohoutek filters submitted 12/73
Flight film 7/74

Procedures defined for SL-2 6/72
Procedures incorporated 7/72

Check List

9]
2)
3)
4)
5)

Operational procedures incorporated 7/72 )
Revised/refined 10/72 -
SL-3, 4 update 11/72

SL—Z, SL-3 update 3/73

SL-4 update to reflect Kohoutek modifications 8-11/73

Mission Rules

1)

Emergency procedures defined 7/72

Update Message Pad

1)
2)
3)

Revised 7/72
Revised 9/72 (to reflect £/stop and start/stop times)
Revised/refined 10/72 4

12




Documentation - continued

h) Design Certification Review 8/72

i) RIDS

1) Issued at ACARR 8/72
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a)

b)

c)

d)

f)

Meetings Attended

SALWG

1) First 6/72
2) Second 7/72 - coordination of data
3) Third 10/72
4) Fourth 11/72
5) Fifth 4773
0) Sixth 6/73

Atmospheric Studies Meeting
1) 6/72
Crew debriefings (pre-flight)

1) With SL-2 crew 1/73
2) With SL-3 crew 4/73

Comet Conferences

1) Baltimore 6/73

2) GSFC 7/73

3) GSFC 8/73

4) Houston 9/73

5) Albequerque 10/73

Crew bebriefing (post-flight)
1) With SL-4 crew 3/74
Simulatioﬁs Attended
1) Paper simulation 5/72
2) TFirst simulation 1/73

3) Second simulation 2/73
4) Third simulation 4/73
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a)

b)

c)

d)

e)

S—

£)

g)»

- h)

i)

ke

Flight Experiment Hardware

Initial design modifications 3/72

1) Coronagraph baffle
2) Camera, filters, adapters

Fit and Function Test 4/72
1) Nikon camera with filter holders

Hardware specifications for baffle, filters, holders, and llght
tightness 5/72 (at ACDR)

Numbers on Nikon view grid

1) Possible problem for readibility 5/72
2) Test prove numbers legible 6/72

Neutral density filter

1) Specifications made 5/72 l(at A CDR)
2) Multiple imaging effect detected 8/72
3) Photographs through filters requested by MMC 9/72

Filters (first set)

1) Specifications made 6/72

2) Corion unable to comply and specifications relaxed 7/72

3) Pinholes found but would not significantly affect results 8/72
4) P,I. filters received with modification kit 10/72

A CARR, equipment acceptable except for a few RIDS which were sub-
sequently corrected 8/72

Instrument realignment
1) Test and Checkout Procedure at KSC prove gross mlsalzgnment
of T025 2/73
2) Experimentrrealigned and reticle grid secured 3/73

24508 filter found defective 3/73

1) Flight Filter replaced 3/73

15
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Testing and Associated Hardware

a) Tests at the Coronagraph Test Facility, HAO, Boulder, Colorado

b)

d)

e)

£)

3/72 and
1)
2)
3)
4)
'5)
6)
7)

HAO type

1)
2)

5/72

Size limitation for visibility determined

Rejection ratio determined

Baffle design finalized :

Interior spacecraft lighting determined

Film selection narrowed

Particle density counts calibrated

Input to design of Laboratory for Particle Scattering

visible sensitometer

Construction initiated 7/72
Construction completed 11/72

- Revised OWS lighting arrangement specified 7/72

SAL mock-up received for testing 8/72

UV sensitometer

Constructed and operational 3/73

1)
Isodensitometer
15 Calibration studies initiated 9/72
2) Digital recording system rectified 11/72
3) Decoding of tape readout completed 12/72

4)

Digital recording system refurbished 6/74

N e T R A R FSR AT S T, 3 25 [ O
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a)
b)

d)

e)

Test Facility

Initial design of equipment requirements §5/72
Test tunnel and isodensitometer received 6/72

1) Test tunnel outfitted
2) 1Isodensitometer refurbished

Temporary Coronagraph Test Facility

1) Outfitted 7/72
2) Completed 8/72
3) Calibration testing begun 9/72

Laboratory for Particle Scattering

1) Detailed planning completed ~ 10/72
2) Foundation begun 11/72

3) Foundation completed 12/72

4) Frame completed 2/73

5) Interior begun 3/73

6) Interior completed 4/73

7) Construction completed 7/73

Microwave Scattering Laboratory

1) Operational 9/73




a)
b)

c)

d)

e)

£)

g)

h)

i)

i)

Photographic Planning and Processing

HAO testing for reduction of film choices 5/72
Film type discussions

1) With PID 7/72
2) With PID 8/72

Film loading and handling procedures
1) With J. Ragan (JSC) 7/72
Film Calibration
1) Discussions with J., Ragan 7/72

2) Discussions with Laman and Thompson 7/72
3) Procedures established 11/72

4) Details of calibration roll established 3/73 é R

Film Tests
1) UV sensitivity of various films 7/72
2) Ilao tests (UV sensitive) 8/72
3) Final film selection tests by PTD 10/72
4) 2485 tests, resolution loss 4/73
Film Selection
1) 2403, 2485, S0168 selected 11/72
Optimum Development Times
1) Tests on 2403 3/73
Resolution Testing
1) Using flight type lenses 1/73
2) With P,I, filters 2/73
3) With flight filters 1/73

Absolute Calibration

1) With flight filters at MMC 1/73

Light Piping - subdued light required for film loading 4/73
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k)

1

m)

n)

Photographic Planning and Processing - continued

Kohoutek Film

1) Additional cassettes requested and approved 10/73
2) Pre-flight calibration by PTD at JSC 10/73

SL-4 Flight Film Processing

1) PID could not achieve ¥ = 1 with existing processing plan -

further testing required 12/73

2) Final photographic plan adopted 1/74

3) Directed and monitored flight film processing 2-3/74
Flight Film - originals and duplicates

1) Complete set of second gen. neg. delivered 3/74

2) Originals requested per DRF 7/74

3) Originals received 8/74

Hypersensitization

1) Possibility due to exposure to vacuum ruled out 8/74

-19




a)

b)

c)

d)

Crew Procedures and Mission Planning

Capability developed to calculate orbital data, start/stop times,
latitude/longitude 8/72

1)

Programs developed 9/72

Weather data acquisition planning 8/72

1)
2)

3)

Programs developed 9/72

Meeting with Nat. Meteor. Center to arrange acquisition
of meteorological data (post flight) 11/72 3/73
Data from Air Lines coordinated 3/73

Operation Pointing Problems

1)
2)
3)
4)

Attitude hold requirement 3/73

T025-ATM alignment 3/73

Discussions with H-BAR/sun sensor acquisition 4/73
Fit check with S020 "wedge" 4/73

Crew Training Exercise

1)

2)
3)

Huntsville 9/73 (2 times)
Houston 9/73 '
Huntsville 10/73 (2 times)

20




a)
b)

d)

e)

g)

Comet Kohoutek

Observing program being planned 4/73

Proposal submitted 7/73

Hardware requirements defined

1)

Possible

1)
2)

Filters,

1)
2)
3)
4)
5)
6)

JSC, MMC, MDAC, DO meeting to discuss modifications 7/73
modes of deployment

Out of - Z airlock with 180° roll 7/73
EVA 8/73

interference

Determination of 15 required 8/73
Orders placed 8/73

Filters accepted 10/73

CARR for filters 10/73

Hand carried to XKSC 10/73

DRF submitted for filter return 12/73

Filter, occulting disk

1)
2)
3)
4)
5)
6)
7)

Designed

Modifications to back-up occulting disk made at MMC 8/73
Testing and fabrication begun 9/73 '

Thermal vacuum tests (and transmission tests) at D.0, 9/73
Qual tests at MMC

Training filter shipped to JSC 9/73

Flight filter hand-carried to KSC 10/73

Ground Based Observatibns

1))

At Hawaii to determine proper exposure times 11/73 - 1/74

21
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T025 EVA and Related Activities

a) Meteoroid Shield Loss

1)
b) EVA Plans

1)
2)
3)
4)

5)
6)
7)

Assessment of thermal damage 6/73

Initial plans discussed at MSFC 6/73

Conceptual ideas for bracket 6/73

Zero-g simulation at MSFC 6/73

Modifications of T025 for EVA 6/73
A) occulting disk safety cover
B) camera body thermal jacket
C) cable release and extension knob
D) occulting disk edge dulling

PDR of modifications 8/73

CDR of modifications 9/73

CARR of modifications 9/73
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a)

b)

c)

d)

e)

T025 Flight Execution

First EVA, (November 22, 1973; Astronaut Pogue)

1) Preparation 11/73
2) Operation, with camera failure 11/73

Joint effort with 5063
1) Arrangements and goals 11/73

2) Nine (9) sequences taken 12/73
3) Additional sequences taken 1/74

Kohoutek EVA's, December 25 and 29, 1973; Astronauts Pogue and Gibson)

1) Both EVA's (25th and 29th) apparently successfully
completed 12/73

Operational Flight Hardware Problems
1) First EVA problem diagnosed 11/73 12/73
Second Atmosphere EVA (February 3, 1974; Astronaut Gibson)

1) Approved by CCB for early February 12/73
'2) Preparation and operation 2/74
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Data Evaluation, Reduction and Analysis °

a) Initial Data Evaluation

1) All but 6 frames out-of-focus 3/74
2) Tests conducted to determine cause 3/74
3) Effects of out-of-focus condition 3/74
4) 1Initial data on 6 good frames 3/74

b) Image Restoration (JPL)

1) Assessed as a possibility 3/74
2) Meeting to determine quality and cost 6/74
‘3) Decided not to pursue at this time 8/74

c¢) Data Reduction of EVA-1

1) Planned and outlined 3/74

2) Approach to reduction plan 4/74

3) Plan for Kohoutek film 4/74

4) Possible reduction of contamination data 4/74

5) Plate scale determined 6/74 8/74

6) Vignetting function determined 6/74 8/74

7) Deterioration of 25308 filter 6/74

8) Not satisfied with Houston digitized data 7/74

9) Tests require use of electric Nikon for simulation 7/74
10) Electric Nikon can.be shimmed to simulate flight data 8/74
11) Reciprocity tests 8/74

12) Spectral absolute calibration of flight film 8/74

13) Measurements of flight originals on Houston desitometer 8/74 1/75

d) Comet Observations
1) Reduction(with calibration plate scale vignetting) 6 - 7/74
2) All white light photos reduced to integrated energins 8/74

3) Corrected to zero air mass
4) Narrow band photos reduced

2%
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‘T025 Photographic Log

22 November 1974 Film #BEO3 Nikon Camera NKO1

Nikon 27 mm UV lens at £/2.0

Frame Filter Shutter Speed (sec) Comments
1 Blank 1/1000 ' Atmosphere in-focus
2 Blank 1/30 - "
3 2530 | 4 . "
4 2530 1 "
5 3600 1/15 "

6 3600 . unrecorded "

Termination due to camera malfunction. Frames 7 - 40 were not taken due

to shutter-speed extention knob not being seated properly on camera.

Notes:

Frames 1 & 2

made for purposes of precisely locating sun's image
behind occulting disk. Background level high as

expected. Sun's location well determined.

Frames 3 & & - 2530 filter shown to have deteriorated in flight.
Frames show ozone layering but not of sufficient

quality to warrant quantitive analysis.

Frame 5 - good quality, no problems with light scattering in

filter. Exposure time selection perfect.

Frame 6 - good quality, no crew record of exposure cr time when taken.
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! , 25 December 1973 Film #BE04 Nikon Camera NKO2
Nikon 27 mm UV Lens at £/2.0
Frame . Filter Shutter Speed (sec) Comments
1 Blank : 1/125 Comet, out-of-focus
2 Blank 1/125 n
3 Blank 1/1000 oo
4 2530 80 "
5 2530 10 "
6 3600 . . 1/2 b
7 3600 . 1/15 A "
8 3361 14 "
9 3361 2 v
10 3873 14 "
T 3873 : 2 : "
12 : 3873 1/4 "
13 ‘ 4700 2 ' "
14 : 4700 : 1/4 "
15 P 3100 14 "
16 = 3100 ‘ 2 ’ "
L L 3100 1/4 " ,
\ 8 - 6000 1/30 - " i i
Y 19 , | 6000 A 1/250 , W
20 6000 o 1/1000 "
21 3250 ) 14 "
22 3250 2 "
. 23 3250 1/4 . "
24 2800 7 . "
25 2800 1 ' "
26 ' 4430 2 . "
27 4430 | 1/4 . "
28 - 5500 1/2 "
29 5500 1/15 "o
30 4262 7 |
! 31 4262 1 . "
1 32 ! 3940 14 | "
% - 33 { 3940 ‘ 2 4 : "
: 34 % 3940 , 1/4 | "
o 35 o 4900 ' ‘ 2 o ’ "
36 ; 4900 1/ ? "
: 37 ; 5890 4 j "
) 38 ' 5890 1/2 : "
39" -3873 14 " '
40 3873 . 2 o " i
i 41 3873 1/4 " - i
f C) Normal termination of sequence, i
i :
| | | |
< 27
\
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29 December 1973

Film #BEQS

Nikon 27 mm UV Lens at £/2.0

Frame

WVOONAN I WN -

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

29

30
31
32
33
34
35
36
37
38
39
40
41

Normal termination of sequence.

Filter

Blank
Blank
2530
2530
3600
3600
3361
3361
3873
3873
3873
4700
4700
3100
3100
3100
6000
6000
6000
3250
3250
3250
2800
2800
4430
4430
4430
5500
5500
4262
4262
3940
3940
3940
4900
4900
5890
5890
3873
3873
3873

Nikon Camera NKO2

Shutter Speed (sec)’

1/125
1/1000
80 -
10
1/2
1/15

~ 14

2

14

2

1/4

2

1/4
14

2

1/4
1/30
1/250
1/1000
14

Comet, out=-of-focus
"

"
1]
"
1]
1]
"
n
"
"
"

"

[
"
"
n
"
"
"
"
n
",
"
"
"o
"
"

Rl
"
"o
"
"
n
n ‘
(]
"
"

1]
"

e

et il AN s i Kb bkl

emiomarn——

e LTI s



03 February 1974 Film #BE16

Nikon 27 mm UV Lens at £/2.0

Frame v Filter
1 Blank
2 Blank
3 2530
A 2530
5 - 3600
6 3600
7 3250
8 3250
9 2800

10 2800
11 4430
12 4430
13 5500
14 5500
15 Blank
16 ‘ 2530
17 2530
18 3600
19 3600
20 3250
21 3250
22 , 2800
23 2800
24 4430
25 4430
26 5500
27 : 5500
28 2530
29 2530
30 3600
31 3600 .
32 Blank
33 3250
34 3250
35 . 2800
36 2800
37 ’ 4430
38 4430
39 5500
40 5500

Normal termination of sequence,

Nikon Camera NKO2

Shutter Speed'(sec),

1/1000 -

1/30

4

1

1/15

1/500

- 1/30

-1
1
1/15
1/4
1/250
1/250
1/4
1/1000
4
1
1/15
1/500
1/30
1
1
1/15
1/4
1/250
1/250
1/4
4:
1
1/15
1/500
1/1000
1/30
1
1
1/15
1/4
1/250
1/250
1/4

Comments

Atmosphefe, out~of~focus
.n )

"
"
"
"o

S
",
n
"o
",
"
"
n
n
"
"
"
"
"
"
"
"
"
"
n .
"
"
"
"
"
"
"
"
1" !
"
"
"
"
"

29
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COMET INVESTIGATION

R N T PRI T O r P I SN TP UL




Comet Investigation

The intended aim of the T025 Kohoutek mission was to make

narrow-band emission photographs of the comet in OH, CN, CO+, C, and

Na., These observatiohs, if they had been successful, would have allowed
for the first time a series of photographs in emission bands and lines
to be made of a comet when it is subjected to intensive radiative and
gravitational forces associated with perihelion passage. The morphology
of the‘cpmet in emission gained from these photographs would have proved
extremely valuable in providing parent~daughter molecule relationships.
Consequently, the failure of these observations, due to the out-of-focus

Nikon camera, were extremely unfortunate,

Although the comet observations from Skylab were unsuccessful,
several hundred exposures were made from an observing site at 3000 m on
Haleakala, Maui, Hawaii to support the Kohoutek operation on Skylab.
Photographs were taken with the T025 filters and both the 27 mm £/2.0
UV lens and the 46 mm £/1.2 lens to obtain exposures for the S063 and
TO025 experiments. Mr. Giovane decided, after ‘it was learned that the
ékylab data did not contain worthwhile comet data, to reduce'the
under extremely poor photometric conditions, with the optical path
occasionally exceeding 40 air masses, as the comet was photographed near
to or below the géographic horizon. Because of the‘difficulty and time
consuming nature of the analysis, the reduction was limited to just a

few of the hundreds of frames available,

T T T T S S T
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This reduction was developed in two parts. The first part
involved the reduction of 15 frames taken on nights between 06 and 19
December, using the 46 mm lens and no filters. These photoéraphs were
originally taken as position orientation frames for the narrow-band
photogréphs. However, it was thought their reduction would provide
invaluable experience and information needed for the narrow-band

reduction. The results, now nearly complete, provide a morphologic

picture of the comet just before perihelion and also yield the magnitude

determined in absolute units (that is ergs/cmg -sec), It is expected
that these results will be submitted for publication in the very near

future,

The second part of the reduction involves 14 narrow-band photo-
graphs taken of the emission spectra of the comet in Na 5890, Cn 3770,
and Cy 4700, These photographs show a steady brightening of the comet
in each of these emission lines, with Na 5890 becoming very strong as
perihelion approached. They also provide the first ﬁorphologic history
of a comet along with absolute magnitude close to perihelion. The results

will be submitted for publication soon.
A list of the recorded observations is presented in Table 1.

In addition, while preparing for the Kohoutek mission,

D. Schuerman began a literature search on comets. Reflections on the nature

of comet outbursts prompted a joint study with other groups connected with
the observatory. The results of that study have been published in Nature,

and a reprint is presented at the end of this section.




. Table of Comet Observations

White Light

Narrow Band Emission

C2

Continuum CZ

Na

CN

Date

06

07
13
14
16
17
18
19

Dec
Dec
Dec
Dec
Dec
Dec
Dec
Dec

16

16
17
18
19

14

15
17
18
19

Dec
Dec
Dec

Dec

Dec
Dec
Dec
Dec

Dec
Dec
Dec
Dec
Dec

No. Frames Reduced

N W N NN

Time (GMT)

15h 45m
15h 4om
15h 46M

15h 3pm

15h 23m
150 30m
150 47m
150 56m

15
15
15
15
15 56

=gl ==l - ol =




H
H

(Reprinted from Nature, Vol. 250, No. 5464, pp. 313314, July 26, 1974)

"/ Energy source for comet outbursts

A coMET nucleus is generally recognised as an icy conglomerate,
as was originally proposed by Whipple!. The Orbiting Astrono-
mical Observatory observations of Comet Tago-Sato-Kosaka®
and Comet Bennett® support the current ideas that H,O is a
major component of comets. If comets were indeed formed
through an accretion mechanism at distances of many AU from
the Sun, what is the nature of the resulting form of water ice?

A number of studies on the deposition of water vapour at low
pressures and temperatures indicate that amorphous ice is
formed. The reported physical properties include: a density
of 2.3 g cm™3 (ref. 4), a specific heat 259 greater than that of
ordinary hexagonal ice, and a latent heat for the phase transi-
tion from amorphous to cubic ice of 24 + 2 calorie g™ (ref. 5).
The transition occurs at a tempera:ure near 140 K (ref. 6). The
presence of impurities seems to enhance the growth of clathrate
hydrate ices, but both the clathrates and the amorphous water
ice can apparently coexist at densities of 1.4-1.7 g cm—3 (ref. 4).
Clathrate compounds have densities which are typically 0.3-
0.5.g cm™3 (ref. 7).

Observational evidence indicates that comet outbursts require
an internal energy source®. If at least the surface of a comet

-nucleus contains a substantial percentage of amorphous ice,
then the phase transition of the amorphous ice to a cubic
structure provides a release of energy which may be responsible
for the outbursts observed in many comets. In addition, if the
density of amorphous ice is indeed about 2 g cm™3, then a
‘pulverising” mechanism would exist because of the abrupt
stresses introduced by the volume change in the solid as the
density of the ice changes by a factor of two.

The total energy released during a cometary outburst is of the
order of 10%* erg with an accompanying mass loss of 102 g
(ref. 8). The resulting energy requirement of 10° erg g~ compares
favourably with the 10° erg g released during the amorphous—
cubic phase change.

Any theory to explain cometary outbursts must consider

_ the spatial distribution of the phenomenon. Figure 1 reports

the results of a study in which the positions of the comets are
shown at the time of outburst®. Although some observational
selection effects may be present, a definite clustering is apparent
within 2.5 AU from the Sun. Calculations!® have shown that
celestial bodies consisting of water ice with an albedo of 0.6,

- at a distance of 2.5 AU from the Sun, have expected surface
temperatures ranging from 150 K for a rapidly rotating sphere,
to 180 K for a non-rotating sphere (see Figs 1 and 2 of ref. 10).
The phase transition from amorphous to cubic ice requires a
temperature near 140 K, Higher temperatures are necessary if
the surface has an insulating layer such as that predicted in the
model we shall present here.

Any volume element which undergoes this phase transition
increases its temperature by about 45 K. Therefore, the heat
released can trigger the surrounding material so that the phase
change is, in effect, a self feeding mechanism which propagates
to d distance where the local temperature is near 100 K.

The outburst of a comet can therefore be envisaged as
occurring in a series of consecutive steps: initiation, propaga-
tion, pulverisation, sublimation, ejection, and insulation.

Depending upon the condition of the surface of the comet,
the' amorphous-cubic ice phase transition can be achieved at
different solar distances. If the surface is amorphous ice, an
outburst is most probable at about 2.5 AU from the Sun.
If the surface is covered with an insulating layer, however, a
closer approach to the Sun is required. On the other hand,
if amorphous ice is in heat exchange with material with a
temperature which increases faster than that of the ice, then an
outburst can be expected at greater distances. If the temperature
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Fig. 1 Positions of comets at the time of outbursts. O, Hypo-
thetical outbursts preceding discovery; @, observed outbursts
after discovery®. (Courtesy of the IAU.)

of the ice is slightly below the transition temperature, thermal
spikes provided by solar activity could trigger the outburst.

Once the phase transition has been initiated, it will propagate
within a region where the temperature of the ice is greater than
100 K. The volume into which the transition can propagate can
be estimated. Our calculations consider a spherical comet with a
radius of 5 km. For a rough estimate we assume that the surface
temperature around the subsolar point decreases as a cosine
function. For a subsolar temperature of 140 K, the surface
area with a temperature above 100 K is bounded by a circle
and contains 149 of the total surface area of the comet. Fol-
lowing Sommerfeld’s!* development, it is possible to estimate
the depth at which the phase transition terminates 1 m below
the subsolar point. For this calculation the thermal diffusivity
of glass,2 X 10~2 cm?® s, is used. As this depth is reduced to
zero at the perimeter of the previously computed area, an average
depth of 50 cm is assumed. The resulting volume which
undergoes the phase transition is 2.2 X 10'? cm® The density of
amorphous ice is about 2 g cm™3 and so the mass involyed
is5 x 101 g,

The transformation of amorphous ice into cubic ice with a
density of 0.94 g cm™—3, must induce severe strains of the order
of 20-30¢%; which will pulverise the ice. It is useful to estimate
the particle size which results from the fracturing process.
For a stress, S, of about 10* pound inch—2, W is proportional to
S—*, where W is the average mass of the ten largest particles
that result when the stressed material fractures. If this relation-
ship holds in general for higher stresses, then an extrapolation
to the anticipated stress encountered for the amorphous—cubic
ice transformation (~ 10° pound inch~2 for strains of 20-30%),
shows that W is of the order of 4 X 10" g. This implies that the
largest particle has a size of about 10 pm.

This mechanism therefore automatically provides a source of
particulate matter which creates a huge surface area. Conse-
quently, the equilibrium vapour pressure between the parti-
culates will be rapidly established. With the mass (5 x 10" g)
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involved in the phase transition the energy, E, which is released,
is given by:
‘ E =5 x 103 g X 24 calorie !

= 10 calorie

This can generate water vapour of mass, M:

M = E/H = 10 calorie/650 calorie g™*

‘ =15 x 102 g

where H is the heat of sublimation. This i:cans that 3%, of the
generated particulate matter is sublimatcd. This gas must
certainly expand into the vacuum of spzce at a few times the
velocity of sound, carrying with it, at least to an order of mag-
nitude, a comparable mass of dust. This mass is consistent with
observed values for typical comet outbursts®,

A large fraction of the fractured material remains on the
surface. This effectively creates an insulating layer with a high
albedo which tends to prevent further outbursts for some time.

This picture of comet outbursts can be subjected to many
refinements, such as variations of comet sizes, or of rotation
rates and inclinations, impurities and inhomogeneities in the
ice, and orbital parameters. The general features of this theory
are, however, consistent with observations and in our opinion
provide for a more plausible source of energy than has bezen
previously suggested. Those suggestions have included the
vaporisation of pockets of methane andfor carbon dioxide®,
explosive radical reactions!?, and collisions with interplanetary
boulders.
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Abstract

Calculétions of stellar refraction for a setting or
rising star as viewed from a spacecraft show that the tropo-
pause is a discernable feature in a plot of refraction vs.
time. The height of the tropopause 'is easily obtained from
such abplot. Since the refraction suffered by the starlight

appears to be measurable with some precision from orbital

altitudes, we suggest this technique as a method for remotely

monitoriné the height of the tropopause. Although limited to
night-time measurements, the method is independent of support-
ing data or model fitting and easily lends itself to on-line

data reduction.




1. Introduction

If one observes the setting or rising of a star from
above the earth's atmosphere, the apparent zenith aﬁglé of the
star at any given moment is determined by the refraction suffered
Qy the starlight passing through the atmosphere.  The calculation
of this effect is given in the next section. Since the index of
refraction is essentially a function of the density, such .
calculations depend upon the specific structure of the atmosphefe.
We have found that each of three seasonal changes in representative
density profiles produces a measurable signature on the apéarent

tfajectory of a star. The effect of the tropopause is a clearly

identifiable feature of the trajectory for each of the models we

have chosen. This suggests that from orbital altitudes tﬁis
technique could be used to globally monitor the height of the tropo-
pause independenfly of other suppotting data, In this paper, the
tropopause is defined by vertical changes in the 1a§se rate of
temperature as opposed to a more generalized criterion such as tﬁat

given by'Danielsén (1963).
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2, Calculation of Refraction

Following Fesenkov (1959), the path of a light ray thtough the

atmosphere may be described in polar coordinates (r¢) by

K = constant = n(r) r sin¢ (¢}
and
dr =
~L8r = cot ,
- cot ¢ i (2)

where { is the angle formed between the ray of light and the radius
vector r (see Fig. 1) and n(r) is the index of refraction.. The angle of

refraction R for a stellar observer at P is given by

R=1°{+ ¢- 90°. (3

"For an observer at point Q looking along the light path whose closést

abproach to the earth h occurs at point P, the difference between the

zenith angle Z of a star and its observed zenith angle Zgp is evidently
where

Zon = 180° - ¢ | (5)

0B e _

For any given tangent height h, one may calculate R from (3) by -

integrating Eqs: (1) and (2). The constant in (1) is evaluated

e




for each tangent height at P where { = 90° so that
K = (E+h)n(h), (6)

- E being the radius of the earth, In subsequent numerical calculations

we set E = 6370 km,

Tﬁe final ingredient necessary for the calculation is the specifi-
cétion of the index of refraction as a function of heighf. We assume here
that R‘is a linear function of dénsity, n(h) = 1 + c(}}(h) where c(\) is
slightly éependent on wavelength as given by Allen (1963). In this
aéﬁroximation we find that n-1 is accurate to %% when compared to the more

exact expression given by Allen.

We have found the followingAtechniqué of integration
to be somewhat ﬁore'conﬁenieﬁt than that givén by Fesenkov.
In integrating Egs. (1) and (2) from ry to ry, leé X = nlr/K.. Further-
mbfe, we assume the logarithm of the density within the atmésphere varies’

lihéarly from r, to r, so that
n=1 4“(n1f1)e'y, Lo mpEngn ’:  (7

TN ' . A ‘
‘where n; is the index of refraction at ry,y = (x2 - xl)/xH,'and xg is -

related to the density scale height H by

XH = n1H = Ill (rz-'r]_)

K X 1n(a/m) (8

41
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Eqs. (1) and (2) are then combined to yield

o
F )

N

0y

"X2 dx . e (9)
4o = | - ) 1\, - 2 1% :
x; X [x {1+(P_L.._)(e y-—l)} -1]
To first order accuracy in (ny - 1)/n; and to second order accuracy in y,

(9) may be .integrated to obtain

: | I Ko+ (x 2-1)%
&~ = cos™fL \ - cos}f1 +(B_1_ﬂ-_)l’ 1n --2—-—--?—2--- 0 - 271
X2 x]. : -y x}{[ v_xl-l-(xl "1) 2 (x22 ..]_):"5 .

For a given density profile, we start Fhe intégration at some tangent heigﬁt
h, setting r = (E +th). Because of the restriction leading to ._(9) Lo |
i:hat y be small, we have selected Ar to .be one kilome'ter so fhat y o~ 0;1.

- The resulting‘increment in ¢ is calculated from Eq. (10) L With ¢ o
known from (1), R is known \}ia"Eq. (3). The int-egra.ti?’.on is .
coﬁtinued by one kilometer increments in r until R approaches a constant
value.r Table 1 shows the results of our caict;latibn of R pafametei:ized by
the tangent height h for 3 &ensity profiles taken from the U. S. Standard

Atmosphere, 1962, and Supplement, 1966, for 45° N latitude.

The difference between the true and observed position of a star

42
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.atmospheres previously mentioned. The position along each curve is:

- sphere,dh/dt, by the differentiation of‘Eq.r(ll) with resPect‘to time. Mbre

near the limb as viewed from outside the atmosphere is given by Eq. (&)

if one knows the tangent height h of the light ray. Here, we choose to é
specify h and then compute the true zenith angle Z from (4), (5) and (1)

so that

. Z = 2R(h) + 180° - sin'l(-@j%%_%@) . an

where a is the observer's altitude (a > 40 km). For a = 440 km (SKYLAB

altitude), we have plotted Z-Zgp vs Z in Fig. 2 for the three standard

parameterized by the tangent height h. Note that each curve has a "knee'.
This feature occurs at a unique value of h for each curve-13 km, 11 km,

and 10 km for the July, mean, and January profiles, respectively. This

corresponds to the height of the tropopause as is seen in Fig. 3 where

the temperature profiles for these three atﬁospheres are presented.

The coordinate scale in Fig. 2 shows that the "knee" in each curve

is characterized by a deviation of Z-Znp of about 20 arc seconds from a

smoothed curve.. This suggests that the feature is accessible to measure~

ment as discussed in the next section. The abscissa in Fig. 2 is directly

"proporfional to time. For an orbiting altitude of 440 km, a spacecraft's

circular angular velocity, w , is about 4%°/min. A star near the orbital plane
will geometrically set (rise) at this rate, dZ/dt =w,.. Stars further removed
from the plane will appear to move at a slower rate. The rate of stellar mo-

tion, dz/dt,: is related to the apparent motion of the star through the atmo~

oy




conveniently, one can read off Ah and the corresponding AZ (FwAt)

from Fig. 2 to find dh/dt in the region 9 km< h < 14 km. Thus, in

this region, a star in the orbital plane will appear to move through a

one kilometer layer in about 0.75 sec. This is about twice the time one

would compute if there were no refraction (R(h)= 0 and n(h) = 1 in Eq. (11)).

' If the star is not in the orbital plane, the star will appear to move

through a one kilometer layer on a “slanted path" in a time exceeding 0.75
sec, Wifh the relation between Z and time known from the slope of tﬁe
curves in Fig. 2, it is evident that the value of Z-Zyg will change by

20 arc¢ sec in about 0,1 sec of time. Thus, any detection system which can
distinguish the "knee" in the curve will provide a resolution of the tropo-

pause height of better than 0.15 km,

In using this method, a graph similar to Fig. 2 may be constructed
by continuously tracking a single star or by measuring Z and Zgg for a
number of stars from a few photographs of rich star fields near the horizoﬁ;
The values of h appearing in Fig. 2 are located in the following manner.,

The combining of.Eqs, (4) and (11) yields

 sin (Zop) =.§§%%3T:)Ql . (12)

In practice, perturbations of the values of n(h) from those calculated using
the mean annual density profile have a negligible (<0.15 km) effect on the
resulting values of h found from (12)., This means that Fig. 2 may be con~

structed entirely from observations and a standard table of n(h). In this
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sense, the method does not require supporting data or fitting of various

models,

In the above analysis, we have assumed spherical symmetry through

those regions of the atmosphere traversed by the starlight. Most of the

refraction effects of interest arise in a region of ‘influence between 9

and 15 km., Density variations above 15 km do not influence the "knee"
structure in Fig. 2, The region of influence corresponds to a geocentric
angle, ¢ , of about 5°, If the atmosphere is not spherically. symmetric in

this region, one would expect the knee in Fig. 2 to have a more rounded

appearance and the resulting tropopaﬁse height to be interpreted as an

average height. ) '

This technique essentially measvres averége density deviations
from a smoothed background density as a function of height, The density
deviations associated with standard tropopause models are readily detectable.
At present, the observational effects of jet streams or extreme variations

in tropopause height within the region of influence are unknown.

e,
G’
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3. Comments on Measuring the Refraction

There‘are no major technical difficulties which prevent the
orbital monitoring of the tropopause height. In general, three atmospheric
factors affect such a measurement: color dispersion, turbidity, and
turbulence. The color diséersion, which decreases wigh longer wavelength,
can be reduced to an acceptable level by an appropriate bandpass filter.
For example, a 10008 bandpass centered at 65008 results in a chromatic
image spread of about 6 arc sec when a star is viewed through the 10 km
level of the atmosphere. The turbidity, varying approximately as A'Q,
is also minimized by the selection of a long wavelength.centefed banépass
and for 70008 amounts to less than one stellar magnitude for a star viewed
through the 10 km level. The effect of turbulence, which could potentially

cause apparent stellar image motion and thus reduce the accuracy of the

tropopause measurement, is not well known. However, the image motion

'experienced with ground based telescopes is due almost entirely to atmo-

.épheric conditions in the immediate environs of the telescope and not to
high level atmosphericeffects. Since the total rms motion at a good ground
observing site is about 1 arc sec, it is expected that image motion experienc-

ed by a satellite telescope would be substantially lower.

To resolve the "knee" in Fig, 2, a resolution of about 6 arc sec. is
necessary. The star will appear to move 6 arc sec in about .03 seconds of
time. If we consider using stars équal to or brighter than say 3.0 magnitudéé,
tﬁéy will appeaf to be brighter than 5.5 magnitudes when viewed through the afmo-

sphere at a tangent height of 7 km. With a 10008 bandpass filter centered at 65008
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" the demands on the detection system are not severe. The requirements

are satisfied, for example, by an aerographic camera with a 900 mm focal
length £/5.6 lens, used with Tri X Astyographic film. A 5 x 5 inch film
format would provide a sufficiently large field of view (8° x 80) to

include unrefracted stars so that accurate relative position measurements

~could be made. In addition, the satellite would have to maintain its

attitude to within a few seconds of arc during the 0.03 sécvexyosure.
Since present satellites are stabilized to a few arc sec per sec of time
(Qaron and Simon, 1975, and Marshall Space Flight Center, 1973), this
sﬁould not prove to be a problem. Although a satellite system would, in
practice, employ photoelectric star trackers, the above photographic |

example illustrates the ease with which sufficiently accurate observations

| ‘could be attained to sense the tropopause height.
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4, Conclusion

The measurement of the position of rising or setting stars

viewed from orbital altitudes provides a means of remote sensing of the

~height of the tropopause, Such a method has a number of advantages:

1) The method does not rely on any other supportiné‘data, L gt
models, or measurements,

2) A very small amount of data analysis is needed to locate |
the "knee" and compute the angles of interest so that the
method would readily lend itself t6 real-time or on-line
data reduction,

3) Being a remete sensing technique, the method could be used
for regions of the glpﬁe for which existing methods are

not feasible, , ' : <l

There do exist,'however, certain inherent constraints. A dark
limb is fequired; for example, the Arctic region could.QOt be monitored during
the summer months. A cloudless atmosphere ;bove the tropopause is also ‘b
required, at least tg the extent that stars are visible through the 8 or

9 km layer. But because an exact stellar flux measurement is. not necessary

(only the apparent position of the star is of importance), noctilucent or

W T T Y

mbther-of-pearl clouds along the line of sight would interfere with such

measurements only if they reduced the stellar flux below a detectable level.
; Finally, the exact regions to be investigated are determined by the number
of suitable stars and their relation to the orbital plane of the observidg

= - satellite.
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Although we have stressed in this paper only the measﬁrement of .

the height of the tropopause, additional information on the density pro-

file is contained in the track of a setting or rising star. In a future

paper, we hope to investigate both the extent of this information in
the context of instrumental noise, atmospheric turbulence, and other
uncertainties in the measurements, and, in addition, the coverage pro-

vided by a given number of suitable stars.
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Captions to Figures

Fig. 1 The geometry showing the refraction (Z-ZOB) for an observer at Q.

The dashed curve is the actual light path,

Fig. 2 Refraction vs. true zenith angle of a sétting (rising).star for
an observer at 440 km, The dots and numbers refer to the tangen£
height in km through which the light ray is passing. 2Z, the true
zenith angle of the observed star, is proportionél to time, Z = wt,
In this example, L:= 4 arc min/sec., The dots marked by subscripted
T's identify the "knee" structure and correspond ' to equivalent

points in Fig. 3.

Fig. 3 Temperature profiles from the U. S, Standard Atmosphere, 1962 and
U. S. Standard Atmosphere Supplement, 1966. The subscripted T's

desighate the tropopause. Compare with Fig. 2,
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COMMENTS ON THE INVERSION OF HORIZON RADIANCES FROM SPACE

Introduction

Satellite monitoring of horizon radiance profiles is a promising
means of remotely sensing the aerosol constituent of the atmosphere on a
glbbal basis, Horizon observations provide the long pathlengths necessary
to investigate the tenuous constituents of the stratosphere and mesosphere
and also yield, because of the geometry involved, a natural vertical
height resolution. The power of the technique was demonstrated from the
Mercury 8 manned satellite (Mateer, Dave, Dunkelman and Evans, 1967) when
a étratospheric dﬁstvlayer was photographed using an on-board camera.
Siﬁce then, limb horizon studies and observations have been pursued in
both the Soviet Union (Kondratyev, Volynov and Galstev, 1971) and the
United States (Grey and Merritt, 1971). Limb extinction measurements from
high altitude balloons (Volz, 1971) have also been employed éo
inﬁestigate ;tratospheric aerosols, and Peppin, Rosen, Hofman and Kroening
(1971) are proposing to adapt their solar exfinction balloon metliods to

satellite monitoring.

The calculation of the day~time iimb radiance profiles, assuming
a given atmospheric structure, is a complex problem., The non-parallel
geometry involved makes the inclusion of multiple scattering effects diffi-
cult. Three methods have been developed to cope with this problem.. Collins,
Blathner, Wells and Horak (1972) and others employ a backward Monée—Carlo

technique. Gray, Malchow, Merritt, Var and Whitney (1973) have introduced

.
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a multi-stream method., An Eddington—type approximation has been developed
by Minin and Sobolev (1964) and expanded by Smoktiy (1969). The solution
of the inverse problem, the extraction of information concerning the con-
stituents of the atmosphere given the limb radianée, is only in its initial
stage of development. Gray et al.(1973) have approached the problem using
"filtering techniques" whereby the scattering constituents and their
characteriétics are adjusted to provide a best fit to the horizon data.

The uniqueness of such solutions is not currently known. ‘In this paper

we - uggest some elemental approaches to a direct solution of the invérse

problem.
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A Statement of the Problem

The equation of radiative transfer defining the change in sbecific

intensity over an element of the path ds is given by

‘= kI + KB : (1)

n.‘c.
o (-
1

where k is the extinction coefficient.

The source function B is given by

B = BfIif(w,u)de+ gB @
f 47‘: ﬂ‘l

where B is the single particle albedo, f(w,w) is the phase function, and

By is the contribution to B caused by first order scattering, the scatter-

ing of radiation coming directly from the sun. Appropriate boundary
conditions must take into account the reflective properties of the earth's.‘
sprface‘or‘cloud decks, The first term on the right hand side (RHS) of
equation (2) represents the contribution of multipie scattering to the

;3 source function. It is the coupling of this term with equation (1) through

‘the complex geometry represented in the path length ds which makes the

E . solution of this problem difficult, albeit soluble by the three methods

previously mentioned, For a given solar angle, the final intensity observed
is then a function of the zenith (Z) and asimuthal (Az) angles of the
observer's line of sight and is given symbolically by

I (Z,Az) =R (Z,Az) + fc (0,¢)do . (3
. bqar
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The first term on the RHS of equation (3) represents the single scatteriﬁg
contribution to the observed radiance, while the second term reﬁresents
multiple scattering effects. Note that this second term presumes a know-
ledge of the specific intensity along the entire line ofvsight, s- For

an exact expression of the integrand see, for example, Kondratyev et al.

(1971).

_ An iterative method of attack on the inverse problem is suggested
by equatioh (3). Suppose that from some standard model of the atmosphere
one calculates, by one of the three previously mentioned methods, the
radiation field throughout the atmosphere. For a given set (i=1,2,...n)
of observations, Ii(Zi,Az), one could'compufe from equation (3) a first
approximation to the single scattering term, R(Z,Az).' Now the problem is
simplified a great deal. If this single scattering probleﬁ.could be in~
verted to yield a new atmospheric structure (aﬁ improvement on the standard’
model), this new structure would serve as a basis for computing a better
approximation to multiple scattering. By successive interations, the true
structure‘pf the atmosphere could be deduced. Aside from the-questions of
zcénVergence'of such a scheme, we suggest that an invéstigation ofvthe in-
version of the single scattering pfoblem is of primar& impértaﬁce to the
inversion of the complete problem, This suspicion is strengéhened by
comparison of the effects of multiple scattering with single scattgriﬁg models
for selected cases. Figure 1 by Gray et al. (1973) compares a single
séattering (ss) profile‘with one that includes multiple scattering (ms)
for thefspecificrparameters listed. Note that above about 25 km, the

shapesof the~pr6files are almost identical. Because of the logarithmic
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scattering (MS) effects for the parameters listed.
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coordinate scale uséd, this suggests that, to a good approximation above
25 km (at 40002), the true radiance is just a constant factor times the
single scaftered radiance. This approximation fails to some extent for
altitudes below 25 km where the optical depth along the line of sight is
near to or greater than unity. For longer wavelengths, the optical
depth equals unity at successively lower altitudesf (For reference, we
show in Figure 2 this wavelength dependence for a Rayleigh scattering
atmosphere.) The proportionality between single and multiple scattering
gadiances is not necessarily a general property of all profiles. Im
fact, this relationship deteriorates sqméwhat for longer wavelengths
(Gray et al. 1973) and perhaps.wifh increasing solar zenith angle
(Kondratyev et al, 1971). However, this relationship does suggest that
the inversion of the singlé scatteriﬁg problem ié fundamental to the
solution of the complete problem, Finally, we remark that a study of

. the éingle scattering inverse problem should suggest what measurements

are
and which instrumentation are best suited for horizon observations and .

what auxiliary measurements would be helpful in the remote sensing of
stratospheric aerosols. For the above reasons, the remaining portions
‘of this paper are devoted to the inversion of single scattering horizon

profiles;
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Fig. 2 “The tangent height at which the line of sight optical depth

N equals uwnity as a function of wavelength for an observer
outside the atmosphere. A Rayleigh scattering atmosphere
(no aerosols) is assumed. o :
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Uncoupling of Layers

The direct calculation of the single scattering intensity of
the horizon radiance is straightforwafd but cumbersome because of the
geometry involved. Since an understanding of this geometry is vital
to the inversion process, we review here the significant relationships
aﬁd establish our nomenclature. Figure 3 identifies the needed param-
eters. It is assumed that an observer at the point O knows his altiLude
(a), the earth's radius (R), the zenith angle of the suﬁ (SA), and both
the zenith (Z) and azimuthal (Az) angles of the line of sight, s. Az
is measured from the solar meridian. For ease of presentation, the
figure shows only the particular case for Az = 0, but the‘development
of the pertinent formulas is for the general case, Az#0. The line of
sight (neglecting refraction) has as its closest approach to the earth
the di;tance Y, which we refer to as the tangent.heigﬁt. Y and Z are
related by

sin é1800-z) = R+Y ()
Rt+a
Also needed are expressions for y , the angle ﬁetween the yector»through

Y and the terminator, and ¢, the scattering angle. We find that
sin ¢ = cos SA sin Z-sin SA cos Z cos Az (5)

and

cos ¢ = cos SA cos Z + sin SA sin Z cos Az. (6)

In describing the scattering process at some point, P(h), we need
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_ Terminator

. Fig. 3 The geometry and parameters used in the single scattering
formuiation of horizon observations. This diagram is for
the special case of zero azimuthal angle, Az = 0. :
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gl; expressions for the path length elements ds and dt where ds is an element

along the line of sight to P(h) and dt is an element along the path of
solar radiation to P(h). Let (Rty) be the distance of closest approach
to the center of the earth on path t. Likewise, (R+Y) is defined by the
distance of closest approach along the line of sight. It is then clear

from the figure that

= (R+h") dh" " and dt = (R+h ) dh' ) (7)
R+ 2- (rHY) 2} {(R+h')2-<R+y)2}

The quantity (RﬁY)z‘is defined by.equation 4, but (R+y)2 is a function of

the point P(h). 'Wévfing that the general relation is
% -
rg) 2= ()2 - [RHY) sing + {®&M)Z - ®RDF cos]. ()

.Proper attention must be given to the choice of signs in equation (8).
If the point P is between points O and Q on the line of sight, the
negative sign is used. If P is sunward of Q, the positive sign is em-

; ployed, Notice also in equation (8) that y is not necessarily positive.

. Equipped with the above geometry, we can now desgribé the single
scatterlng process at the point P, Let the solar flux at the point P be fg

given by Fp(h) ,FoEl where
ht ‘
El = exp - K(h')(R’l‘h') dh' 2 ' ' ’ (9)
| %<R+h Y2 - (Riy)2)

F, being the unattenuated solar fiux and & the coefficient of extinction.

N SR

The starred integral sign represents the fact that the integration over
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the path may take one through the branch point of the integrand in
equation (9). In such cases (as in Figure 3) the starred integral sign
is interpreted to read

he hy h

SERU Y

* The radiation scattered at point P suffers a further attenuation,

Eg, on its way to the observer:

hy

E2 = exp o % . K(h")‘ (R+h") dh' ‘ (11)
{12 - (r1Y)2}72

h
Where the starred integral sign has the same meaning as before if y is
replaced by Y in equation (10). The scattering process itself is described
by the scattering coefficient a(h) and a phase function, f(c¢,h)(normalized'
to 4r ), so that the contribution from the scattering element at P to the

monochromatic specific intensity of the observer is

R, (h,8)= Fq gg,h)a(h) Eq(h) Ep(h) ds. . (12)

The total monochromatic intenéity observed at O is then the totality of
contributions from all points along the line of sight,
he

R (Y,Az,S4) = Fg ¥ g¢,hg v(h) E1(h) E2(h) (R+h) dh (13)
hy | {(R+hY - (R+Y) }

The two attenuation terms, E; and Ey, involve the extinction
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coefficient x at the wavelength under investigation., Radiation is
attenuated by both scattering and absorption processes. We assume that

the scattering is attributable to molecular (Rayleigh) and aerosol scatter-
ing and absorption is due to aerosols and ozone. By the proper choice of
the bandpass, other molecular bands and spectral features can be avoided.
Thus

K = ‘ot o +a.+a = o+ a (14)

where o represents scattering terms, a represents absorption, and the
subscripts m, a, and o stand for molecular, aerosol and ozone,respectively.

The single scattering albedo is thus given by B =c¢/(0o+a).

The scattering fuﬁézgan, f(é,h) o (h), in equation (13) likewise consists
of two components,

£C¢,0) o () = £,(8) op(h) (1 + £,(¢ ,h) aa(h))

(15) IV N

where the phase function for Rayieigh scattering is given by |
£ = _3_(1‘ + cosd) . ' ©(16)

Ihe advantages cf the daylight horizon scanning method become
obvious when one attempts to investigate éhe inversion of equation (13).
Thanks to the unique vantage point of the spacecraft, any'observation
aléng the line of sight parameterized by the tangent height Y is affected
in the single scattering approximation dnly by the scatfering characteristics
at height Y and those above Y. The lower levels of the atmosphere are not
involved.  Only for spacecraft horizon observations can the line of sight

be parameterizad by the height Y, and only for horizon daylight ( ¢ positive

10
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in Figure 3) observétions do the layers below Y not contribute to the single
scattering tefm. Observations made after spacecraft sunset must deal with

a coupling in the attenuation term, Ej, of all 1;yers. The advantages thus
gained by daylight horizon observations should be'exploited wherever feasible,
For this reason, an iterative procedure (as discussed in Section II) which
updates the multiple scattering contribution after comparisons with obser-
vations allows one to attack the inyersion problem at a point where these

advantages can best be brought into play.

Assume that the atmosphere consists of a series gf homogoneous,
concentric shells as represented in Figure 4. Furthermore, assume that
the atmospheric structure above layer n is known. Schematicaliy, let
Fo £(9)D represent the summation of single scatteriﬁg events from point 1
to pi;;.rnt 2 along the line of sight, and let F, £( $HA repres.ent the same
: T
between points 3 and 4. Furthermbre, let B, C_ang E represent the attenua-
#ion suffered along the paths shown in the figure. The five quantities,
A through D, can be computed since they are derived from the known atmospheric
étrucﬁure above layer n, The thickne;s of the layer n itself is détermined
ﬁy the resolution of the detector. By é suitable differencing of equation (13),

the total monochromatic intensity due to single scattering along the line of

sight is given by

4w R =£D+ E{ fAe™?%8 4 fos[ B &7PS 4 Ce"‘“]} (17)
Fq : ' ‘
where
b = (to.+ 3s/2) and c = (tq +s/2). .(18)
s S
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Fig. 4 .

{Line of siglfnt

A schematic representation isolating the nth layer from
overlying layexrs. The quantities 5, T;, and T, are geometric
lengths. E; C, and B represent the attenuation of radiation
. along the paths indicated. A and D represent the contribu-
tion to the observed single scattering radiance along the

indicated segments of the line of sight, s.-
. . A
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, k In equation (17), all coupling between layers has been removed. It pro-
vides a suitable arena for the discussion of which measurements can be
made and what assumptions are necessary to extract from the normalized
single scattering intensity, lmR/Fe, the parameters of interest. o
1 X
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Discussion of Measurements and Assumptions -

We remark here that the RHS of (17) is a function of L f(¢n)

and k.. The determination of satisfactory values for these quantities
will allow one to proceed to the next layer. But for an updating for

;he multiple scatgering contribution by an itératjve method (Section II),
the total phase function £(¢ ) must be known of assumed, not just f(én),
the value of f along the line of sight. Thus .we are faced with the
problem of forming an optimum set of measurements and assumptions which’
establish values for the three parameters in equation (17) and for the

function £ (¢ ). Of course, if polarization is taken into account,

£ (¢) becomes a mﬁltiple-component object.

The ratiofd%/ﬂnqn in the definition (15) of f¢ has certain

general properties which can be utilized in deciding what observations

or instrumentation should be employed for horizon studies. The aerosol

?
;
E
|

phase function, fa(cﬁ), will always peak more in the forward (¢ =0) direc-

tion than £3(0). Thus, if the detector is capable of looking near the sun,

the ratio fa/fy amplifies by more than a factor of 10 the ratio of o,/ o

and thus produces a more "aerosol sensitive' measurement. Such a measure- n
ment involves the use of a highly baffled instrument probably employing o
an external occulter to mask the optics from the direct rays of the sun., _i k
Such measuremeﬁts are limited to times near'sﬁacec:aft—twilight when the : _—
sun is near the horizon, In this mode, polarizétion effects in the single

scattering approximation are minimal (van de Hulst, 1957). Thus, sensitivity

to aerosols is gained at a cost of losing polarization information and
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restricting observations to particulér-orbits and times therein. However,
it is just these restricted orbits which may be used tb measure the
extinction simultaneously with the scattering. Since this mode already
requires solar tracking to keep the detector eclipsed by an occulting
disk, solar extinction measurements can be made at the time of sunset
(sunrise). The external occulting disk itself can be used as a mount

for the extinction sensor. In principle, the extinction mgasurement
determines the monochromatic quantity g(h) in equations (9 and 11).
Furthermore, since this measurement would be made nearly simultaneously
with that of the scattering radiance, the measured extinction occurs in

the same vicinity of the atmosphere as that from which the radiance is

measured, A satisfactory inversion of equation (17) for the value of

o (h) coupled with the extinctionvmeasurement of x(h) would thus
immediately yield the single scattering'albedo of the aerosols. This
albedo is of priméry interest for the interpretation of the cha;actef

of the aerosols. Furthermore, without such information, one must assume
a value for k(h) in order to make further progress in the solution of
eqﬁation (17). With x known, however, equation (17) contains only tﬁo
un?nown quantities, £(¢,) and o (h). Furthermore, by the use of an
imaging detector or one which makes several simultaneous multispectral
horizon scans, the properties of the.function £( ¢ ,hp) may be investi-

gated in the near forward direction (1° < ¢ 5-100). In particular,

dﬁ/fd¢ at.constant h may be obtained directly from say a monochromatic
photograph or angular (Az) scan. Not only is such a quantity helpful in

the analysis of the aerosols, but it also places measured limits on the

e
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shape of the function £(¢) which is needed in the iterative procedure
of Section II for multiple scattering. Schemes which do not employ
méasurementé near the sunward direction do not suffer the orbital re-
strictions of the forward method, and measurements near 90° increase

the "sensitivity to polarization" for single scattering. However, the
near-simultancous measurement of extinction cannot be made independently,

so that one must then assume values for «(h).

N

We assume here that all measurements are of a multispectral
ﬁéture so that both £ and ¢ are well represented over the visible spectrum.
Gray et al. (1973) have calculated a large number of simulétéd atmospheres
which show the effects of aerosol concentration, size'distribution, aﬂd
index of refraction on the resultant radiance profiles ﬁith polarization
taken into accounf. Such studies are extremely valuable in tailoring a

given experiment to a particular aerosol investigation. However, we wish

‘to emphasize some elemental considerations at this point. First, of all,

the equation of radiative transfer contains only the bulk quantities

"£(o,h), o (h) and x (h). These quantities in turn depend upon an ensemble

of sizes, shapes, and indices of refraction. If the Qalues for f(¢,h) (in
g;neral a multicomponent object), ¢ (h) and « (h) éould be ideally measﬁred
aé é function of height, angle and wavelength, they would,nﬁt necessarily
détermine uniquely the physical prbpertiés of aerosoIs.‘ What they do
provide aré certain limits and constraints on the nature of the aerosols
and a Eeady means of detecting the temporal changes in number and physical
properties. The proper role of reﬁote sensing is to invert from radiance

measurements the monochromatic values of K, £f(¢) and o with as little
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é,,}. appeal to the substructure of these quantities as possible. Certainly
experiments should be designed using appropriate bandpasses, angular
spread, and polarization bands in order to investigate'specific areas
of the substructure, but the inversion process for determining £, s ,
and x should ideally strive to keep .assumptions about the¢ substructure
to a minimum., If this is not done, the uncertainty in the choice of a
size distribution and errors inmherent in the ﬁsual assumptioné of particle
sphericity (Greenberg and Hong, 1973) and surface smooéhness (Greenberg,
Wang and Bangs, 1971) are inflicted upon the recovery of the bulk

parameters.
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Methods of Solution

We now look at equation (17) in more detail., Two methods of
solution will be discussed. The first mathod attempts to solve
equation (17) simultaneously for both the scattering and extinction
coefficients. It will be shown that this method is not satisfactory
because of its failure to yield solutions in practical applications.
The second method assumes the extinction is known from an independent
measurement, The inversion of equation (17) then becomes straightforward,
and a noise analysis shows the solution to be quite stable. Although
the implications drawn from the invesfigation of these methods are of
a general nature, we limit the exact calculations to a specific wave-
leﬁgth and geometry for which we have a fufure application, Furthermore,
the main features of the inversion methods can most easily be demonstrated

for the no aerosol case, o, =0. In practice, this situation (fé%/ﬂnﬁn<<i'

in equation (15))may be approached for wavelengths in the blue end of the

spectrum but short of the ultraviolet ozone peak. Since ¢ is propor-

tional to ' \°*

and o, goes roughly like X% where 0<4, the ratio’
0,/ 67y decreases for smaller wavelengths. Thus, Gray et al. have shown
that below 40008, the profiles are least sensitive to aerosols. We choose

the wavelength region near 36008 for our examples.'iThe geometry is defined

by the specification that A; = 0, SA = 104,05° and a = 450 km,
With the above assumpiions, équation (17) takes the form

O(;E) = Ae-'zr + T[Be-bT ‘+ Ce'CT] . (19)
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The 7 introduced here is the optical depth 7 = g-s where s isvonly half
that part of the line of sight penetrating layer n as shown in Figure 4.

For a particular line of sight s is given by the value of

0s) = _ R 16w -D)/E (20)
Fo3(1l+ cos?¢,)

and is assumed known since R is derived from measurement and D and E are
contributions from overlying layers. For the top layer A=D = 0,

E=8 =:;C = 1, and for the geometry assumed above, b '= 1.75 and ¢ = 0.33
irrespective of n, the layer under invéstigation. To understand the multi-
valued nature of équation'(19), we first. directly. calculate (given o~ (h))
the horizon radiance at 36008 assuming each layer to be homogeneous and

2 km thick. The results of this calculation are shown in Figure 5 along
with 0-(h). We then extract from the model the values of A, B, C, b, and

c for each layer h. For each 2 km layer, the function Q(;-)'is generatéd.
This function, computed for several selecte& layers, is shown in Figure 6.
Each curve 0(7) is parameterized by its tangent height (in km). The
intersections of the dashed curve with the parameterized function 0(7)
represent the correct inverse solution of equation (19), ro(h), for each
layer n. TheICﬂrve 0(7) for k = 12 km in Figure 6lillustrates the problem
of root selection. The 0 (h = 12) value of 0.498 has as its solution 3
Galues of 7 as indicated in the figure. Ohly the réot indicated by the
number 3 is identical to the value of 7  (12) found from the direct cal-
éulation of the radiances. Ip order Lo select the proper root, we used as
an initial. estimate of 1'°(h) a quadratﬁre extrapolation based on the 3

preceding intersection points. Thus, for example, the initial guess for
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ig. 5 The single scattering radidnce profile, Ry(h), calculated from-
a Rayleigh scattering atmosphere whose scattering coefficient,

- g o{h), is also shown as-a function of height.
the profiles are similar between 30 and 70 km.
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The function 6(r) given by‘equation (19) for seiec;eé valﬁeé

of the tangent height. At each height there exists from

“observations a value Oh'fxomnwhich 7o(h) is determined. The

dashed curve shows the correct solution for 7o(h) . Care must

be taken in the selection of the proper roots. 032 is satisfied .

not only by the proper root labeled 3 but also for values of 7

- located at points 1 and 2, ‘
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r (12) is determined by 7(9), 7 (10), and 7 (11). Using this predictor

scheme, we were able to invert the horizon radiance for 1o(h).

The method outlinea above was found to have a major disadvantage.
The quantity 0(s) defined by equation (20) is in general a linear function
ofl@(Fof). In practice, this last expression is usually known only to
within a constant factor C for several %easons. First, the absolute cali-
bration of the instrument or the solar flux, Fo’ may be known only within
a factof for a given bandwidth and shape. Second, one may wish to inélude
the effects of multiple scattéring in the form C'X R as discussed in
Section II. Finally, the value of the.phase function f£(¢) may not be known
absolutely. We point out here that from orbiting‘altitudes, the angle
subtended by thé limb and the 80 km téngent height of the atmosphere
;orresponds to less than 2°, In many cases £(¢) can beAassumed to change
very slowly over this two degree interval and thﬁs be considered an unknown
constant in equation (20). Thus, for a number of reasons met in practicé,
we attempted the inversion of CxR in the same manner as before. "Figure 7
shows the results of the inversion for C=1, 2, and 0.5. For layers above
35 km, the results differ in a linear fashion as expected, For layers below
35 km (7=0.1), extiﬁction effects, 'the exponentials in equation (19), be-
come dominant. For the case C = 2, no solutions exist for layers below
30 km. For the case C = 0.5, 7 has a maximum si 22 kn;which'implies thét

the air density at this layer is greater than at the limb. Furthermore,

for both these cases we constructed plots similar to Figure 6 (the case C = 1. |

The plots verified that indeed the solutions shown in Figure 7 are the only

continuous solutions. They reflect an instability around the C =1 solution

as successively lower layers are inverted.
¢
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two other inversions result when the observed radiance in Fig. 5
is multiplied by C. These two solutions yield unphysical results
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This instability is not encountered if one assumes that the
extinction (the exponentials in equation (19)) is known. Ideally the
extinction coefficient, k(h), can be measured independently and nearly
simultaneously by a solar extinction measurement as previously mentioned.
Equation (19) then shows 7 in a linear Felationship to known quantities,
and the ekponential instability shown in Figure 5 is avoided. This
method, which we hereafter refer to as linear, ié also useful in isolating .

the intrinsic geometrical stability of any direct inversion method for

horizon profiles. The question may be stated as follows: To invert a
given tangent layer, the effects'of'overlying 1ayérs are subtracted from
observations., The inversion of the uth layer depends in part oﬁ the
precision of one's knowledge of the overlaying layers. If some '"noise"
exists in the overlying layers, does it damp out-as one investigates the

lower layers? To explore this geometrical propagation of errors, we have

used the linear method to invert fifty simulated radiance scans, R(h),
each with a random noise normally distributed. The fifty scans are

represented by

R(h) = R,(h) ((M(h) + SD(R)) I

where Rg(h) is the radiance of the standard modél»shown in Figure 5, M(h)

is the normalized mean and SD is the standard deviation of the mean at

ﬂeight h. The vaiues R/R, were randomly chosen ffom a normal population
.ﬁith M(h)= 1, SD (h)l=.0;1. The functions M(h) a;d SD(h)’areyshown.as dotted
curves in Figure 8. The solid curves are the resulting values of the mean
and standard dcviatidn:of the mean of the quantity &*(h)/wa(h) where o~ .

is the scattering coefficient used in the standard model of Figure 5.
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The dashed curve is the total optical depth along the line of sight.
The fact that the means of O'(h)/O"o(h) and R(h)/Ro(h) correlate to a
great extent shows that indeed it is the tangent layer which is the
dominant source of the radiance along the line of sight, at least above
20 km. A quantative measure of the resulting noise in (T(h»(ra(h) due
to the noise in R(tD/Ro(h) is shown in the comparison of the standard
deviations of the means shown in Figure 8. 1In general, a noise of 10% .
in the radiance values yields an uncertainty of 20% in the recovered
scattering coefficient. Physically, this arises from the fact that
along any particular line of sight, the ratio of 27 (see Figure 4) to
the total optical depth (the dashed curve.Figure 8) is about %, Below
20 km, however, the emittance from the tangent layer is attenuated to
the point that ﬁhe observed radiance originates almost totally in the
}ayeré above 20 km, Thus, the recovery of information fram the lower
layers becomes increasingly less certain as is seen by the standard
deviation of the mean of ¢/ @0 in Figure 8. Of interést is the fact
that the onset of this uncertainty is very abrupt at 20 km, and above

this height, the inversion is extremely stable.
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Conclusion and Summary

The total scattering coeffigient as a function of height can
be recovered from a direct inversion of the sinéle scattering horizon
radiance provided 1) the sun is above the horizon and 2) an inde-
pendent measurement of the extinction as a function of height is made.
The inversion method is stable down to optical depths much greater than

'unity. The recovered scattering coefficient, ¢~ (h), has an uncertainty

of about twice that of the input.radiance,R(h), and the relative values
of o-(h) are independent of the zero pdiﬁﬁlcglibraéion.of R(h). .Since
the inversion of this problem is str;ightforward and-requires little
knowledge of the nature of the aerosols ‘themselVe§, it should'be ex-
plored in conjunction with iteration schemes to invert the féil multiple;

»

scattering problem.

The'study'of this limited inversion problem also provides an
arena for the discussion of measuring techniques. The solar occulting
method offers 1) high aerosol sensitivity since,measureﬁents are made

in the particles' forward-scattering lobe and 2) an opportunity to make

near-simultaneous extinction measurements, which, besides being of interest .

in themselves, make possible a more stable inversion (linear method) of

~

ﬁhe singlé-scattering inversezproblem.‘AThe solar occﬁlting method is -

- restricted to use near times of. space-craft twilight.
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Abstract

A simple coronagraph was modified for use aboard Skylab to
photograph the earth's horizon just before spacecraft twilight as a
device to monitor the aerosol component §£ the earth's atmosphere
above the tropopause. This coronagraph technique allows one to in-
vestigate these high altitude aerosols from a uniquely favorable
position--in the particles' forward-scattering cone, The method is

thus 10 to 100 times more sensitive than daylight horizon scans made

. when the sun is well above the horizon. An eight month observing

program using seven narrow-band filters was planned, - Due to a multi-

tude of spacecraft and equipment mishaps, including the loss of

access to the solar-airlock, only one reducible photograph was ob-

‘tained on a late November (1973) EVA, This particular picture was

taken through a 2508 bandwidth filter centered on 36008, Since

aerosol layering is detected as an enhancement of radiation above

the Rayleigh background, this wavelength region, although free from

the spectral influence of ozone, has a relatively high background

‘level compared to longer wavelengths. Even at this high background

level, the‘coronagraph picture provides evidence which is, 1f not con-
cluéivé of, at least consistant with an aerosol layer peaking at

48 + 1‘km. The region photographed was ce;teréd on 2695E 1onéitpde;
63905 latitude. This first observation at High soughern latitudes

suggests the global nature of the layer.

PR




Introduction

Inferences of an atmospheric dust layer near 50 km have been

reported by many investigators using a variety of techniques. Early

- LIDAR measurements by Volz and Goody (1962) suggested the possible

existence of a layer near this altitude, and; moxe recently, Clemesha
and Nakamura (1972) report LIDAR observations of a 50 km aerosol layer
persisting for a few months., Rossler's (1968) rocket observations of
diffused skylight also indicatéd an aerosolvlayering.‘ ﬁsing this
rocket data, Elliott (1971) éhowed that, by making allowance for these
aerosols, ozone ;cale heights as determined by topside sounding could
be brought into better agreement with.the scale heights meaéﬁred bf
other methods. Visual sightings and photographs of a layering
phenomena by astronauts aboard Gewini IV have béen reported by'Mateer,'Dave,lJ
Dunkelman and Evans (1968). Horizon limb scanning techniques and re-
duction methods have been developed by the group at Draper Lgboratory
who have recently published (Cunnold, Gray, and Merritt, 1973) results

of horizon scans made from the X-15 high altitude aircraft. One of

these scans (at 58008) is repofted to show the aerosol layering at 50 kmf

The 20 km layer is also detected at 1onger_wave1engths."The scatteriﬁg 'i

~angle in these measurements was about 1207,

. In an attempt to investigate the existence of this layef on a
global basis,Awe modified an already existing Skylab airlock coronagraph
(i.e. a solar occulter) to take narrow.bapd photographs of the earth's
limb just prior to spacecraft twilight. The geometry; nomenclature, and

theory appropriate to these observations are described by Schuerman,




Giovane, and Greenberg (1975, referred to hereafter as Paper I), The
aerosol component of the atmosphere in this type of horizon radiance
measurement is seen as an enhancement of the atmospheric radiance

above that predicted by a purely molecular model of the atmosphere. The
forward scattering properties of the stratospheiic aerosols causes this
enhancement to reach a maximum as the scattering (atmosphere-observer-
sun) angle becomes as small as possible. For this reason, a solar
occulter, on purely geometric grounds, yields a far greater sensitivity
to aerosols than measurements made at larger écattering angles, For
the characteristic phase function given by Cunnold et al. (1973), oué
instrument is a factor of 100 times more sensitive tﬁan measurements

made at scattering angles greater than 90°,

A series of vehicle and on-board'equipment failures severely
curtailed the original observing program of 300 narrow bénd photographs
to be taken over a period of eight months, The partial loss of the
Skylab heat shield immediately after launch and the subsequentberectioh‘
of a "parasol" on the solar side of the spacecraft prevented the deploy-
ment of the coronagraph via the'solar—airiock. All observations were
then limited to EVA's (extra vehiculaf activities) on the final Skylab
mission. o o L '  T "q

Several modifiéations were required to ﬁllow the coronagfaph:
to function gptsiée the vehicle. Among, these modifications was
a shutter speed extension knob, provided by NASA for use with the
coronagraph, so that a suited astronaut could change the shutter ;peed

with his gloved hand. On the first EVA, the extension knob became

33




disengaged from the camera before the full spectral coverage of the
atmosphere was completed., However, a photograph céntered at 36008
was obtained. On a subsequent EVA, thirty-six pictures of the limb
with séven narrow-band filters were taken. Post-recovery development
proved all of these frames to be severely out-of-focus. By examining
both our data and that of other investigators employing the samel
camera, we were able to pinpoint the cause of failure to be due to
the absence of the camera pressure plate which maintains the film in

the focal plahe.

.

The loss of the data in the visible portion of the spectrum
was ext%emely disappointing because the light scattered by the Rayleigh
component of the atmosphere (against which the light scattered by the
aerosols must be measured) decreases by the foufth power of the wave-l
length. Thus, the red end of the spectrum is the most sensitive to
aerosols. In spite of this loss, the 36008 photograph is of interest
because, even at this short wavelength, it yields supporting evidence
for a dust layer peaking near 48 km. It also demonstrates the sensitivity

of the solar occulting technique, since such a layer would never be

. visible at this wavelength for horizon scattering measurements not made

near the forward direction. Finélly, while most other references to
the 50 km dust layer refer to the northern hemisphere, this observation

was made at a latitude of 63°S, which suggests the global nature of the

. phenomenon.

Jh

P

e e

P T




g S

The presumed aerosol layering is discernable as a gentle

rise above the smoothed signal amounting to a maximum value of about
9% at 48 km. Since this value is near the limit of detectability, a

thorough description of both the instrument and the data reduction is 4

presented in the following sections, The discussion is limited to the

narrow-band wavelength region centered on 36008.
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Coronagraph

Newkirk and Bohlin (1963) suggested the design of a coronagraph
for satellite and balloon observation that utili?ed an external multiple

disk occulter to achieve high stray light rejection, an improvement on

Evans' (1948) original external disk coronagraph. Newkirk and Eddy (1964)

flew such a solar occulter with multiple disks and én intefnal Lyot
occ@lter on a balloon to study the light scatteriné by partiéles and
molécule; in the upper atmosphere, thereby demonstrating the advantage
of such a device for atmospheric monitoring.  G. Bonner (19725 of the
Johnson Space Center, Houston, developed ; similar solar occultation
device, but without the Lyot occulter, to monitor the pafticle contami~-
nation about the Skylab vehicle for the Skylab T025 experiment. This
solar occulter consequently became known as the T025 coronagraph It

utilized three external disks to occult the suq and although it is not

_capable’of achieving as high a rejection of stray light as‘Néwkirk's Qr”

'Evans' coronagraph, . it was a much simpler inStrument; Slnce it waé

made to be manually deployed from the solar alrlock of the Skylab
tifOfbital w0rkshop (OWS), thls‘slmp11c1;y was negessary, The occult:.ng i
- disk, being retractable 1ﬁto the main éordnégrépﬁ_hodsing fbr stowage,“ﬁ‘ d

'fllwaS~extended 1n use.by means of a 100 cm long detachable.boom. A 31mple,'

‘.‘detector system,utlllzlng a roll fllm camera in’ thls origlnal design,was

used to make non-filtered photograpbs of particles'in the env1rons of the

Spacecraft,

The 1025 coronagraph was later modified by us to allow the use

' of narrow-band 1nte:£erence fllters and polaroxds.' The roll f11m{camerav
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was‘replaced by a 35 mmeNikon with a pentaprism view fiﬁdef to provide
reflex viewing of the field. This iaﬁér‘modification also allowed the
use of a UV transmitting lens which was flight qualified and available
to fit fhe Skylab Nikon cameras. Subsequent modifications were necessary
eo that the coronagraph could be used for EVA's., A supporting bracket

enabled the T025 instrument to be attached to a supporting strut of the

ATM. This allowed an astronaut to stand just outside the EVA hatch

to make observatioﬁs. A red alignment filter was inserted into the
occulting disk to assist the astronapts in pointing the corohagraﬁh to
en accuracy of 0,25 degrees. Thermal insulation was incorporated inte
éhe EVA package to prevent the battery operated electric ﬁikon eemEra
ffom getting too cold. Enlerged controis enabled a gloved astreneug to
eperate the camera. Dulling of the occulting disk's edges was required
to prevent pbssible damage to the astronaut's space suit or umbilical

from these blade like structures. . ' S

" The final configuration of the T025 Coronagraph as launched on

‘;}the last Skylab m1351on is-1llustrated in Flg. 1. ‘The cofenacreph‘in'thié>:
'f,flnal form fanctloned we11 accordlng to Pogue Gibson, Carr (1974) on |
‘ E its 4 EVA's. The only fallures were in the Nikon camera as prev1oesly‘

- doted. The coronagraph measures 28 X 28 X 24 em in the stowed conflgura—"

7:;3ﬁion and has a mass of 8.2 kg. In the deployed cond1t1on the 13 3 cm

diameter occulting disk subtends approximately 7.0 degrees, well over-

dcculting the sun and placing the coronagraph optics completely within

_fhe disk's penumbra. The field of view is limited by the canieter baffle

to approximately 25.7 degrees;
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The optical system is simple, ‘it is composed of a view window
(a vestige of nhen an air seal between the OWS and space was required),
narrOWweand.interference filters, lens, and photographic detector. The
7.0 ecm éiameter view window was made of 1.2 cm thick Suprasil (Amersii,

Inc., Hillside, New Jersey), a low flouresence UV tfansmitting glass. To

. facilitate rapid filter changing, the filters were contained in trays

holding four filters each. The filter trays were inserted into a filter
tray slide located in front of the camera lens. This-tray slide utilized
aglight sealing detent'systemfto position the iilters“ano seai out stray
lfght. The 36008 filter, manufactured_by Corion Instrument Corp;, with

a central wavelength of 35608 at 7° angle of incidence and a half power‘

bandwidtn_of 2708, was blocked outside of the passband (defined as the

10% of peak transmission bandwidth). The solar spectral radiance dis-

trlbut1on between 18008 and 70002 convoluted with the fllter transmission, .
" results in the total power transmltted in the passband exceedlng the .

.power transmitted outside the passband by a factor of over 50. The 36002

f:.lter, which was epoxy cemented, showed 11tt:1e s:.gnlfn.cant :mternal

scatterlng (ghostlng) and did not show any signlflcant deterloratlon over :

“the courseoof its use.,

The 1ens, a 27 mm aperture leon uv 12 element archromat of 55 mm é]vk .

focal 1ength was developed by Nippon Kogaku, Inc., Japan, for the Skylab |

S063 UV Airglow Horizon Photographic Experiment and was fixed focused‘at
1nf1n1ty. This lens 81% transmission, its resolution of greater thanv
55 line pairs/mm at 36003 and its ava11ab111ty as flight qualeled hard- '

ware recomménded its use. It was mounted to the coronagraph canlster by
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an adapter which screwed into the filter thread of the lens. A sleeve
fitting to the canister allowed easy removal of the camera-adapter for
stowage. The lens, because of its multiple-element construction, had

a significant amount of internal scatter when illuminated near iits edge.

The camera used with the 27 mm lens was a motor driven NikoniFZ
Photomic. Although esseptialj ;for EVA operation, the motor driven Nikon
required thermal protection for its béttery and motor, and it transported
the photographic film at a high speed which resulted in some cases in

emulsion cracking and static discharge marks.

The film, 35 wm Kodak Tri-X Aerographic (2403) estér basé with.‘
ram jet backing, was processed to achieve optimum latitudé, speed; and
resolution., The resulting D-Log E curve is illustrated in Figure 2.
Although the background fog level of the f11m, due to the 2.1 rad of~‘
radiation experienced in space,is high (density = 0.8), the usuable

latitude nonetheless exceeded. 103, The flight film was calibrated both

‘before and after fllght w1th absolute sensitometric step wedges and was

processed w1th film strlps containing rec1proc1ty and spectral sensitometric

o callbratlon wedges. o
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System Response and Conversion to Absolute Radiance

The overall response function of the instrumental system when

o .
.used with the 3600A filter 1is illustrated in Figure 3, . This function

~ is the convolution of the view window, UV lens, and 36008 filter trans-

missions, Tw(>\), TL()\), and TF()\L respectively, with the effeetive
£ilm spectral sensitivity factor,(T'()\), and. the spectral radiance dis-
tribution of the atmosphere, BA(>\). The value of BA(><) over the short
interval of the system response was taken equlvalent to the solar
rad1ance dlstrxbutlon. The effective film spectral sensxtxvxty factor
1is deflned in terms of the relative spectral sensitivity,cr()\), as

measured from the sen51tometr1c step wedge by:

o N = TN jfcrsé%)gs(k)dx | NOR

‘wﬁere BS(>\) is the spectral distribution of the 5500 K color irradiance

used to calibrate the film and from'Which»oﬁr:Dbeg'E relationship was

derived..

Addltlonally, we can derlve ‘an effectlve system bandw1dth [X)\

whlch can be con51dered as an 1nterva1 over which the system&;transm13s1on and

'the f11m s spectral sen31t1v1ty factor can be taken as one, and the radxance ‘f

‘spectral dlstrlbutlon normallzed to the radlance at the central wavelength‘

of the system, - This.can be represented for the 36003 fllter by

c‘r"(7>\)5=' fBAO\) c M —ws @

B (3600)

‘where T(>\)f= Tw(>\)TL(>\)>TFﬁ>\)-




'level, Eb(p,e); and the effectiv= system bandwidth,A)\. This conversion

: f&f_fhé‘560oguobservétion ﬁhicﬁ,ﬁasltéken'at f/a=2:§ﬁdzﬁ:=:0.6619 séé.tf

The density corresponding to an area of the film, i, is related

to the energy, Ej, incident on that area through the D-Log E relation-

" ship. The value of E; is converted to the radiance of the corresponding

- spatial area of the radiation source, R;, by taking into. account: the

exposure time, t; the film reciprbcity, p(t); the lens ¥focal length to |

aperture ratio £/a; the vignetting function , V(f)); background éignal

is gi&en by

Re= & (£)2 Ei-BPLOY - @
7 \a) T e WO e T

where ﬁ% and ‘691 are radial and azimuthal angles, respectively, of the
area i.

This numerically reduces to

R; = 1.47 (1 - E(0n,00) .
S V(o) '
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*“minimum of 1,02 x 10

Backeround Signal Level

The background signal resulting from stray light in the corona-
‘graph system is dependent on the position p,0 in the field. Several
factor; associated with the EVA observations of the earth's atmosphere‘
increased this background level, The dulling of the occulting disk
;dges and direct earth light entering the coronagraph are obvious
examples, Reflections of sun light from the ATM housing, from support-
ing struts and cables, and from the astronaut operating the coronagraph
also contributed, Since the coronagraph was constructéd to prevent
écatter only frém direct sun ligﬁt, few baffles existed to prevent in-
direct iight from entering the system and scattering. In addition,
limitations inherent in EVA operation restrict the pointing precision
of the corénag;aph to about % éf a degreef Tﬁe sun was.conéequéntly
off centér which resulted in a reductiénof the effectiveness of fhe
ﬁcculting disks. Thé net incre;se in stray light wasvfoundito be about

15 times greater than that predicted by laboratory measurements on the

"'unﬁodifiediébronagraph;- This inCreaée&>the ratio of background ré@iance

o average so1ar disk radiance at 36008 (rejectioq'factog,{i) to a

~8

at 7.1 degrees from the'oééicél axis. -

L . The determination of E, as a function of p,’e could not be.deter~-

mined from the‘limited‘amount of returned data, However, by assuﬁing
axial s&mmetry, a radial dependence for Ey was approximated as shown iﬁ

Figure 4. There Ey has been normalized to the 301§r value;
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This relationship was obtained from areas of the film near the earth's
atmosphere but above the 100 km layer. At this altitude, the‘atmosphere

should produce no detectable signal.

I
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- and filter transmissions which are well known. The uncertainty in V()

Errors Associated with Absolute Raﬂiance Determination

The error associated with thedetérmination of the aﬁsolute
radiance is dependent on the uncertainty of the termé in equation 3.
The degree of uncertainty for each of these terms‘is not'ptecisely’
known, but rough estimates can be made. The background signal Eb(f5,0) .
is a principal contributer to the errcr only for very low signal levels,

The uncertainties in the determination of Ej and its associated recip-

ryeity function p(t) are more complex., Ej and p(t) are based on

several factors including: the calibration of the sensitometer, the
a%curacy of the microdensitometer, the goodness bf the polynomial fit

to the D-Log E curve, and the representativenesé of the calibrétion fiiﬁ
stepwedges (which was placed on the film before and after lanucﬂ). An |
estimate, based on various‘tests, indicates that this u;certainty does
not exceed 25% for the determination §f>Ei in the linear region of the

D-Log E curve., Major uncertainties also exist in the value of t which

was determined from pre-launch calibration of the shutter speed. Based

on measurements of the éolar disk present infsome of the other EVA photo~
‘graphs, this uncertainty should not e#ééed 20%. The uncertainty in AA
“can amount to 20% and is due almost entirely to inmaccuracies in the

~calibration of the spectral response of the film rather than to the lens -

. ié relatively small, and probably does not éxceed 10%. The error associated

with £/a is due to the difference hatween the nominal setting of the lens

iris stop and the actual value of aperture., This différence was incorporated

into the value of TL.and is therefore accounted for.
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Therefore, the total systematic error in'the‘determination of

the absolute value of R; should roughly be less than 407%.
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, W1th1n a minute of arc, and the vertical direction is defined by the

i AT A T | 4 1 I | !

Reduction

The photograph of the earth's horizon at 36008 is shown in
Fig. 5. The earth is seen as the well exposed portion of the frame
near the bottom., The extension boom supporting the occulting disk is

the light area near the top of the frame. On the left is an insert

of a microdensitometer raster which clearly defines contours of equal

density. The geometry used in this reduction is defined in Paper I.
The position of the sun behind the occulting disk is known (from

picturES taken a short time earlier without the 36008 filter) to

axis of the symmetry of the 1imb contours. One degree of arc in thls
photograph corresponds to about 40 km near thé earth's limb. Nine
siices of the atmosphere prependicular to the limb were selected for
detailed investigation.  The nine areas include a center élice (not
shown), the regions labeled 1 tfnrough 4 in the figur;e, _and,fdur
similar cuts (nbt’shown) on the fight side of the axis of'éymmetr;;'

Each cut differs from the adgacent one by about 1o in scattering angle,

,ranglng from 5 93° for the center slice to 9. 93 for the slice numbered

1 Ln.the flgure. (The anglessmentioned here refer to the angles from

| the-sun to«the—40 km layer of the'athSPhere-w1th1n each slice.) All
'geometrlc factors, whlch include the~camera pIate scale, the spacecraft 

’i‘orblt the tlme at which the plcture was taken, and’the positlon of’ the

axis of symmetry, were known to a prec1sion which allows the limb of

the earth to be located within + 1 km, -
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A Spec - Scan 3000S microdensitometer with a square aperture
corresponding to 1.44 x 10-6 deg2 on the photograph was used to raster
scan the film and digitally record its density. Initial attempts to
directly convert the density of individual pixils.to energy incident
on the film were not successful as individual values of the measured
density occasionally exceeded the range of the D - Log E relationshio.
This problem was particularly severe at high density levels near
saturafion of the D - Log E curve, To overcome this problem, ue synthe-
sized a larger scanning.aperture by converting_the density to opacity
and averaging the opacity of about 1560 pixils., The synthesized aperture
corresponds to a horlzontal layer of the 4tmosphere about 1 km thlck
and 40 km wide. Thus, the slice labeled 1 in Fig. 5 consxsts of about
150 apertures, each aperture as wide as the slice, stacked on top of
one another and identified by their height.above (below)_the limb. Each
aperture has an average opaeity and standard deviation about.the mean.
These mean opacities and their uncertainties were then conuerted back to

‘dens1ty and then to incident energles (E 's) and flnally to incldent

A rad1ances (R; 's) via equatlon 3.

As a.flrst approxmmatlon to separating the background from the f

B atmospherlc s1gnal a constant value of Eb_was found for each of the nine

cuts up t&rough atmosphere By averaging the radlances of the apertures
batween 100 and 130 km, Eaeh background was subtracted rrom all the
ra;iance values within its respective cut. Because of the stray-light
problems.mentioned in the previous section, it was feltvthat further

attempts to separate the signal from the background by using positionally
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dependent values of Ey would be presumptuous.

An intercomparison of radiance vs height plots for each of the
nine cuts showed all curves to ﬁe identical within the noise limits
established from pixil averaging, We show in Fig. 6 the results of
combining all nine plots. The horizontal bars at each height show the
standard deviation of the mean radiance. Thus, the value of the mean
radiance and its uncertainty as obtained from about 1400 pixils is shown
for each height in 1 km increments. The placement of the observational
curve on the absolute abscissa scale is accurate to 40% as discussed in
the previous section. Also presented is the profile predicted from single-
scattering theory. The profile presented here is for clean air-eased
on the mean U, S, Standard atmosphere (1962). The shift between the two
eurves is primarily due to multiple scattering effects as discussed by

Gray, Malchow, Merritt, Var and Whitney (1973). A more detailed com-

- parison can be seen in Fig. 7 where the observed dafa is eormelized to
the single-scattering profile. The dots represent the one;eigma un-
. certainty levels. This noisa is lafgest in the 20 km region because the
:ED Log E curveAnearly*saturates at these hlgh denslty levels. Some of

~ the upllft of the curve near 70 km reflects the background level problem

mentxoned eayller. of greatest interest is the res d11y detectable hump-
like feature ceetered at 48 km and apparently_extending.frpm 45 to 54 km,
lhie feature pecure where the signal to noiee.is relatively very good (225),
ahd.ever a range of about 9 km it is persistently higher than a smoothed

atmospheric profile. Many of the points comprising this feature are 2 to

5 sigma removed from a smoothed curve.
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We cannot explain the hump as being instrumental in nature.

" Studies of the diffuse background in other portions of the film always
show. the .background-level to be a gﬁall,smoothly varying function in-
capable of producing such a hump. In order to insure that the hum§~like
.feature was not the result of a 1arge.spurious effect in a small region
of the film,the nine slices were combined into three sets representing -
the central, left, and right-hand portions of the atmosphere. Each set

-appears to equally contribute (within the noise limits) to the phenomenon

e b SRR 8 AR Sy s e

throughout, the 45 to 54 km laferr. This means that this small contri- « | é
bution of increased light has the shape of the horizon. In a series of

laboratoryvteéts using simulated horizons, we have been tbtally‘dnable .o g i
to produceva stray or scattered light effect in the instrument which

. . . E 3
£k conforms to the shape of the horizon. , : o Tl

Since normalization of the curve in Fig. 6 is dependent upon
the density brofile assumed in the single scattering calculation, we
next examined the effect that a different density profile would have on

"; thé:ﬁump. (The background-level problem mentioned earlief‘pfeventé”ﬁs‘

from attempting.the inversions for the density prqfile as deVelopeé in - Jvf Lo

Paper I.) The picture was takenAon.November‘ZZ,_l973, The-limb in the

center of the picture has geocentric coordinates of 2695E, 6390&#,BEcause>

of the lack of information on atmospheric strgg;ure-at high southern

latitudes, we renormalized the observations to a éingle-scattefing model
based on the density profile of the standard U,S. étmosphere,(1966) ,60°N;
July. The result of this renormalization is shown in Fig. 8. Although

‘the general shape of the curve changed somewhat, the hump remains an
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identifiable feature. Without additional wavelength information, we
Qannot absolutely rule out the possibility of a‘density deviation from
the standard atmospheres which would give fise to such a hump, . A 10%
density increase centered over the 9 km region is requireé; Féom the

general trend of errors discussed in the U, S, Standard Atmosphere

Supplements, 1966, such a deviation seems unlikely.

Finally, the work of Gray et al, (1973) shows no indication

of mulfiple-scattering being responsible for this hump at this wavelength, -

e et




o

"dayllght occultlng method ‘is also demonstrated Evenvaéainst_the'high

+ had A AR b4 E S S e SAINPRERIRE DTG M S i e ey

Conclusion

We presently believe the hump provides addltional evidence
for an aerosol layer peaking at 48 + 1 hm. The layer appears to be
about 10 km thick. At an average scattering angle of about 80, the
hump appears as an 8% to 10% enhancement above the smoothed atmospheric
radiance. An otherwise perfectly clean_atmosphere would require a-
concentration of roughly 0.01 em™3 particles of radius 0.1 um to yield
such an effect. This number is consistent with inputs used in recent

model calculations (for example, McClathey, Fenn,. and Selby, 1972);

for a relatively clean atmosphere.

While the lack of information at longer wavelengths prevents

any detailed analys1s of the nature of the aerosols (1nc1ud1ng Lhe

absolute certainty of the existence of the 1ayer), the present data

”prov1des evidence for the global nature of the layer since this is the

§

”:first observation made at extreme southern'latitudes. .The power of the

Raylelgh background encountered at 36OOX the aerosol's forward~scatter-

= ing propertles make. the coronagraph technlque an extremely sensztlve
3 method of remote'aerosol detectlonr At longer wavelengths w1th the molecular

‘dlscatterlng dropplno off 11ke A 4, we would expect the s1gnature of the hlgh

aerosol layer to be many tlmes that of the 8% to 10% level found in this

investlgatlon. On the. other hand 1t is doubtful whether this layer could

be detected at all (at any wavelength) from horlzon scans made at apprec1ab1y

larger scatterlng angles,"
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Fig. 1

Fig. 3

Fig. 4

. .Fig. §

“Figure Captions

The TO025 coronagraph in its deployed configuration. The three
external disks A, B, and C are used to occult the sun and

reduce defracted light, The coronagraph optics are located

so that they lie completely within the penumbra of the disks when

the coronagraph axis is aligned with the sun's direction.

The D-Log E curve fitted to the prelaunch sensitometric step
wedge of the flight Tri-X Aerographic Film.

The‘total system spectral response'with the 3EOOX filter.

The Coronagraph system (with 36008 filter) rejection factor

vs. angular distance from frame center, This determination
utilized areas of the film near but above the earth's
atmosphere to obtain the background level. It is normalized

to the unocculted solar image to obtain the rejection factor, G,
The frame center is defined by the known position of the sun

. behind the occulting disk,

The earth's limb at 36002 as viewed through the coronagraph.
The insert on the left is a coarse microdensitometer tracing

-which highlights contours of equal density. The numbered

strips show four of the nine areas selected for detailed analysis.
The width of each strip corresponds to about 40 km at the earth's

" 1limb. A structural member of the spacecraft can be seen in the
upper right-hand corner. - L !

rd

" The combined observations of nine selected areas with statistical
- error (one standard deviation) bars. A single-scattering profile,

using the mean U. S. standard atmosphere, is also presented.
Most of the shift between the two curves is attributable to
multiple scattering. The systematic error in the absolute
calibration of the observations (affecting only the placement of
the data curve along the abscissa) is less than 40% in R.
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&t) Figure Captions - continued

Fig. 7 The data contained in Fig. 6 but normalized to the single-
scattering profile. Each pair of dots represent the standard deviation
of the mean from -about 1400 pipils. The broad hump-like feature '
centered on 48 km is interpreted as being due to aerosols.

Fig. 8 The effect of normalizing the observations to a different single-
scattering profile. The feature at 48 km remains prominent
" despite the change in the general shape of the curve.

()

Aowa

o

114

| I—
©




~

Dt 3 . N bl

OCCULTING DISK FILTER:

ViEw Winbow

OCCULTING DISK v
ASSEMBLY : |
o Lo , FILTER TRAY .SLIDE
L CANISTER PSS AT SR
o BAFFLE -

27mm UV _LENS

' NiKoN CAMERA BODY
- (WITHOUT THERMAL
JACKET AND MOTOR

=gl

] DRIVE')
o

X

S

I3

Le. o )

- (}{}1
| 18

NN AN SN
7z

et

Iﬁu L1l
it
M

o)
3
ol

B I B R - __-.____"___..,.;,,.,.,H .

—r— — 21.0cm : ’

EXTENSION' BOOM ./~
_ : o CANISTER

-~ DIMENSION| DIA.(em) ' , . g
A /3.3 ' : _
B IRT
C : /2-0 SR o o Fig, 1

STt

R | S8
B R . - | oS
:0cm ~—— e , . 82

D

DT A SR

e




20

DENSITY

(1

91T

-1.0 | 0.0

LOG E ( ergs/cm2)

"F‘ig. 2

1.0




'RELATIVE RESPONSE

40 —

30 —

10 —

50 —

20 —

3500 3600

Fig. 3

| = 3700 3800
. WAVELENGTH(R) -




REJECTION FACTOR, GXI0™

10 -

80

70

60 -

50

40

30 -

20 -

50

DISTANCE FROM CENTER OF FRAME (DEG)

Fig. 4

IOO

.....................

118

L T T U T R A P LTIy PRI € vy T T TP P







o o -
8 3 3 8

HEIGHT (km)

o
o

TIYTITIvITTrITYY

20

10

D
o .

L ML L

=t 11

S D A N AN MR O D N D BN B N D DR NN DM B NN RN B DN BN D BN AN BN BN BN NN NG DR A |

Combined ‘Observations

Single-Scattering Profile

| I S S . |

LIS

(]

2

[ SN I PO O Y G T N TS TR N TN SO0 A B IO T T Y O |
- © 0 |
LOGq (R in ergs cm? sec’ ster”! &™)

N

Saant

T P T




()

RS

{Rog=R)/R - -

Observations (Rpg) normalized to

6 60 - » ‘ single- scattering profile (R) using
A , mean U.S, standard atmosphare.

i'lllllllL‘.llAlltlLLllllllllJlJ‘lllj_J

70 60 50 40 30 20 - 10 o

HEIGHT (km)

Fig. 7

R AR s A s 13

SR




L)

Observations (Rgp) normalized to
single-scattering profile (R) using

5.00 ~ July, 60°N atmosphere.
400 1
o«
P ~
™
]
n N
° ) =
& D s
U 1.00 -
- . LLIIll’ljl.llllvlll-llLllllllllL:rlln" j
70 60 . 5 40 330 20 10 0 |
~ " HEIGHT (km) . !
. |
;
~N‘ J
Fig. 8 i




o

heAiababn oL AL A At AR

AAAMEACERE M At ol e ool calid

MICROWAVE LABORATORY

VIl

123

i T ——

y




s

e TR TR LU B T ]

Microwave Scattering Laboratory

The Microwave Scattering Laboratory (MSL), a subdivision of
the Laboratory for Particle Scattering occupies a 75' x 40' x 14.5'
seotion of a thermally controlled, vibrationally isolated building on
the grounds of the Dudley Observatory. In this facility, problems
innolving the scattering of visual light by micron and submicron
particles are scaled to the region of microwave radiation so that‘
scattering targets of the order of centimeters can be machined and
fahricated. Figure 1 shows part of the interior of the large anechoic
chamber in which the scattering measurements are made, Bi~-static
antennas are used ior the tranamission and reception of incident and
scattered signals. Both forward scattering and angular distribution
.measurements can be made. For backscattering measurements, -a mono-
static antenna is used for both transmitting and receiving. A unique
deeign of continuous-wave cancellation allows the radiation in the

forward scatterlng cone of a target to be separated from the background

n radlatlon of the-transmltter so0 that small scatterlng angles can be

e in.vest.:l.gated The target is supported by thm nylon threads whlch

"contr01 the particle orientation w1th respect to the 1nc1dent wave.

The polarlzatlon of both the transmlttlng and receiv1ng antennas can be

P
g ;

varled continuously and 1ndependent1y through the use of rotary wavegulde
Jolnts. A stable, precise antenna sweep mechanism and associated circuitry
has been constructed to expedite angular-distribution measurements. The
chamber also houses the necessary microwave and electronie circuitry for -

data display, and storage. A number of computer programs-and a teletype
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terminal to an UNIVAC 1110 computer facilitate the calibration of the

system, data reduction, and wave front examinations,

Typical targets whose scattering properties have been deter-
mined are shown in Figure 2. Particles of arbitrary shape can be
investigated by machining or molding equivalently shaped targets. The

target material is selected by requiring it to have, in the microwave

‘region, the same properties (dielectric constant and conductivity) that

the particle to be invastigated has in the visible wavelength region.

By controlling the density of soit expandable plastics like polystyrene;
any of a wideb§ariety of indices of refraction can be duplicated in a
caating. The absorptlvity is controlled by the proper adm1x1ng of
conducting inclusions such as ca;bon. Hundreds of such targets have
been systematica11y manufactured. The constantly expanding market’of

castable chemical liquids provides an almost unlimited range of optical

properties for target simulation.

The 1aboratory also contains the fac111t1es to measure preczsely

the refractive 1ndex of target materlal. Both the real and 1mag1nary parts

of the index are measured- v1a the.wavegulde-slotted line method of Roberts

and. Von Hippel.

The follow1ng paper contalns the results of an lnvestlgatlon of
aon-isotropic spheres. This preject was contlnued under the T025 contract
because of its importance in interpreting light=scattering effects observed

in comets and atmospheric aerosols.
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Scattering by Spheres with Nonisotropic Refractive Indices

R. T. Wang and J. M. Greenberg

Abstract

e et £ et ot

Some fesults of experimentallstudies on nicrowave
scaftering by artificially constructed axially symmetric spheres
with anisotropic refractive indices are presented. An approxi- |
mation using Mie Theory for spheres wifh appropriate orientation ' , ; g
defendent indices of refraétion, is shown to p:ovide a good
explanation of the observed dependence of the complex forward | @

scattering amplitudes on.target orientation,
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Introduction

-

Despite the long history of single-particle electromégnetic

scattering studies by a number of people working in a wide raﬁge of

_disciplines, little is known about the problem of scattering by

anisotropic spherical particles whose sizes are of the order of the
wévelength A of the radiation. Aside from thekdifficulty inﬁélﬁed 

in a theoretical approach alone, there are few experimental ﬁethods
ﬁhich ﬁay be used to obtain any systematic results. It is the purpose
of this paper to report some experimental results using'the microwave
analog technique (Lind et al, 1965). We shall also describe a
tﬁeoretical approximation for the subtle change in the forward-

écattering amplitude and phase as the orientation of the target is

varied.

e
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Some Symmetry Relations and the

Theoretical Basis for the Scattering Measurement

We shall generally follow the notations of van de Hulst (1957)
tovdescribe the various scattering quantities, The elements of the
scattering amplitude matrix Ei all dimensionless oomplex numbers,
‘relaite the complex amplitude oi the incident wave -Eo =(E'°) and the

Ero
- 3 .
scattered wave E = (E') in the following way:

\Er
3 _ exp(-ikrtikz) ¥, _ exp(-ikrtikz) ( S2 sg) ( Elo o
0 ikr 84 81 Ero

E ikr

mb

where k = 27/\ and the time factor e*®% is omitted. Suffixes | and
r denote the components of the electric field parallel and perpendicular
to the scattering plane, which is formed by the incident ray and a

scattered ray passing through the observation point P at a large distance

_ﬁ from the scatterer (cf. Fig. 1). 1In Fig. 1 the YZ plane is chosen to

be the scattering plane and Eo_ls polarlzed along the X-axis (i. e., E|°—o)

l
!

In this case only the elements Sy and 83—are needed. They are propor-

o tionalﬂrespectlveky'to the components of the complex(amplitudes"of'the

scattered waveaparallel'and perpendicular toAthe‘inoident polarization;

“For forward’scatter1ng,the-opt1ca1 theorem (van de Hulst, 1957)

"reIates the~extinct10n cross section Cgyy to Sl by.

Cexr = "*31% | _‘ @

=
N2

In this case, additional useful mathematical symmetry relations for an
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axially symmetric particle are given by (Wang, 1968; Greenberg et al.

1963):

S1(x ¥ = SxE cos?¥ + 8 XH sj.nzll'

(3)

S3(x ,¥) = (Syg - Syg) cos ¥ sin ¥

wh{ere S1(x ,¥) and S3(X,J) are the complex amplitudes corresponding to :
thie arbitrary angle (X,¥) as shown in f‘ig. 1, and where SXE and Sy are
the complex forward scattering amplitudes when the symmetry axis is in
the K-E and K-H plane respectively and is tilted by an angle X from the
inc;.dent direction Ko' The extmction cross sect:.on C Xy is therefore,

from (2) and (3 ):
Cup = O cos2¥ + Osin2d )
Furthermore, from the first of Equs. (3 ), we have:
‘f ‘, Si(k V) = Sxg * (Sxﬁ'sxﬁ) siezt; - . (5)

Aecerding to Equ.. (5‘) the tip of S]_( X5 W) in the eomplex Gaussian plarie

should t:race a straight line when’ x is fixed and \P is var:.ed V 'l‘he experl- -
’mental technlque enables us to plot Sl( X, ‘/') as a funct:.on of (x,;b)
. with-an X - Y recorder. Thus, as (_x 'P) 1s rapldly changed by a target- v o

orlentmg-mechanlsm, Equ. (5) prov:n.des a quick check on the homogene:.ty

of the scatterer and/or the accuracy of orienting the target in the

radiation field.
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- respect to the propagating wave polarization. Here

Sample Preparation and Refractive-Index Determination

\r
3

The fact that a medium composed of alternate fine layers of
different dielectric properties exhibits anisotropic refractive index
with respect to the polarization direction of the electromagnetic field
hés been known for some time (Born and Wolf 1965) and has been used in
the construction of polarizers, filters etc., in the field of opﬁics.
Tﬂis work was motivated by the study of the extinction and polarization

of light by graphite particles in interstellar space (Wickramasinghe

et al, 1965). We constructed artificial media for microwave simulation

possessing a graphite-like structure (Soule, et al. 1959).

Rytov (1955) has discussed the propagation of electromagnetic
waves in a medium composed of two alternatively repeating layers of
thickness d; and d,, dielectric constants €; and €. He showed that if )

the layer period d = d; + d, is sufficiently thin that
kd Im’l max K 1 | (6)
then the entire medium behaves like a uniaxially anisotropic one with

! . ':v
lml*max is the =

* maximum absolute value of refractive index over all possible directions

of the medium. In this 1imif, the effective dielectric constants E:and

. e

é‘when the wave polarization is parailél and perpendicular to the layer
planes respectively are:

€qdy +€9d,

(€))
~ E,E,4d
P 1<2

€1 dot €24y
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- media and orientation configurations.

Identical results may be obtained in the static field case (Born et al.

1965). Rytov also discusses modifications to Equ. (7) when Equ. (6) is

not satisfied. Independently, Collin (1958) published similar theoretical

work.

After a number of trials, guided by the above considerations, we
obtained measurements of samples with two different degrees of anisotropy

in which condition Equ. (6) applies. Other types of anisotropy, which

give highly .nteresting but complex scattering patternms, will be discdssed

in later publications,
Three targets in the size range:
2.58 S,x =ka £ 5.68 a = radius (8) .

were constructed for each type of anisotropy. The principal refractive

indices my ,‘mE and my for the symmetry axis parallel totﬁo, Eb and‘ﬁo of

xﬁhe incident wavé respéctively, were measured fdf each grodp applying the
 waveguide-slotted-line technique of Roberts-Von Hipple (1946)‘anﬁ using'

 the X-band;waveguide~§ampies constructed from the,dgp}icates of the target o

The first-group of anisotropic gedia;is a stack,of”séismégraph
lfeéot&ing paper, which consists of 1é§érs of foyal gray paper, cérboﬁ
film and paraffin. Application of heaE and pressure bond these layers
toéether.' Since this medium is difficult to machine, each layer was

scissor-cut according to the desired final shape prior to the bonding.

134

S S ST, e




Anisotropic media of the second group were prepared from
alternate layers of expande& polystyrene and a conducting paperbcalled
teledelto. Layered spherical metallic molds were used to form the
expanded homogenéous polystyrene layers of uniform thickness, and ﬁﬁe
sheet of teledelto was inserted between each layer to indroduce the
anisotropy. The results of the dielectric measurements are presented
in Table 1. The product spheres and their waveguide samples are also

shown in Picture 1.
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Group- Layer
Number Number

a0

ALI'TVAD ¥00d

1.
1
‘ 2
1
I1
2

Index

+ Seismogr-aph"Recor&‘ing"Papér--, R.P.I., Troy, N.Y.

* Lectronic Research' Lab, AN/APA_-Z_S Item 14, Stock #60303~1 (1968)

9eT

e

=

[5)

£

£

g

&

7] ' Table 1  DIELECTRIC-MEASUREMENT DATA
”L;ye‘g ;. Layer- " Density Measured\ Sample
Material Thickness  of Medium Data Orientation H
Qarbon .0072 cm Dielectric 3,26-1.36

Paper T ' Constant €

o o 1.051. :

: o - gramsfe.c, : -
Carbon ©~  ,0072 cm ..~ Refractive 1.80-1,10

Papar t+ - - Index
Teledelto * ,018 cm Dielectric _ 1.89-1.42
N . T Constant €
0.500 -

PRSI E . grams/c,c., ‘

Dylite = . .31 cm Refractive [ 1.38-1,15

E K i

2032-1...087 ) 3'04'i024

1.52-1.029 1.74-1.067

1.63-].-.012 1v91'i-38

1.28-1,0048 -~ 1.39-1.14 .
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Polar Plots of the Complex Forward-Scattering Amﬁlitudes and

Comparison with the Theoretical Approximation

Experimental X-Y recorder plots of the complex forwardFscattering
ampiitudes are reproduced in Figs, 2~a, -b, -¢ and Figs. 3=a, ~-b, -c for
each target of Group I and Group IIL anisotropy (see Table 1). The vector
drawn from the origin of this P-Q plot to each mark along the solid lines
is the Cartesian Representation of S;( x,¥ ) at each orientation angle ( X,¢')

and, in particular, K, E and H denote respectively the cases in which the

: : =Y - - )
symmetry axis is parallel to Ko, Ep and Hg of the incident wave.

The fact that the experimental line from E to H is straight is

both a confirmation of the symmetry relation, Equation (5), and an in-

- dication of the accuracy of the experiment.

The region bounded by §Sp is the error limit of 81(7/2,0) due

to target 1nhomogene1ty and 1naccuracy of the orientation technique as

- the scatterer is rotated around its symmetry axls held parallel to Eo.

- S - - R o
84 d”denotesvthe'vector representing the forward-scattering

‘amphtude |51[ = 13.57 and phase shlft qb(o") 43.8° of a standard

: sphere durlng the same experlmental run for coordlnate callbratlon._'

Projection of the 5;( x,¥ ) vector on the Q-axis gives the

extinction efficiency of the scatterer with orientation ( X,¥), while

the tilt of S;( x,¥) from the P-axis gives the phase shift at that

orientation.
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{ ) In this paper, we extend the Mie Theory to spheres of non- -
isotropic refractive indices, by applying the rigorous Mie solution
(van de Hulst 1957) at each target orientation X, with an effective

index of refraction my given by:

1 . cos2x’ + sinZX ;
= 9
EX GK éF ( )
2 _
My = éx

where éx and € are dielectric constants at orientatiod_ X and K, and
€r stands for either € or €y depending on whether the symmetry axis
..iébswept in the K-E plane or K-H plane. Equations (9) are derived as
in erystai optics (Born et al. 1965). All éK’ €g> €q values are

based on the measured ones in Table 1,

- The evaluation of the forward-scattering quantities then follows -
tﬂe standard Mie calculation (van de Hulst 1957; Kerker 1969). The
theoretical results are shown in Figs. 2-a, -b, ~c and Figs, 3-'5, ,A-'-b -e

o as dotted lines, and in partlcular, points Km, EM and Hy refer to the

results when the symmetry axis is parallel to Ko, Eo and Ho respectlvely.

" The orlentatlon dependence of the extmctlon eff1c1ency QI.'.XT
for the smallest target with x = 2.58 of Group I Am.sotropy is plotted Vs
oqlentatlon X in Fig. 4, as deduced from experlment, Raylelgh approxunat:.ori

(\}an de Hulst 1957) and the effective-refractive-index approximation, As

expected the total cross section based on the Rayleigh prediction are already

much too large for this moderately small target. Furthermore, forbK-H
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rotation the Rayleigh approximation gives the opposite orientation

dependence; whereas the new approximation is quite good.

The X dependence of QKE/QKH (the ratio of QEXT when the symmetry
axis is in the K~E plane to th;t in the K-H plane) is shown in Figs. 5-a,
~b, -c for Group I Anisotropy and in Figs. 6-a, ~b, ~c for Group II,
These figures give the general picture of the orientation dependence
of polarization of light by these particles. Here also, the Rayleigh
approximation : overxestimates the polarization and fails to explain the
éubtle effect of orientation changes. Mie theory based on the effective

refractive index gives a fairly close match.

When the symmetry axis of the particle is swept in the K-H plane,
the Sl.vectog has smaller (but complex) variation relative to those when
swept in the K-£ plane, As compared to the P-Q plots by shape-anisotropic
particles such as spheroids-(Liﬁd et al, 1965), we notice that these

refractive-index-anisotropic particles show a marked difference in the

‘ oriehtation dependence of the polarization by extinction.
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Summary and Remarks

Summarizing the findings of this investigation, we state:

The microwave technique is capable of measuring forward-
scattering to high precision, expecially when temperiture, physical

dimensions and electronic conditions are stable,

The idea of artificially constructing nonisotropic target media
ﬁsing fine-layered composite structures is straightforward except that
attention has to be paid to the layer thichnesses, and to the stability

and machinability of the layer materials.,

Mie Theory prediction using an effecti&e refractive index at
each target orientation is a good approximation for anisotropic spheres
in the forward-scattering studies. When the symmetry axis is parallel
to the polarization for which case the most precise refréctive-index
determination is possible, the agreement between experiment and theory
is excellent. The agreement progressively'degradés as one goes toward °

other.brincipal orientations.

Crude angular distribution and back-scattering studies on some

 of these spheres were made, but due to mechanical and other difficulties,

agreement between experiment and theory could only be qualitatively
determined.” These studies will be continued in an improved laboratory

which is currently under construction.
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(ﬁ) Figure Captions

T et

Fig, 1 Diagram of angular coordinates ( x,y¥ ) specifying the orientation
of the symmetry axis of a layered spherical scatterer with respect ;
to the direction of propagation Ko, the direction of polarization :
Eo and the magnetic vector Ho of the incident radiation. ' ;

Figs. 2~a, 2-b, and 2-c Experimental polar plots and theoretical prediction
of the complex forward-scattering amplitudes for
spheres of Group I Anisotropy.

T Figs. 3-a, 3-b, and 3-c Ekperimental polar plots and theoretical prediction
L of the complex forward-scattering amplitudes for
spheres of Group II Anisotropy.

.. s R A

Fig. & Pist& of extinctlon'e£f1c1encies'QExT vs orientation angle X as i
ﬁ deduced from experiment, Rayleigh approximation and Mie Theory . R
with: eftectlve refractive 1ndlces. ‘

Figs. 5-a, 5-b and 5-c¢ Plots of QKE/QKH’ the ratin of extinction efficiencies
= . , when the particle symmetry axis is in the K-E plane
‘ and the K-H plane respeciively, against the orienta-
“tion angle X, for spheres of Group I Anisotropy.

(3
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& } o Figure Captions =~ continued

Figs. 6-a, 6-b and 6-c Plots of QrE/QKi, the ratio of extinction
efficiencies when the particle symmetry axis
is in the K-E plane and the K-H plane respec-
tively, against the orientation angle X , for -
spheres of Group II Anisotropy.

Picture 1 Picture of anisotropic spheres (background) and their
waveguide samples for refractive-index determination (fore-
ground). The left-hand members are of the Group I Anisotropy,
and the right-hand side are for the Group II Anisotropy.
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Facilities Description, Coronagraph and Optical Laboratory

In order to provide an area fof particle analysis and data
reduction; the Laboratory for Particle Scattering'was constructed in
early 1973, The laboratory is a 41' x 100' x 16' high metal building,
electrically heated and air conditioned, and located on the grounds
of Dudley:Observatdry. Enclosed within the buiiding is the Corona-
graph and Optical Test Laboratory. The Coronagraph Test Laboratory
houses a 25 foot vacuum tunnel with a one solar constant xenon arc
source for space simulation testing of the T025 coronagraph. The
optical section houses a radiometric area and contains extensive

spectroscopic instrumentation. The photographic section houses a

AR 1 e T e 0L 0 g i

photographic darkroom facility and photographic instrumentation. The ?
data reduction area includes a 10 x 15 foot laminar flow clean room
which houses a.Joyce-Loebl‘digitizgd.isodensitometer. This instru-
ment was used to digitize the TO25 photographic data for subsequent

computer analysis through our terminal access to a UNIVAC 1110 computer.

s R
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High Altitude Observatory (HAD) Tests

Extensive testing was conducted at the HAO Coronagraph Test
Facility in Boulder, Colorado during the first half of 1972 to deter-
mine the rejection ratio of the instrument, to test and select baffle
designs for the coronagraph, to reduce our selection of film types, to
gather preliminary data on airborne particle density counts, to deter-
mine the optimum interior spacecraft lighting for T025 operation, and
to further define numerous additional experimental parameters. The
Coronagraph Test Facility consisted of a 250 foot long, baffled
vacuum chamber with an external steerable mirror to collimate the

solar beam axially through the chamber.

As a result of these tests, the rejection ratio of the in--
strument, without baffle, was determined to be 2.5 x 10"9, The
addition of a circular baffle improved the rejection ratio to

2.0 x 1072,
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Development of Resolution Testing Procedures

In order to establish a standard uniform procedure for photo-
graphic resolution testing, several resolution testing boards were
constructed. 'The standard resolution board is 32" x 48" in size and
consists of a number of standard Air Force resolution targets
(W. & L. E. Gurley, T?oy, N.Y.) as shown in Fig. la, on a black back-
ground. The targets are spaced over the entire surface of the board
in order to obtain complete coverage in the field of view. The normal
éet-up consists of the camera placed along a line normal and through
fhe center of the resolution board and at a distance from the board
to allow the field of view of the lens to span the entire surface of
the board. Illumination is provided by light bulbs positioned 45° away
and on both sides of the camera. Two smalle?, portable resolution boards
were similarly constructed for convenient transportation. Numerous tests

were conducted with each of the resolution boards to determiqe the

. camera-to-board distance and illumination levels required for proper

‘exposure with a variety of films. We decided not to use the Fourier MIF

method for résblution,testing due to the difficulty and time consumption

‘required for preparation.

A Sayéé resolution target, as shown in Fig. 1b, -was used particularly

- to test and calibrate the resolution of the Joyée—Lbébl isodensitometer and

to optimize the data reduction capability of the machine.
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Resolution Testing/Film Selection

Resolution tests were conducted with Kodak Aerographic Tri-X 2403,
Kodak 2485 High Speed Recording Film and Kodak Panatomic-X films to deter~-
mine the resolution of each film with no filter, a GObOX and a 50008 central
bandpass interference filter. This data was required for the selection of

flight films.

A summary of the results is provided in Figs. 2, 3, and 4. All
resolution data provided in these figures is for the center of the frame
measured. Similarly shaped resolution curves were generated for other

positions in the field, although generally at a poorer resolution.

Tri-X 2403 was selected as optimum for our requirements due to its
superior resolution characteristics and relatively high speed. The addi-
tional speed obtained with the 2485 film was more than offset by its poor .
resolution and extreme graniness. Based on those observations, a higher
Qignal to noise (S/N) results with the Tri-X 2403 éxcept for the lowest

iliuminance levels. However, takihg into adcount‘the high radiation levels

_anticipated in Skylab, it was expeéted ﬁhat,even;for‘fhe,lower illuminancé
S leveis, the S/N level should béthgHer fof Tri-X 2403. The eﬁentual'Skyigb

results have confirmed this.

'Resolution tests were conducted with Kodak Aefographic Tri-X 2403
and Kodak Spectroscopic IIlao films to compare relative speed and resolution.

This spectroscopic film was of interest to us due to its lack of red sen-

sitivity which would improve the blocking of system when using ultraviolet
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Resolution Testing/Film Selection =~ continued

filters. Kodak ITao was found to be, however, two stops slower for
exposure in the 0.1 sec range, and, as it was slightiy poorer in
resolution than Tri-X 2403, we decided that Kodak IIao was not accep-

table.
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Flight Filter Resolution

Resolution tests were conducted with the three P,I, ultraviolet
filters (24508, 28008, 36008) and Kodak 2403 and 2485 films and the
27 mm, £/2.0 flight-type UV lens on loan from Dr. Packer of NRL (as we
did not receive out‘UV lens until the SL-1 launch)., A summary of the
results is given ianable 1. Although the results presented are for the
center of the field at £/2.0, resolution data was obtained over the
entire field of view of the‘lens and at the full range of aperture

settings (£/2.0 - £/16).

During these tests, it appeared that the 24508 and 28008 filters
had excessive red leaks beyond specifications. Conseqﬁently, we photo-~
graphed a target illuminated by a xenon arc source,‘of known spectral
distribution, both directly and through crown glass, which would cut
off nearly all radiation short of 33003. Subsequent calculation of the
amount of red leak proved conclusively that the manufacturer's specifi~

cations were not met.
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Table 1

Flight Filter Resolution (P.I, set)

27 mm UV lens, Kl adapter, £/2.0, center of field

Filter

Central Wavelength gxz
None
2450

2800

3600

Resolution (line pairs/mm)

Kodak 2403 - Kodak 2485
20 8
32 20
56 ! 14
20 | 10
172

B T P S A T




(

S‘

Ultraviolet Filter Light Leak Tests

Photographic tests with the 24508 ultraviolet filter indicated
that an extensive amount of radiation outside the bandpass was being
transmitted. Since such a condition would adversely affect the experi-
ment, a thorough examination of the problem was necessitated. Since
Martin Marietta Corp. (MMC), responsible for the acquisition of the
filters, had failed to test the filters for blocking, spectral trans-
ﬁission tests using a Jarrell Ash .25 meter Ebert Monochromator were
conducted. An in passband to out of passband ratio of 1,60 was deter-
mined which proved conclusively that the filter was not scienﬁifically
usable. Consequently, a satisfactory replacement filter was acquired from

Baird Atomic, Inc, and hand carried to KSC for installation.

This problem was primarily caused by Martin Marietta failing to

hold the filter manufacturer to tight specifications. As a result, when

_fiiters were procured for Comet Kohoutek observations, we were careful

to generate comprehensive and detailed specification sheets to assurg the
proper manufacture of the filters. An example of our specifiéétion»sheets

is presented in Table 2.
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Laboratory for Particle Scatteriung Spec. Sheet 3940b

Dudley Observatory - Page one of three
100 Fuller Road : August 29, 1973

Albany, New York 12205

3940 Filter D0-3940

1. - All measurements are to be based on parallel 11ght 7° from normal incidence,
Central wavelength, Ac7 3945A + 5

- Transmittance (Tmax) at peak wavelength shall be greater than 17%
- The half power band width (HPBW) shall be 208 + 5

Bandwidth at 10% of Tmax shall be between 1,6 and 2.4 times HPBW.
- Bandwidth at 17 of Tmax shall be less than 4 times the HPBW,'
- Bandwidth at 0.1% of Tmax shall be less than 7.5 times the HPBW,
Bandwidth at 0.01% of Tmax shall be less than 15 times the HPBW.
Index of refraction must be greater than 1,8

Transmission outside the passband shall be less than 0. 1% . Outside the passband i
is defined here as the region between (3940 + 8 x HPBW)A and 69008, and the region :
between 23008 and (3945 - 8 x HPBW)R,

(i.e. 04, 05 ' 06)

.2,  Spectral transmission curves for 7° from normal incidence shall be provided
between 2000 and 70008 with full scale of 100%, 10%, 1%, 0.1% and 0.01%
transmission.
3. The index of refractionnof each filter shall be provided. ;
: ‘4. ‘ Fllter shall be edge marked Wlth part number D0-3940 end,se;iei numbef %

5. No visible striae shall be present. R - : ‘ s

- Filter shall not be deg1aded optlcallv or structually by long term exposure
to temperature between -40°F and + 160°F and to humldlty between 0 and 100% RH.

Filter shall not be degraded by repeated vacuum cycles.

Filter shall be of epoxy laminated construction.

Table 2.




Laboratory for Particle Scattering Spec., Sheet 3940b
Dudley Observatory Page two of three

¢ 100 Fuller Road August 29, 1973
" Albany, New York 12205

6. Diameter 2.10 + 0,03 inches
Usable area shall exceed 1,95 inches in diameter,
Thickness shall be less than 3/16 inches.
Filter edges shall be chamfered. The chamfer shall extend a minimum
0.020 inches into the edge of the- filter

7. The filter must meet all specifications over any 1/4° inch diameter, or larger
area, anywhere on the filter, C

8. Delivery must be made on or before 9 October 1973 at suppliers facility in
Waltham, Mass. The supplier will notify the Laboratory for Particle Scattering,
Dudley Observatory at least 48 hours before delivery is to be made.

Failure bf the supplier to deliver on the above date will result in the automatic
cancellation of the purchase order for this filter.

9, QUALITY ASSURANCE

CERTIFICATION OF COMPLIANCE required, referencing D. 0. Purchase Order #1611
indicating that all hardware is as ordered and that all items are manufactured
to normal quality standards. ""THE GOVERNMENT HAS THE RIGHT TO INSPECT ANY OR
ALI. OF THE WORK INCLUDED IN THIS ORDER AT THE SUPPLIERS PLANT.,"

FOR USE IN MANNED SPACE FLIGHT PRCGRAM, MANUFACTURING AND WORKMANSHIP HIGHEST
QUALITY STANDARDS ARE ESSENTLIAL IN ORDER TO INSURE RELIABILITY,

(i IF YOU ARE ABLE TO SUPPLY THE DESTRED TTEMS WITH A QUALTTY WHICH IS 'HIGHER THAN
i 'THAT OF THE ITEM OFTERED OR PROPOSED, YOU ARE REQUESTED TO BRING THIS FACT TO THE
IMMEDIATE ATTENTION OF THE PURCHASER,, o S e ~

Table 2 - continued

b i e Y




¥
i

Laboratory for Particle Scattering Spec. Sheet 3940b

Dudley Observatory

Page three of three

100 Fuller Road - August 29, 1973
Albany, New York 12205

QUALITY ASSURANCE

As minimum the following controls are required:

A,

Procurement Controls =

(1) Contracter is responsible for the adequacy and quality of all
: purchased articles and materials.

(2) Purchased raw material used shall be accompanied by chemical
and/or physical test results,

(3) Age control and life limited products shall be adequately marked.
Vendor shall insure removal of outdated material,

Procured and fabricated articles and materials shall be inspected and
tested to insure conformance to requirements set forth in this purchase
order. Such inspection shall occur during receiving, processing,
fabrication, assembly and testing.

Records of all inspections and tests shall be maintained. Such records
shall provide evidence that required inspections and tests for the
individual articles have been performed and shall include the article
identification, the inspection, or test involved.

Non conforming articles shall be identified as such and segregated from

the work operation. Such articles shall be scraped or called to the

" attention of Dudley Observatory for review.
Metrology COntrols -

A1l estimation used in testing and measurement of artlcles purchased shall

be calibrated to a source traceable to Natlonal Bureau of Standards or
equlvaIent :

Table 2 - continued
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i) Neutral Density Filter Tests

Exposures of the sun were made through the P.I, neutral
density filter to determine the best exposure for solar photography.
This data was required for flight filter selection tests at Martin
Marietta and for the pointing calibration picture during the operation
of T025. An important supplemental result of this testing was the
detection of a multiple imaging effect. This was caused by internal
reflections within the filter due to its multiple layer characteristics.
This multiple imaging, step wedge effect could be utilized to absolutely
calibrate the flight film, As a result, this fest was subseqﬁently con-~

ducted at Martin Marietta to calibrate the flight neutral density filter,
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Interference Filter Calibration Tests

Photographs of the sun directly through both the P,I. and
flight set of interference and polarizing filters were made to deter~
mine if.multiple images, similar to that obtained through the neutral
density'filter, could be detected. This effect could be used as an
additional calibration to the system. However, no multiple imaging

effect was detected, -
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Optimum Development

In order to maximize the resoiution of Tri~X 2403 £film, bhoto-
graphic processing tests were conducted using numérous developers and
at a variety of development times. De?elopers D-76, acufine, and UFG
were found to be superior and all generated approximately the same
speed and resolution, Although PTD preferrea to use D-19 due to their
familiarity with it in the automatic processing machine, Kodak developer.
D-76 was selected for flight film processing due to its availability,
compatibility with PID automatic processing equipment, and superior
resolution characteristics, Tri-X film deveioped in D-76 for 8% minutes
at 70°F generated a gamma value equal to one, We decided to have PID
process the flight film with the automatic machine due to its standard-
ization and repeatibility. However, we were disappointed with the
results as they did not achieve the same degree of resolution that we

had previously obtained by hand development.
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EVA Vibration Simulation

While monitoring astronaut EVA training exercisesat the 1-G
trainer at JSC, vibration of the coronagraph was detected during the
operation of the experiment. Consequently, vibration damping tests
were conducted to determine the extent of resolution degradation caused
by the vibration. The small portable resolution board, constructed
specifically for this test, was used along with NKOl electric Nikon

and a 46 mm £/1.2 visible lens with Tri-X film.

Although vibration could 5e seen to continue for about 30
seconds, appreciable loss of resolution was not encountered after 10
seconds. Fig. 5 summarizes the vibration damping results. These
results were supported by Pilot Pogue who commented during the November
22 EVA that the experiment seemed steady during operation, and by the

high quality images on the in-focus frames returned.
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Kohoutek Flight Filter Resolution

Resolution tests were conducted with the set of 15 flight
filters for Comet Kohoutek observations. To assuré their quality
and to obtain a better expectation of results from Skylab; the Nikon
21 mn £/2.0 UV lens was used with Tri-X film. The results of this
tést are presented in Table 3, We were generally very pleased with
tﬂe high quality of resolution achieved over all wavelengths, par-
ticularly in the visible region since the UV lens was designed

particularly for UV observations.
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K Table 3

Filter Resolution Summary

P/N _S/N H v

6000 03 39 1p/mm 35 lp/mm
5890 02 39 39
5500 02 39 35
4900 01 28 a1
4700 01 28 28
4430 03 25 31
o 4262 o , 49 49
3940 05 49 49
j 3873 ' 01 62 62
o | 3361 o4 35 39
. 3250 03 2, 31
3100 0 35 35
3600 06 55 55
2800 5 . 39 ‘A;Haa ,
2530 SRR TIREEN -t B s
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Refractive Index Tests

Refractive index tests were conducted on all ihe interference
filters acquired for Comet Kohoutek observations. The tests were con-
ducted on an optical bench using a specially created device to allow
each filter to be precisely rotated to vary the angle of incidence (¢).
Thus, by observing with’a monochromator the shift in the peak wavelength
of a filter at a number of incident angles, the index of refraction for

that filter can be directly computed from:

sin? ¢ %

>
AN

1-

>
on

Thus we can calculate the pass band for off axis images.
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Filter Photography Tests

Photographs were taken of the entire set of Kohoutek filters

to detect pin holes, internal irregularities, UV leakage, and any other

anomality photographically detectable. A deuterium lamp was used to
illuminate the ultraviolet filters and a carbon arc used for the re-
mainder of the set., The results of this test were used for acceptance

evaluation and flight filter determination,
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Occulting Disk Filter Tests

Photographs were made of the sun with the EVA modified corona-
graph to determine the effect of the addition of the occulting disk
filter (ODF) on the rejection ratio of the instrument and the crossover
of the ODF with the Kohoutek set of interference filters. It was deter-
mined that a slight increase in density on the film could be attributed
to the passage of light through the ODF only with the 60008 and 58508
filters. There was no detectable increase in density with the remainder
of the filters. Additionally, theisolar image appeared through the ODF
filter for a one second exposure at £/2.0 with the UV lens only with the

60008, 58508, 32508, 31008, and 2800% filters.

Since T025 was to be deployed and operated during several EVA's
on SL-4, we became concerned about the extreme temperature variations
often experienced around spacecraft and its possible adverse effect upon

the transmission characteristics of the filters. Consequently, we con-

structed a thermally controlled vacuum chamber and established procedures

for determlnlng the transmission of the filters over a wide range of

" temperatures, However, subsequent tests conducted at Martin Marletta

indicated that room temperatures (i.e. in the vicinity of 70°F) could
be expected durlng the operatlon-of the experlment Since all our trans-
mission tests were condugted at that temperature, no further chgxng was

required.
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Point Source Tests

Point source tests were conducted to empirically determine
with different films the limits of detectability for particles in
space including both in and out-of-focus images. The theoretical
detection of point sources depends upon the MTF of the system, which ’
is dependent upon the camera lens, its focus, and the photographic
film, However, we decided to use the empirical method as it was
felt to be a more reliable method than the application of MIF and
film functions., Consequently, in a series of tests using pinholes
and spherical image reducers, we simulated a variety of micron-sized
particles by point sources. We were able to use pinholes‘for images
as small as 3 um., However, for smaller micron and sub-micron sized
particles, a spherical image reducing technique was utilized. This
consisted of a highly reflective ball bearing, of radius r, located
at a distance d from a point source of diameter a. The effective

image reduced diameter, a', is equal to a I . Smaller point sources,
' da '

3

below the resolution limit of the film were used to precisely attenuate

the light level.

Initiai problems encpqntered in sétt&ng up the eiperiment in-
cluded a ver&Alimitéd areé in which to work and a high level of back~
gfound 1igﬁt; Consequenéiy, both thé pinhole‘and imégé reduction‘
eﬁperiments were conducted iﬁside the corcnagraph test tunnel, where

the background light level could be cuntrolled,

It was found that Tri-X 2&03 was generally a better detector
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Point Source Tests =~ continued

than 2485, However, for larger images, substantially above the resolution
of the film, 2485 exhibited superior detectability since the extreme
graininess of the film did not significantly affect the results, This

was also the case for images which were considerably out-of-focus.

Absolute results were never generated due to other immediate
commitﬁents at the time, such as the complete reorganization of T025
objectives for EVA and Kohoutek operations. Additionally, the loss of
the meteoroid shield precluded the use of the solar airlock and eliminated

contamination investigations as a functional objective,

Tests also proved commercial Tri~X to be similar to Tri-X 2403,
As a result, we were able to use the less expensive and more readily
available commercial Tri-X for all our testing.

< v

Analysis of the point source tests indicated that the effective

imaging properties of 2485 are such that the effectiveness is about the

.. same as 2403 due to the grain effect of the film, It was determined that

the minimum exposure requiféd to obtain a detectable image of a 3 um

.

solar illuminated point source was a 1/4 second exposure at 10 feet.
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;ﬁj S052 Point Source Defocus Simulation

Because approximately 10% of the several thousand S052 photo-
graphs contained out-of-focus particle tracks, we formalized an agree-
ment with Dr. McQueen, Principal Investigator, to gain access to the
data, Additionally, since one of the functional objectives of T025

was to photograph such particles, we had developed programs to reduce

and analyze such data. Due to the fact that all the S052 photographs

were focussed at infinity, all the particle track data available was

out-of-focus. Therefore, tests were conducted to determine the re-

lationships between photographing, at infinity, various sized sources

at different distances using a lens of focal length similar to that

used for S052, The results indicated that the point source size does

- T P, LN S

b syt

{;} ‘ not affect the image size on the film., Therefore, given the lens
characteristics and the length of exposure, it is possible to deter-
mine the size of a point source from the image density, and the
distance from the camera by means of the image size, Samhle frames,

» ~coataining several particle tracks, were digitized. However, they were

not subsequently reduced due to time ard funding limitations., ' i %
‘ : |
3
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Camera and Lens Historical Background

In order to provide a reflex viewing capability and a means
of real~time discrimination in taking photographs, a Nikon camera was
introduced to replace the previous Hasselbald camera system. It was
felt that this would generate a much higher proportion of scientifically
useful photographs, Two lenses, a 46 mm £/1.2 visible and a 27 mm £/2.0 |
UV, were included in the revised cameréksystem. The loss of the meteoroid
shield and the subsequent deployment of a solar parasol made operation of
TQZS in the solar scientific airlock impossible. The decision to operate
the experiment during EVA on SL-4 required the utilization of the electric,

battery operated motor driven Nikon camera instead of the manually operated

camera,
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{]é Plate Scale Tests

Plate scale tests were conducted with both the visible and
UV lenses to determine an accurate function relating the distance from

the center of the photograph frame to the viewing angle.

The experimental procedure consisted of photographing a bar of
known length, in different positions in the frame, at a known distance
from the cameré. A function reléting the distance ¢ (in mm) from the
center of the frame to the viewing angle # (in degrees) was derived as

follows:

For the visible lens:

@ = 94,07 arctan (,01091¢)
For the UV lens: 3

0 = 92,942 arctan (.011090 {)
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UV Lens Transmission Determination

Since the published transmission curve for the UV lens covered
the 2000-40008% range only, the extension of this curve, within the sen~

sitivity range of the film, was generated.

The procedure to determine the unknown transmission values was
to photograph a uniformly illuminated (ground glass) field with both the
visible and UV lenses at £/2.,0. Interference filters with a central wave-
length of 44308, 47008, SOOOR, and 60008 were used to determine the ratio
of transmisgions of the two lenses at each of these wavelengths., Since
the transmission of the visible lens was known, the transmission of the

UV lens was determined. The results are plotted in Fig. 6.
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Defocus Simulation

Tests were conducted with both the manual Nikon and electric
Nikon camera bodies to determine the reason an oﬁt-of-focus condition

existed on most of the T025 photographic data.

Initially, photographic tests were conducted to determine the
degree of '"defocusing" caused by the K1 adapter on the UV lens to deter-
mine whether the use of the adapter could be a possible cause of the
majority of T025 photographs being out-of-focus., Photographs were taken
of Sirius directly‘and toward the sun with the 27 mm UV 1eﬁs with and
without the K1 adapter. It was determined that the Kl adabter did not
defocus the image similar to the flight £ilm. Thepefore, the K1 adapter
could not be the cause of the "defocused" flight film, This was sub-
sequently verified by the crew during debriefing. Since five other
experiménts using the same camera body (NKO2) experienced similar phofd-
graphic degradation, the most logical explanation fOr‘the problem is

that the pressure plate, which maintains the film in the focal plane aﬁd

‘can very easily be removed from the camera back, was somehow lost. Tests

conducted at Dudley, using the éleéftielNikén camera body with the

pressure plate removed, feprodhgedAthé_odt-of-focus condition of the

‘flight‘photog:aphs;'




Lens/Filter Scatter Tests

Tests were conducted to determine the extent of intermal

scattering within the 27 mm UV lens. The experimental procedure was

to photograph carbon arc illuminated white strips on a black béckground
to éimulate an atmosphere, Generally, the awmount of scatter caused by
the lens was insignificant although a minimal background effect could
be possible in the extreme upper porticn of the atmosphere of flight
photographs. However, this scattering effect could be subtracted out
of the photos by examination of the éomplete set of flight photographs

and calibration of the scattering effect.

Additional tests were conducted with the returned set of flight
filters to determine, if any, additional scattering effeci éould‘be
introduced by the addition of a filter. Scattering produced by the
flight 2530 filter was found to be quite significant, while no signifi-

cant scatter.fesﬁlted from the 36008 filter.
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Vignetting Tests

Tests were conducted to determine the attenuation, due to
vignetting, as a function of radial and angular distance from the
optical axis of the TO025 coronagraph with the Nikon camera and 27 mm
UV lens. The experiment consisted of photographing three tungsten
filament 25 watt light bulbs mounted 10 feet in front of a black wall
using the T025 coronagraph, Nikon UV lens and camera with Tri-X film.
The coronagraph was placed 50 feet from the three lamps. The current
to the lamps, fixed rigidly in position, was regulated to maintain a
constant light output. The camera was oriented to simulate the Skylab
EVA position and ﬁhe‘coronagraph was rotated so that the lamps could
bé photographed in different areas of the field of view. A telescope
with cross hair was mounted inside the coronagraph occulting disk to
provide an in-focus center of frame reference for the fixed focus

UV lens.

For reduction, the X and Y position of each lamp was deter-

mined with respect to the center of the field and the density of each

" tamp image’was’measured, As a result;,ah eQuation‘was determined using
 the least squares method relating the radial distance R from the center

1 “b£:thé field to the attenuatgd irradiance.SR.'f

The relation is given by:
Sg = 1.0 - (4.15 + ,11) x 1073 &?

where So =1,0.
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Sensitometer Design and Calibration

In order to have the capability to calibrate film for data
reduction, a sensitometer was constructed to generate a repegtable
range of densities in 15 steps on the film. The calibration of
laboratory and flight films required that a means of irradiating the
film with a known amount of light be created. Consequently, a sen-
sitometer, based on a design developed by HAO, was constructed.
Numerous tests were made to calibrate and determine the proper ex-

posure for all film used in the course of our studies.

The sensitometer was at first only relatively calibrated by
making precise transmission measurements of each step of the: inconel
step wedge using a Joyce-Loebl Microdensitometer. From the determined
transmissions, the relative irradiance oﬁ the film was calculated.
Later, because of the.special needs of the T025 experiment, these
irradiénces were calculated in absolute‘termé by directly comparing
tﬁe T025 sensitometer step wedge with' an absoluteiy»talibfatedjwedge
from JSC/PTbe -Byvthis éomparison; direct coqversidn{waébthén possible

from the T025 calibrated wedge to absolute irradiances in ergs/tm?-éec;

‘j 'A'sééond, morévépmpécf; UV sensitometer was cpnstfucted ufiliz?
ing the Nikon 27 mm UV Iens. The UVbéensitometer provided us the
capability to achieve a calibration in the UV (18ﬁ0 to 40008) region.

UV filters were used to prévide'spectral discrimination over this
entire range.  Although exposures were established, the UV sénéitometer

was never operationally utilized due to the major reduction by NASA of
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Sensitometer Design and Calibration ~ continued

the amount of calibration film we were permitted té'fly on board Skylab.
This made it impossible to fly sufficient calibration £ilm to adequately ‘
cover the range of filters and exposures required for flight operation
of T025. Consequently, as a result of a vast number of photbgraphic
observations with Tri-X films, we were forced to apply reciprocity
corrections for all the exposures in the observing program based on
results from our ground control films, Although a reasonably reliable
reciprocity correction factor was derived in this manner, the error
introduced in the reciprocity determinatibn for all densities and wave-
lengths are significant, We feel that it was poor scientific procedure
however, to limit the amount of calibration film for a photographic
experiment to only operational films when the film was expected to
experience a large fadiation dose, Reciprocity can not be firmly

established from ground control tests under these conditions.
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Extension of Sensitometer Wedge Latitude °

We attempted to extend the latitude of the sensitometer wedge

by introducing neutral denSity filters into the sensitometer. However,

due to internal reflections and scatter within the sensitometer, the

low flux levels required for latitude extension were not possible,
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Sensitometry Deteoriation

Tests were conducted to determine whether seﬂsitometry exposures
made over a period of 16 days would deteoriate or otherwise be affected
by a lapse of time. Plots of both the step fuhction and i?dividual
density steps with time exhibited no detectable fluctuation. Further
comparison of some sensitometer wedges taken over a few years had the
unusual result of actually indicating an increase in film speed ih sonc

cases.
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Vacuum Effect on Sensitometry

Since the T025 flight film would be subjected to vacuum con=-

ditions during the EVA operations on SL-4, tests were conducted to

determine whether a vacuum condition would have any effect on the

sensitivity of 2403 Tri-X flight film. The results of these tests

did not conclusively demonstrate a change in sensitivity, i.e. the

loss or gain in sensitivity was less than Alog E<.1.
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Microdensitometer

A Joyce-Loebl scanning microdensitometer, along with aésociated
digitization hardware, was received as Government Furnished Equipment for
photographic data reduction and digitization, The instrument was com-~
pletely refurbished and subsequently housed on a vibrationally isolated
table in an environmentally controlled laminar flow clean room in the
Laboratory for Particle Scattering. This proved to be very beneficial
as it provided us the capability to envifonmentally cdntrol all micro-
densitometer testing., Initial reduction of the flight film generated
poor magnetic tape records when recording large amounts of data and this E
necescitated the complete refurbishment of the digitai stepping recorder.

Because our microdensitometer was non-operational for:this period of time

and because no precise position indication was provided by the Joyce-~

Loebl, we decided to digitize the flight negatives with the Spec - Scan ) 7@

microdensitometer at JSC.

~Iﬁ.£he éfoéeés oﬁ preééring ﬁhe &oyce-Lerl for 6peration,
numerous'tésts and calibratibns were péqgired. In order ﬁo have the
“ability ﬁoﬁcompare‘dur mgasureméﬁ£; §1ré§£1§ ﬁith'fhbgé fféﬁ‘the Jsc
ASpgc:; S;aﬁi as well asithébfésults of othgr investigaﬁiohs, the‘Joyce-
Logblgwas'calibratgd in diffuéewdéﬁSity units. Inconél filters, whose
Hspectral transmission hadkbeén préviéusly determined with.the Jarrell-
Ash monochromator, were used for the absolute calibraticnvof,the ihstru-
ment. A secondary set of neutral density filters were also calibrated

with respect to the inconel filters for daily recalibration of the

instrument.




i Microdensitometer - continued

The microdensitometer ratio arms were precisely calibrated using
a Bauch and Lomb standard microscope scale. This enabled us to attain

precise specimen positioning during microdensitometer measurements.

Stability and reproducibility tests of the microdensitometer were
also conducted. As a result, we obtained very high reproducibility and

were able to maintain linearity and calibration with very low drift.
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Haass

Diffuse Density Calibration

An experiment was conducted to relate diffuse density to the
Joyce-~Loebl instrument specular density D. A Kodak calibration steb-
wedge was used as a reference for diffuse density and a density (D')

to diffuse density (D) relationship of D = 1,32 D' was obtained.
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Rejection Ratio Determination, Flight Film

White Light: Two methods were employed to generate rejection
ratio values from the flight photographs., The first method utilized
the actual ineasured energy of the solar image on the film modified by
a factor correcting for the limited transmission through the occulting
disk filter. This value was fhen used to calculate the rejection ratio
over the field, The optimum rejection ratio measured and calcﬁlated by
this method was 2.88 x 10~% at 4.4 mm from the sun on the film (frame
BE03-01).§ The second method calculatéd the theoretical energy.of the
solar disk on the film, Lens transmission, solar spectral irradiance,
the normalized film sensitivity, the area of the lens surface, and the
area of the solar image on thé film were introduced into the calculations.

Maximum rejection was 2.14 x 1078 at 4.4 mm.

36008 Filter: The procedure for calculating the rejection ratio
with the 36008 filter was similar to method #2 for white light except the
filter transmission was introduced into the cé;culations. A rejectibn

ratio of 1.03 x 10;8_was;ca1cu1ated.
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Image Restoration

Subsequent to receipt of the out-of-focus flight photographs,
conversations with experts at Goddard Space Flight Center, Jet Pro-
pulsion Laboratory, and the State University of‘New York at Albany
indicated to us that image processing techniques could possibly restore
a major portion of the blurred data.‘ Numerous defocus simulation tests
including point and line spread image tests were conducted by shimming
the film in the electric flight-type Nikon away from the focal plane.
These tests wer~ conducted to recreate the out-of-focus condition
observed on the flight film in order to define the lens and camera pro-
perties required for image restoration., After a careful inspection of
the point and line spread functions and recognizing the uncertainties
involved in the exact reproduction of the out-of-focus condition, we
felt that precise image restoration could not be guaranteed aﬁd there-
fore, considering the limited time available for reduction, we decided

not to pursue the matter further.
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