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ABSTRACT 

Narrowband spectrophotometric observations of outer solar 

system (semi-major axis greater than 3.2 AU) asteroids have been used 

to investigate the surface compositions of the 0- and P-class 

asteroids in an effort to learn about their origins and formation 

conditions. Spectra of 20 outer solar system asteroids and 2 

main-belt O-class asteroids were obtained using two charge-coupled 

device (CCO) spectrographs. No mineralogical absorption features 

were evident. The spectra can be divided into four groups based upon 

four discrete slopes among the spectra. The slope increases 

(reddens) with increasing heliocentric distance. All of the 

asteroids observed are locked in orbits driven by Jupiter's 

gravitational attraction. The distinct slope changes suggest that 

these asteroids are the remnants of a gradation in composition of 

planetesimals in the outer solar system, which were selectively 

retained in location when other material was lost. Three possible 

compositions based upon organic polymer materials are discussed. 

A coronograph/spectrograph was designed to be used with a ceo 
camera for data acquisition. This instrument can be used for both 

astronomical imaging and spectrophotometry across the 0.46- to 1.0-~m 

spectral region. Options to reduce the diffracted light from a 

telescope and block the light from bright astronomical objects permit 

xv 



xv; 

high resolution imaging of both bright and faint objects. Direct 

(1:1) or reducing (2.7:1) imaging is available. Two grisms provide 
o 

'V40-A resolution spectral coverage of the full spectral region. The 

instrument is modular and easily transported to observing sites. 



CHAPTER 1 

OUTER SOLAR SYSTEM ASTEROIDS: STATEMENT OF THE PROBLEM 

During the past five years, astronomers have increased their 

knowledge of the asteroids located at heliocentric distances greater 

than 3.2 AU, the outer edge of the main asteroid belt. Two classes of 

asteroids were identified as being concentrated primarily in locations 

between the main asteroid belt and Jupiter's orbit: the D and P 

classes (the TRIAD classification of asteroids is discussed in Chapter 

2). Broadband visual and near-infrared photometry of the D-class 

asteroids shows a steep rise in reflectance with increasing 

wavelength; the P-class asteroids have flat, slightly reddened, 

reflectance spectra. Both classes of asteroids have low geometric 

albedos. 

Scientific speculation about the origins of these asteroids 

has been based on the albedo and broadband photometry data. Three 

possibilities have been proposed: 

(I) The asteroids formed approximately in situ, and were 

perturbed into their present locations through the effects of 

Jupiter's gravitational interaction. If electromagnetic heating was 

the primary cause of the differentiation of planetary materials in the 

early solar system, then these asteroids could be located far enough 

from the sun to remain undifferentiated, primitive solar system 
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material. Any volatiles present on their surfaces at the time of 

formation would be lost through sublimation. The D-class material has 

been proposed as the domi nant type of primitive material located in 

this region of the solar system; the P-class material has been 

considered transitional between the C-class asteroid material and 

D-class material. If the asteroidal material is identified as 

material predicted to form at these heliocentric distances by current 

theories about solar system formation, then an in situ formation is 

strongly suggested. 

(2) The asteroids are extinct, rocky cornet cores which formed 

with other objects which are still located in the Dort cloud of 

comets. They left the Dort cloud as comets, and were trapped into 

their present locations by interaction with Jupiter's gravitational 

force. Thus, the material in these asteroids, representing material 

formed much farther from the sun, would be a window to remote, 

primitive solar system material. 

(3) The asteroids formed farther from the sun and were moved 

directly to their present locations as part of the ejection of 

material from the early solar system. Again, the material could be 

remote, primitive solar system material. 

The study of the origin(s) of these asteroids can be augmented 

through a better understanding of their surface composition from the 

study of their reflectance spectra. The intention would be to search 

first for any subtle absorption features (such as the silicate 

absorption features near 0.9-1.0 ~m) which might be partially masked 
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(reduced in depth) by the presence of an opaque component in the 

surface material. The low albedo suggests the presence opaque 

material, and the lack of ices, on the asteroid surfaces. Broadband 

photometry lacks sufficient detail to show such features. 

Additionally, the overall composition could be further determined from 

narrowband spectrophotometry. The broadband photometry lacks 

sufficient resolution to show the details of absorption features 

indicative of the surface composition; the albedo data are valuable 

when used with relative reflectance spectra. 

The outer solar system asteroids are faint (12 i mv i 20). As 

a result, many of these asteroids cannot be observed using existing 

narrowband filter photometers which operate in the visible and 

near-infrared spectral region. Mineralogically-diagnostic information 

is present in the infrared out to ~4.0 ~m, but these asteroids are 

sufficiently dark to prevent the effective use of 

circular-variable-filter photometers and Fourier-transform 

interferometers. 

The use of charge-coupled device (CCO) cameras opened a new 

technology to astronomy. Using a CCO camera attached to a 

spectrograph, a spectrum can be spread across the CCO chip and 

continuous integration across the range of the spectrum can be 

achieved. The signal obtained using a CCO-spectrograph combination 

during an integration time is stronger than the signal obtained in the 

equivalent amount of time with a traditional filter photometer. Thus, 

spectra of fainter objects can be obtained. 
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To address the problem of the origin(s) of these outer solar 

system asteroids, a CCD coronagraph/spectrograph, which could obtain 

spect ra of these fa i nt objects, was designed and constructed. Ne\'/, 

high resolution visible and near-infrared CCD reflectance spectra of 

these asteroids were obtained using both existing instruments and the 

new instrument. In conjunction with other existing data, these 

spectra were studied for surface compositional information. 

Constraints can be placed on the composition of the surface material, 

and a search for compositional analogs in the outer solar system can 

be conducted. Knowledge of the surface composition could also place 

constraints on the location of condensation and formation of the 

objects from the primitive solar nebula. The acquired data can be 

tested against current theories of solar system formation. 

Ultimately, these data would be used to address the question of the 

origin of the outer solar system asteroids. 



CHAPTER 2 

BACKGROUND ON OUTER SOLAR SYSTEM ASTEROIDS 

The nature and origin of asteroids (minor bodies in the solar 

system, having diameters less than 1000 km, which orbit the sun but 

are not in orbit around any planet) has been a source of fascination 

since the discovery of Ceres in 1801, and the subject of serious 'studY 

during the past 15 years as astronomical techniques and 

instrumentation have improved. Most asteroids are located between the 

orbits of the planets Mars and Jupiter in the main asteroid belt, an 

interval located between 2.2 and 3.2 AU. A small number of asteroids 

are located at distances closer to the sun than the main asteroid 

belt. These inner solar system asteroid groups (Apollo, Amors, Atens) 

are now the subject of study as targets for future unmanned space 

probe exploration. Beyond the outer edge of the main asteroid belt 

(3.2 AU), a small number of additional asteroids are found: the outer 

solar system (055) asteroids (also referred to as the outer-belt 

asteroids in the scientific literature). The majority of these 

asteroids are grouped by location into three distinct zones. The 

Cybeles, located just outside the main asteroid belt between the 2:1 

and 5:3 resonances with Jupiter (mean semi-major axis, a. = 3.4 AU) , 

presently include 54 numbered asteroids. [A commensurability occurs 

5 
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when the orbital periods of two bodies have a ratio of two small, 

who 1 e numbers. A commensurabil i ty between the orbi ts of an asteroid 

and Jupiter produces a resonance in the asteroid's orbit, as Jupiter's 

perturbation on the asteroid in its orbit is enhanced.] The Cybeles 

are unique in the outer solar system as a grouping of asteroids not 

located in a resonance with Jupiter's orbit. The Cybeles are also 

notable for having a large number of large diameter asteroids, and 

having the greatest variation of asteroid type in the outer solar 

system. The Hildas, located in the 3:2 resonance of Jupiter's orbit 

(mean a = 4.0 AU), include 34 numbered asteroids. Finally, the 

Trojans include 37 numbered asteroids divided into two groups which 

1 i brate about the L4 and L5 (Lagrangi an) poi nts in J upi ter' s orbi t 

(mean a = 5.2 AU). [Lagrangi an poi nts occur as a resul t of a speci al 

case of the three body problem where two major bodies exist in nearly 

circular orbits. Five points occur where the gravitational forces of 

the two major bodies plus the "centrifugal force" balance. A third 

body in one of these points will tend to remain in a fixed orbit 

unless disturbed by an outside force. The L4 and L5 points are 

located 60° in front of and behind the second body in its orbit. A 

third body located in one of these two places will, if disturbed, 

oscillate about its original position.] Three additional asteroids -

279 Thule, 944 Hidalgo, and 2060 Chi ron - are not associated with any 

particular zone. Asteroid 279 Thule is the sale object known to 

occupy the 4:3 resonance of Jupiter's orbit (a = 4.26 AU). Notably, 

the other two asteroids have semi-major axes further beyond Jupiter's 
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orbit; otherwise, all of these asteroids lie within Jupiter's orbit 

and the outer edge of the main asteroid belt. Studies with emphasis 

on these particular asteroids have increased during the past 7 years. 

Results from these studies are summarized here and should provide the 

reader with sufficient background to read the rest of this 

dissertation. A full understanding of the physical properties of 

these asteroids is the necessary first step toward addressing the 

questions of origin and evolution of ass asteroids. 

General Characteristics 

The ass asteroids and some of their general characteristics 

are listed in Tables 1, 2, 3, and 4. A discussion of the information 

contained in these tables is included here. Asteroids are numbered in 

order of discovery. Some asteroid groups (zones) have been named 

after the lowest numbered asteroid in the group (e.g. 65 Cybele, 153 

Hilda); others after the lore surrounding their naming (e.g. the 

Trojans). Three orbital elements are included to aid in describing 

the asteroids. The semi-major axis, a, is the mean sun-asteroid 

distance in the asteroid's orbit. The eccentricity, e, of an 

elliptical orbit is a measure of the deviation of the orbit fr~n a 

true circle, expressed as e = cia, where c is the distance from the 

ellipse center to a focus of the ellipse, and a is the semi-major 

axis. The inclination, i, of the asteroid's orbit is defined as the 

angle between the plane of the orbit and the plane of the ecliptic. 

Where known, classification of the asteroids is included. 

Asteroid taxonomy - the definition of separate groups or classes of 
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TABLE 1. 

CYBELES: GENERAL INFORMATION 

Est. Classification a 
Diam. if known 

(AU)a ea i a Spectral 
Asteroid (km) (Tholen) Data 

65 Cybele 309 P 3.43 .1098 3.553 ECAS, CG 

76 Frefa 117 P 3.40 .1743 2.116 ECAS 

87 Sylvia 251 P 3.48 .0927 10.879 ECAS, CG 

107 Camilla 213 C 3.49 .0746 9.952 ECAS 

121 Hermione 209 C 3.46 .1353 7.561 ECAS, CG 

168 $; by 11 a 156 C 3.38 .0533 4.581 ECAS 

225 Henrietta 73 F 3.35 .2922 20.750 ECAS 

229 Adelinda 49 BCU 3.40 .1584 ?'.121 ECAS 

260 Huberta 97 3.45 .1061 6.336 

319 Leona 33 3.38 .2357 10.853 

401 Ottilia 50 3.34 .0549 5.944 

414 Liriope 46 C 3.51 .0769 9.542 ECAS 

420 Bertholda 121 P 3.42 .0435 6.689 ECAS 

466 Tisiphone 139 C 3.37 .0651 19.083 ECAS 

483 Seppina 74 S 3.43 .0353 18.704 ECAS 

522 Helga 93 EMP 3.63 .0716 4.420 ECAS 

528 Rezia 56 3.39 .0211 12.686 

536 Merapi 152 3.50 .0816 19.394 ECAS 

566 $tereoskopia 147 C 3.39 .1026 4.934 FCAS 

570 Kythera 110 ST 3.44 .0988 1. 738 ECAS 



9 

TABLE 1, Continued 

643 Sheherezade 69 P 3.35 .0943 13.698 ECAS 

692 Hippodamia 47 3.36 .1926 26.140 

713 Luscinia 66 C 3.41 .1466 10.170 ECAS 

721 Tabora 41 D 3.55 .1118 8.386 ECAS 

733 Mocia 92 CF 3.39 .0753 20.353 ECAS 

790 Pretoria 176 P 3.40 .1598 20.544 ECAS, CG 

909 Ulla 117 EMP 3.54 .0909 18.752 ECAS, CG 

940 Kordul a 52 3.39 .1426 6.283 

1004 Belopolskya 37 3.39 .1093 2.956 

1028 Lydina 51 C 3.41 .1168 9.490 ECAS 

1091 Spiraea 26 3.42 .0749 1.183 

1154 Astronomi a 31 FEMPU: 3.40 .0402 4.543 ECAS 

1167 Dubiago 39 D 3.42 .0579 5.698 ECAS 

1177 Gonness i a 58 EMPFU 3.35 .rJ148 15.055 ECAS 

1266 Tone 80 P 3.37 .0160 17.240 ECAS 

1280 Ba i 11 auda 38 H1P 3.41 .0627 6.471 ECAS 

1295 Defl otte 28 3.39 .1254 2.860 

1328 Devota 31 3.51 .1354 5.722 

1373 Cincinatti 9 3.40 .3293 38.967 

1390 Abastumani 43 P 3.44 .0340 19.948 ECAS 

1467 Hashona 115 GC 3.37 .1430 21. 948 ECAS 

1556 Wingolfia 33 EMPC 3.42 .1265 15.707 ECAS 

1574 Meyer 30 3,53 .0470 14,446 
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TABLE 1, Continued 

1579 Herrick 38 F 3.41 .1546 8.658 ECAS 

1796 Riga 29 EMPFCU 3.34 .0658 22.735 ECAS 

1841 ~1asaryk 28 3.43 .0876 ?.633 

2196 1965 BC 38 CFEMPU . ECAS 

2208 Pushkin 30 D ECAS 

2266 Tchaikovsky 24 D ECAS 

2311 1974 TAl 30 D ECAS 

2634 1982 DC 30 

2697 1969 TC3 38 

2702 1978 SZ2 17 

2891 1980 MD 19 

a From D.F. Bender, 1979. 
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TABLE 2. 

HILDAS: GENERAL INFORMATION 

Est. Classification 
Diam. if known a Spectral 

Asteroid (km) (Tholen) (AU)a ea i a Data 

153 Hil da 94 P 3.98 .1536 7.845 ECAS 
190 Ismene 113 P 3.95 .1700 6.165 ECAS 
334 Chicago 199 C 3.87 .0529 4.665 ECAS 
361 Bononia 168 DP 3.95 .2152 12.658 ECAS, CG 
499 Venusia 50 P 3.96 .2221 2.082 ECAS 
748 Simeisa 65 P 3.95 .1756 2.264 ECAS 
958 Asplinda 32 3.96 .1884 5.648 ECAS 
1038 Tuckia 29 DTU: 3.94 .2384 9.254 ECAS 
1144 Oda 35 D 3.76 .0927 9.693 ECAS 
1162 Lari ssa 37 P 3.93 .1124 1.901 ECAS, CG 
1180 Ri ta 57 P 3.98 .1730 7.207 ECAS 
1202 ~1a ri na 33 3.95 .1969 3.391 
1212 Francette 90 P 3.95 .1843 7.591 ECAS, CG 
1256 Normannia 42 D 3.91 .0799 4.116 ECAS 
1268 Libya 45 P 3.93 .1064 4.413 ECAS 
1269 Roll andi a 69 D 3.91 .0906 2.758 ECAS 
1345 Potomac 71 EMP 3.98 .1780 11. 380 ECAS 
1439 Vogtia 51 EMPFU 3.98 .1146 4.202 ECAS 
1512 Oulu 84 P 3.93 .1617 6.567 ECAS, CG 
1529 Oterma 36 P: 4.00 .1938 9.000 ECAS, CG 
1578 Kirkwood 30 D 3.94 .2319 0.815 ECAS 
1746 Brouwer 69 D 3.97 .1968 8.399 ECAS 
1748 Mauderli 28 D 3.92 .?341 3.294 ECAS 
1754 Cunningham 20 P 3.99 .1628 11.995 ECAS 
1877 Marsden 20 3.96 .2132 17.498 
1902 Shaposhnikov 46 EMP 3.97 .2243 12.516 ECAS 
1911 Schubart 33 P 3.98 .1619 1.656 ECAS 
1941 Wild 19 3.99 .2781 3.948 
2067 Aksnes 26 P 3.95 .1844 3.066 ECAS 
2246 Bowell 26 D ECAS 
2312 Duboshin 66 D ECAS 
2483 Guinevere 30 
2624 1962 RE 24 
2760 1980 TU6 38 EMP ECAS 

a From D,F. Bender, 1979, 
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TABLE 3. 

TROJANS: GENERAL INFORMATION 

Est. Classification 
Diam. if known a Spectral 

Asteroid (km) (Tholen) (AU)a ea .a Data 1 

588 Achi 11 es 70 DU 5.17 .1489 10.334 ECAS, CG 
617 Patroclus 158 P 5.23 .1409 22.047 ECAS, CG 
624 Hektor 233 D 5.15 .0255 18.258 ECAS, CG 
659 Nestor 70 EMPC 5.26 .1093 4.514 ECAS 
884 Priamus 51 D 5.17 .1201 8.910 ECAS, CG 
911 Agamemnon 155 5.19 .0672 21.858 CG 
1143 Odysseus 39 D 5.23 .0922 3.142 ECAS 
1172 Aneas 129 D 5.16 .1025 16.714 ECAS, CG 
1173 Anchises 92 P 5.28 .1389 6.925 ECAS, CG 
1208 Troilus 103 FCU 5.18 .0928 33.677 ECAS, CG 
1404 Ajax 56 5.21 .1130 18.089 
1437 Diomedes 173 5.08 .0458 20.607 
1583 Antilochus 56 D 5.28 .0541 28.303 ECAS 
1647 Menelaus 30 5.24 .0259 5.641 
1749 Telamon 35 5.25 .1110 6.068 
1867 Diephobus 126 D 5.20 .0447 26.805 ECAS 
1873 Agenor 28 5.25 .0912 21.870 
1868 Thersites 43 5.24 .1076 16.816 
1869 Phil octetes 21 5.31 .0619 3.960 
1870 Glaukos 25 5.21 .0307 6.589 
1871 As tyanax 21 5.33 .0337 8.568 
1872 Helenos 30 5.11 .0428 14.784 
2146 Stentor 30 
2148 Epeios 24 
2207 Antenor 61 D ECAS 
2223 Sarpedon 66 DU ECAS 
2241 1979 WM 76 D ECAS 
2260 Neoptolemus 61 DTU: ECAS 
2357 Phereclos 61 D ECAS 
2363 Cebriones 61 D ECAS 
2456 Palamedes 48 
2594 1978 TB 19 
2674 Pandarus 61 D ECAS 
2759 1980 GC 38 
2797 1981 LK 76 
2893 1975 QD 61 D ECAS 
1898 1981 AEl 48 

a From D.F. Bender, 1979. 
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TABLE 4. 

OUTER SOLAR SYSTEM ASTEROIDS NOT MEMBERS OF GROUPS: 
GENERAL INFORMATION 

Est. Classification 
Diam. if known 

Asteroid (km) (Tholen) a 

279 Thule 72 D 4.26a 

944 Hidalgo 29 (D) 5.86 

2060 Chi ron 250c B 13.70b 

aFrom Bender, D.F. (1979). 

bFrom Kowal, C.T. (1979). 

cFrom Lebofsky et al. (1985). 

e 

.0323a 

.6565 

.3786b 

i 
Spectra 

(ECAS, CG) 

2.339a ECAS, CG 

42.404 CG 

6.923b ECAS 
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asteroids based upon common physical characteristics - is a 

continuously evolving system which generally utilizes the visible and 

near-infrared spectral properties, albedos, and measures of 

polarization of asteroids as criteria to divide the asteroids into 

different groups. The classifications listed here are those of Tholen 

(1984), based on the cluster analysis of Eight-Color Asteroid Survey 

(ECAS) spectral data and albedo measurements of 405 asteroids. The 

ECAS was a project begun to provide high quality photometry of a large 

number of asteroids in the 0.34-1.04 lJm wavelength range (Zell ner, 

Tholen and Tedesco, 1984). Spectra of 589 asteroids were obtained 

using a photometer equipped with 8 broadband filters (see Table 5 for 

ECAS filter effective wavelengths and passbands). Filter passbands 

were chosen to accentuate mineralogical absorption features (e.g. the 

p filter is located near the central wavelength for a pyroxene 

absorption band; the x filter is centered on an olivine absorption 

ban~ thus providing an indication of the presence of some minerals in 

the spectra. Emphasis was placed on obtaining spectra of fainter 

asteroids and asteroids whose other characteristics (e.g. location in 

the solar system, family membership) flagged them as potentially 

intriguing. The OSS asteroids were among those studied extensively, 

and it is notable that ECAS spectra exist for )50% of the known 

Trojans, Hildas, and Cybeles. Zellner et ale (1984) and Tholen (1984) 

demonstrate nicely (through the classification of their data) the 

gradual shift of the dominant class of asteroid in the solar system 
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with increasing heliocentric distance (from S to C to P to D). Tholen 

used principal component analysis to demonstrate that 95% of the 

classification information contained in the ECAS photometry of 

asteroids can be concentrated into two principal components. He found 

that most asteroid spectra obtained with these eight broadband filters 

can be characterized by information taken using two of these filters, 

one in the ultraviolet and another in the near-infrared. Thus, the 

ECAS u (0.359 ~m), v (0.550 ~m), and x (0.853 ~m) filters were used as 

u-v and v-x magnitude values, on which a minimal tree method cluster 

analysis was performed. Albedo data were then included in order to 

further define or divide the classes. This became the most recent 

version of the TRIAD (CSMERU) classification scheme begun by Chapman, 

Morrison and Zellner, 1975; continued by Bowell et al., 1978, with 

extensions after this, in which the defined asteroid classes are given 

letter deSignations. Another classification scheme based on five 

criteria defined for spectral data was devised by Gaffey (see Gaffey 

and McCord, 1979). The evolving CSMERU taxonomy both provided the 

information from which the original questions about OSS asteroids were 

formulated, and was used to target candidate asteroids for 

. observations throughout this research, so it is the classification 

included (and referred to) here. Changes in the classification of OSS 

asteroids took place during the years this research was completed. 

Tholen (1984) defined fourteen spectral classes for asteroids. 

The mean spectral characteristics of the 14 different asteroid classes 

are defined in Table 6 and Fig. 1 (showing the mean spectra for these 
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classes). The mean albedos for these classes are listed in Table 7. 

The ass asteroids include B-, C-, 0-, F-, P-, and S-class asteroids. 

Table 8 shows the distribution of the asteroid classes in the outer 

solar system. Figs. 2, 3, 4, and 5 show the ECAS spectra for the 

Cybeles, Hildas, Trojans and two of the ass asteroids not located in 

any zone (Zell ner et al., 1984). 

The characteristics of the asteroid classes found in the outer 

solar system by this survey are described here. The two predominant 

classes are 0 and P. D-class asteroids have reflectance spectra which 

are low in the UV-visible spectral region, and then exhibit a rapid 

increase in relative reflectance beginning around 0.7 llm. They also 

have low albedos (0.03). Some 0 asteroids have spectra which flatten 

in the near-infrared, while others have spectra which increase 

linearly in this interval. (This d'ifference bears investigation with 

narrowband reflectance spectra.) 

The P-class asteroids have linear spectra with a slight 

increase in slope with increasing wavelength. P-class asteroids are 

indistinguishable from E- and M- class asteroids based solely upon 

their reflectance spectra. These classes are separated by their 

albedos. The E-class asteroids have the highest albedos in the solar 

system; the M-class asteroids are intermediate in albedo; and the 

P-class asteroids have very low albedos ( 0.03) comparable to the 

D-class asteroids. 

The C-class asteroids have generally flat spectra with a sharp 

dropoff in the UV, and low albedos (0.04). These spectra were 
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TABLE 5. 

EIGHT-COLOR ASTEROID SURVEY FILTER CHARACTERISTICS 

Passband effective FWH~1 
Fil ter Wavelength (~m) (~m) 

s 0.337 0.047 

u 0.359 0.060 

b 0.437 0.090 

v 0.550 0.057 

w 0.701 0.058 

x 0.853 0.081 

P 0.948 0.080 

z 1.041 0.067 



TABLE 6. 

MEAN REFLECTANCE SPECTRA VALUES FOR EIGHT-
COLOR ASTEROID SURVEY TWELVE SPECTRAL CLASSES 

(ADAPTED FROM THOLEN, 1984) 

Spectral No. Asteroids R 

Class in Sample 0.33711m 0.35911m 0.43711m 0.55011m 0.70111m o .85311nl .. O-:94811m 1.0411m 

A 4 0.393 0.488 0.704 1.0 1.324 1.247 1.139 1.032 

B 6 0.838 0.914 1.014 1.0 0.990 0.966 0.944 0.912 

C 88 0.798 0.867 0.978 1.0 1.003 1.018 1.018 1.026 

D 26 0.888 0.909 0.940 1.0 1.151 1.286 1.368 1.402 

F 13 0.982 1.013 1.046 1.0 1.007 0.988 0.971 0.941 

G 5 0.679 0.766 0.938 1.0 0.982 0.995 0.998 0.997 

Q 1 0.503 0.671 0.869 1.0 1.087 0.962 0.861 0.857 

R 1 0.494 0.593 0.791 1.0 1.191 0.962 0.892 0.993 

S 114 0.601 0.680 0.841 1.0 1.168 1.158 1.136 1.159 

T 4 0.747 0.802 0.908 1.0 1.113 1.219 1,231 1.228 

V 1 0.549 0.674 0.877 1.0 1.081 0.857 0.781 1.004 

EMP 73 0.898 0.929 0.975 1.0 1.065 1.102 1.120 1.129 
...... 
OJ 
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TABLE 7. 

MEAN ALBEDOS FOR ASTEROIDS 
OF DIFFERENT CLASSES 

(FROM THOLEN, 1984) 

Number of 
Albedos Mean Standard 

Class in Sample Albedo Deviation 

A 3 0.210 0.099 

B 6 0.088 0.021 

C 41 0.039 0.009 

D 19 0.030 0.005 

E 8 0.427 0.065 

F 10 0.040 0.008 

G 5 0.055 0.006 

M 21 0.117 0.036 

P 23 0.030 0.006 

Q 1 0.210 

R 1 0.249 

S 73 0.154 0.035 

T 1 0.042 

V 1 0.249 



Asteroid 
Zone 

Cybeles 

Hildas 

Trojans 

No zone 

TABLE 8. 

DISTRIBUTION OF ASTEROID CLASSES AMONG 
THE OUTER SOLAR SYSTEM ASTEROIDS 

(FROM THOLEN, 1984) 

Mean Number in Asteroid Class 
Semi-Major 
Axis (AU) B C D F P 

3.431 8 5 2 8 

3.952 1 8 12 

5.203 14 2 

1 1 
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Figure 1. Mean Eight-Color Asteroid Survey spectra for different 
asteroid classes (Tholen, 1984). 
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Figure 2. Eight-Color Asteroid Survey spectra of asteroids in the 
Cybele zone (Zellner et al., 1984). 

Error bars are shown if the standard deviation is greater than 0.08; 
triangles show standard deviations less than 0.08; squares show 
standard deviations less than 0.04. 
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originally labelled "C" because of their resemblance to laboratory 

refectance spectra of carbonaceous chondrite meteorite material 

(suggesting the presence of carbonaceous chondritic material in these 

asteroids). 

The F- and B-class asteroids are considered by Tholen (1984) 

to be sub-classes of the C-class asteroids. The B-class asteroid 

spectra are similar to the C-class except for a slight negative 

sloping in the near-infrared. They also have slightly higher albedos 

( 0.088). The F-class asteroids have the same low albedos observed 

for the C-, 0-, and P-classes, but the UV dropoff is less pronounced 

and the slight negative slope seen in the B-class spectra is also 

present. 

The S-class asteroids are quite different from the other 

asteroids seen in the outer solar system. These asteroids have higher 

albedos ( 0.15), and spectra with near-infrared absorptions which 

suggest a mineralogy of silicates and metal (hence "S" would stand for 

"siliceous" or "stony-iron"). 

The listed passbands show, however, that the ECAS spectra do 

not provide sufficient resolution to determine accurately the 

mineralogical surface composition of the asteroids. The variations 

among ECAS spectra within a particular class of asteroids suggest that 

the observer acqui re narrowband spectrophometery of these objects in 

order to look for vari ous differences inspect ra and study these for 

differences in surface composition. While the asteroids observed as 

part of this research were predominantly P-class asteroids, variations 
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in ECAS spectra suggest that mineralogical absorption features may be 

present. The ECAS spectra do provide an overall view of the asteroids 

in the solar system, so they are considered in the interpretation of 

the data acquired in this project. 

Outer Solar System Asteroids: Additional Data 

Chapman and Gaffey (CG) (1979) published a collection of 

narrowband reflectance spectra taken of 277 asteroids using a 

dual-beam photometer having filters covering a range of 0.32-1.08 ~m 

(occasionally only to 0.8 ~m dependent upon detector availability). 

In Table 9 are listed the wavelengths and passbands for these 25 

filters, which provide sufficient resolution to resolve the larger 

mineralogical absorption features. A total of 20 OSS asteroids were 

observed with this system. The 20 CG spectra of the Cybeles, Hildas, 

Trojans and OSS asteroids in no specific zone are shown in Figs. 6, 7, 

8, and 9, respectively. Zellner et ale (1984) show a comparison 

between two ECAS spectra and two CG spectra (Fig. 1O) demonstrating 

that a direct comparison is valid. These higher resolution spectra 

suggest that there are possible absorption features; however, the 

scatter in these spectra suggest noise. 

Smith, Johnson and Shorthill (1981) published narrowband 

spectrophotometry of 4 Trojan asteroids and the Jovian satellites J8 

and J9 using a multichannel spectrometer having 30 channels covering a 

spectral range of 0.32-1.05 ~m. The channel wavelengths (no passbands 

were published) are listed in Table 10. The spectra acquired in this 



TABLE 9. 

FILTER CHARACTERISTICS FOR CHAPMAN AND GAFFEY 
NARROWBAND PHOTOMETRY OF ASTEROIDS 

(FROM CHAPMAN AND GAFFEY, 1979; 
VILAS AND McCORD, 1976) 

Wavelength (l1m) 

0.3345 
0.3530 
0.3780 
0.4040 
0.4300 
0.4675 
0.5020 
0.5365 
0.5675 
0.6040 
0.6310 
0.6680 
0.7010 
0.7340 
0.7645 
0,8000 
0,8310 
0.8660 
0.8990 
0,9330 
0,9700 
1,0010 
1, 0330 
1,0640 
1.0990 

Passband (l1m) 

0.0256 
0.0218 
0.0303 
0.0204 
0.0219 
0.0224 
0.0263 
0.0299 
0.0235 
0.0253 
0.0268 
0.0247 
0.0304 
0.0279 
0.0298 
0.0251 
0.0320 
0.0241 
0.0240 
0.0245 
0.0306 
0.0294 
0.0235 
0.0327 

(not available) 
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study are shown in Fig. 11. Smith et ale (1981) show a comparison 

between the CG spectrum and their spectrum of the brighter asteroid 14 

Irene suggesting that the two data sets may be directly compared (Fig. 

12). The large error bars for these data imply that any absorption 

features seen may be explained by noise. It is reasonable to compare 

spectra of outer Jovian or Saturnian satellites to ass asteroids as 

these objects are believed to be captured into their present locations 

by the gravitational effects of the Jovian planets, and thus may come 

from the same source region as the asteroids. 

A narrowband spectrum of main-belt (zone IIIb) asteroid 849 

Ara in the spect ra 1 range of a. 8-2. 3 lJm has been pub 1 is hed by Bell, 

Hawke and Gaffey (1984) as a near-infrared spectrum of aD-class 

asteroid. It is compared with reinterpreted J (1.25 )..1m), H (1.6 )..1m), 

and K (2.2 lJm) photometry of D-class asteroids from Tedesco et ale 

(1983), and a simulated reflectance curve of dark material which 

covers the leading face of Iapetus. Existing ECAS photometry which 

clearly shows a classic EMP-type spectrum (Zellner et al., 1984), and 

the medium range albedo, obviously show 849 Ara to be an M-class 

asteroid. Therefore, this spectrum is not considered here, although 

the comparison between the reinterpreted JHK photometry and the 

Iapetus dark material bears investigation. 

Additional data of other types have been taken of the ass 
asteroids. Thermal measurements have been made through the N (10 lJm) 

and Q (20 lJm) filters as part of radiometric surveys of asteroids from 

wh i ch geomet ri cal bedos have been determi ned. Th i s allows a di vis i on 



TABLE 10, 

FlLTER CHARACTERISTICS FOR 
SMITH, JOHNSON AND SHORTHILL 

NARROWBAND PHOTOMETRY OF ASTEROIDS 
(FROM SMITH ET AL., 1981) 

Wavelength 
(\.lm) 

0.3240 
0.3400 
0.3560 
0.3720 
0.3880 
0.4040 
0.4200 
0.4360 
0.4520 
0.4680 
0.4840 
0.5000 
0.5160 
0.5320 
0.5480 
0.5640 
0.5820 . 
0.6180 
0.6540 
0.6900 
0.7260 
0.7620 
0.7980 
0.8340 
0.8700 
0.9060 
0.9420 
0.9780 
1. 0140 
1.0500 
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among the EMP-asteroid classes whose spectra have identical 

characteristics. Radiometric asteroid studies (e.g. Morrison and 

Zellner, 1979; Brown and Morrison, 1984; Tedesco, Gradie, and Tholen, 

1984) have resulted in albedos for 447 asteroids. 

Broadband photomet~ in the visible and near infrared spectral 

regions has been conducted on some OSS asteroids. Fifteen D-class 

asteroids have been observed as part of a program of JHK photometry of 

asteroids (Tedesco et al., 1983) resulting in J-H colors between +0.45 

and +0.60, and H-K colors between +0.15 and +0.25. From a sample of 

100 asteroids, only one other asteroid (1512 aulu, P-class) has 

infrared colors in these ranges. This suggests a potential means of 

identifying D-class asteroids based solely on infrared photometry. 

Hartmann, Cruikshank, and Degewij (1982) have accumulated V (0.5 p~, 

JHK photometry of ass objects, including 8 ass asteroids in addition 

to some satellites of Jupiter, Saturn, Uranus and Neptune, Pluto and 

some comets. They use these colors to define empirical indices, the 

"a" indices, derived from JHK and VJK diagrams and the albedos of the 

ass objects. They also demonstrate how the JHK and VJK diagrams used 

with the respective a indices can divide ass objects into two 

endmember categories: high albedo surfaces known to be comprised of 

clean ices (e. g. Europa, Ganymede, Rhea), and low albedo (e.g. C- or 

D-class) surfaces; and estimate both ice/dust ratios and albedos for 

the surfaces of objects. 

Lightcurve data are also accumulating for a number of 

asteroids. Large amplitude and/or long time interval lightcurves 
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provide information about an asteroid's rotational period and, for 

triaxial ellipsoids, shape. Minor lightcurve variations may show 

surface variations of the asteroid, either due to differences in 

reflectivity of the surface material or differences in surface 

elevation (e.g. craters, mountains). Published asteroid lightcurve 

data of varying quality exist for a small number of Cybeles (asteroid 

nos. 65,87,107,121,570,1177), Hildas (190,334,499, 1144, 1212, 

1268), Trojans (624, 911, 1437) and no zone asteroids (944, 2060) 

(Tedesco, 1979; Burns and Tedesco, 1979; Lebofsky et al., 1984). The 

Planetary Science Institute, Tucson, Arizona, has acquired four 

lightcurves at different aspect angles for three Cybele asteroids (65, 

87, 107) in the process of conducting a four-year study of the shapes 

of large, rapidly rotating asteroids (Chapman et al., 1983). 

Additional PSI data may include other OSS asteroids. 

Compositions of Outer Solar System Asteroid Spectral Classes 

Reflectance spectra for 22 asteroids were obtained as part of 

this study of the origin and characteristics of outer solar system 

asteroids. These spectra include 9 P-class asteroids, 1 EMP-class 

asteroids (albedo data are not available to subdivide the class), 9 

D-class asteroids, 2 C-class asteroids and 1 F-class asteroid. The 

study of these data would not be complete without a discussion of the 

current beliefs about the compositions of these classes. 
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D Class: Composition 

Since their discovery (Degewij and Van Houten, 1979), much 

scientific attention has been spent on the D-class asteroids. Various 

suggestions have been made to explain their compositions. 

M.J. Gaffey (private communication) proposed two possible 

explanations for the D-class asteroids. The less likely (therefore, 

more easily dismissed) explanation is that the composition is similar 

to that of the Angra dos Rei s (ADOR) meteorite (an angrite). The 

meteorite ADOR is an ultramafic igneous rock consisting of 93% 

fassaite pyroxene (here, combinations of (Ca, Mg, Fe, Ti, Al) 2 (5i, 

Al)2 06; in general, pyroxenes with high Ca and Al content, and a high 

ferric/ferrous iron ratio) with calcic 01 ivine, green spinel, 

whitlockite, metallic Ni-Fe, troilite, magnesian kirschsteinite in 

olivine grains, and celsian (Prinz et al., 1977). The spectral 

reflectance curve for ADOR (Fig. 13) shows a relatively flat spectrum 

short of 0.6 ~m, with a strong increase greater than 0.6 ~m. In 

addition, an absorption band present at 1 ~m in ADOR's spectrum is not 

seen in the D-class asteroid spectra. The albedo of 0.05 is slightly 

higher than the mean albedo observed for D-class asteroids. The 

igneous history of ADOR implies that, at some point, it must have been 

completely melted and recrystall iied. Current theory provides two 

possible melting mechanisms in the solar system: heating through 

short-lived 26Al radionuclide decay, and electr~nagnetic heating. If 

26Al heating is responsible for melting asteroidal bodies, then 

heating can take place anywhere within the solar system. Hovlever, 
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Herbert and Sonett (1979) proposed a model for electromagnetic heating 

which would melt asteroids at distances out to 2.8 AU, but not beyond 

that distance. A distance of 2.8 AU includes the inner one-half to 

two-thirds of the main asteroid belt. Some supporting evidence for 

the heating of the solar system to these distances can be found. The 

S-class asteroids, for example, exhibit spectral characteristics which 

imply thermally-processed bodies, and they are located prima ri ly in 

the inner part of the main asteroid belt. Assuming that meteorites 

are derived from asteroids, this heating scheme implies that the 

origin of ADOR is within 2.8 AU of the sun. The concentration of 

D-class asteroids beyond the outer edge of the main asteroid belt 

suggests that ADOR may not be indicative of D-class material. 

Gaffey (1980) favored a second explanation which claims that 

D - c 1 ass as t e r 0 ida 1 mat e ria 1 w 0 u 1 d be a c 1 e an, 0 xi d i zed hy d r 0 u s 

iron-rich silicate material. He compared this with ho\'/ the iron-rich 

clay matrix of Cl (CI; Fe/Si = 1.1) and C2 (eM; Fe/5i = 1.8) 

meteorites without the accompanying opaque phases like magnetite, 

carbon, etc. would appear spectrally. The C1 meteorites include 5-15 

wt% magnetite; carbon (graphite and organic compounds) ~2.5 wt%; and 

soluble magnesium salts ~5-15 wt%. The C2 meteorites also include 

soluble magnesium and sodium salts ~10 wt%; carbon (graphite and 

organic compounds) ~1.2 wt%; and magnetite ~O.5 wt% (Gaffey and 

McCord, 1979). Reflectance spectra of carbonaceous material separated 

from the C2 meteorite Murchison are strongly absorbant in the blue 

and ultraviolet and have a reddish slope beginning at some point 
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between 0.5 and 0.8 ~m, with no features between 0.5 and 1.0 ~m (where 

many ferrous/ferric absorptions would be expected); with weak, 

water-related features at 1.4 and 1.9 ~m, and an unexpected absorption 

band at 1.24 ~m. The albedo ranges from 0.033 at 1.2 ~m, to 0.026 at 

0.8 ~m" decreasing to 0.015 at 0.68 ~m (Gaffey, 1980). While these 

albedos are generally lower than the mean D-class albedo, the spectral 

reflectance curve (not available for the author's use) is not 

dissimilar to the D-class asteroid curves. Gaffey and McCord (1979) 

state that the C1- and C2-meteorite matrix materials may represent the 

action of low temperature alteration and hydration processes acting on 

the pa rent bodi es of these meteorite types. It is easy to specul ate 

that these processes would occur in the cooler outer solar system 

where the D-class asteroids are concentrated. 

Gradie and Veverka (1980) proposed that the D-class asteroids 

are comprised of very opaque, red, polymer-type organic compounds with 

structures similar to aromatic-type kerogen. Non-biological 

processes, such as Fischer-Tropsch reactions (a reaction between CO 2 
and H at a few hundred oK forming organic (CH 2)X, here using iron 

metal, magnetite, or silicate clay dust as catalysts) may have 

produced aromatic rich opaque materials. To simulate these materials, 

Gradie and Veverka dissolved coal tar in solutions of hexane, toluene, 

and acetone to obtain a kerogen-like carbonaceous non-soluble residue 

(exact composition unknown). A reflection spectrum of this residue 

compared to magnetite and carbon black is shown in Fig. 14. The 

residue has a low reflectance relative to BaS04 (0.02) in the visible, 



0,\0 tone1rvc:' ;, 

s~~"" 

ConItrutf Z 

~ 

0 0,06 til 

'" ell 

£ 
u ,:: .. 0,02 

'E 
u 
u 
c: 
'" E 0,06 ~I". 

I I , ",,0\1. 
~ t 
u 
~ 

0,02 

0,4 0,6 0,8 1.0 

Wavelength (Jlm) 

Figure 14. The reflectances relative to BaS04 of three opaque 
sUbstances and four constructs. 

44 

Construct 1 contains 85% montmorillonite, 14.5% coal tar residue, and 
0.5% carbon black. Construct 2 contains 85% montmorillonite and 15~ 
coal tar residue. Constructs 3 and 4 contain 85% montmorillonite, 
7.5% magnetite, and 7.5% coal tar residue (Gradie and Veverka, 1980). 
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with an increase in reflectance moving into the near-infrared 

spectrum. Combinations (constructs 1-4) of this coal tar residue 

with powdered montmorillonite, magnetite, and carbon black are also 

shown in Fig. 14. Constructs 1-3 are composed of grains of size ~ 104 

~m; the grains in construct 4 are ~ 37 ~m. The normalized reflectance 

curves of constructs 3 and 4 compared with two D-class asteroids are 

shown in Fig. 15. All of the constructs have low albedos and the 

requisite rise in reflectance in the near-infrared. Gradie and 

Veverka suggested that this may be an example of primitive, unaltered 

carbon-rich material common in the outer solar system. Formation of 

the coal tar residue may have required lower temperatures than needed 

for the carbonaceous chondrite material believed to be seen in the 

C-class asteroids, which are the dominant asteroid type slightly 

closer to the sun. Gradie and Veverka suggested that this may be the 

typical condensate present at heliocentric distances greater than 4 

AU, and may comprise rocky material found in comets. The assumption 

that Gradie and Veverka have identified the D-class asteroid material 

has propagated throughout later scientific literature discussing OSS 

material, especially the possible asteroid-comet connection (e.g. 

Tedesco and Gradie, 1982; Hartmann, Cruikshank and Degewij, 1982; 

Gradie and Tedesco, 1982). 

Bell, Hawke and Gaffey (1984) compare their reanalysis of the 

average JHK colors for D-class asteroids from Tedesco et ale (1983) 

with a spectrum of dark material on the leading side of Iapetus (Fig. 

16). Bell (1984) produced the Iapetus spectrum by using a 
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linear-mixing model to resolve the reflected sunlight from the leading 

side of Iapetus into two additive components of the icy (bright) 

material and the dark material. Knowing the reflectance of the 

trailing (bright) side of Iapetus from Voyager images, the percentage 

of the reflectance from the icy material on the leading side was 

varied and removed until the reflectance spectrum of the dark material 

matched the colors derived from Voyager images of dark material, and 

no residual ice absorptions were present. This spectrum of dark 

material of Iapetus closely resembles a spectrum of a mixture of 90~ 

hydrated silicates (clay material) mixed with 10% organic material 

(produced using the same procedure as Gradie and Veverka (1980)) (Fig. 

17) similar to organics found in known primitive meteorites. Bell et 

ale conclude that the D-class material is therefore an extension of 

the known carbonaceous meteorites toward lower condensation 

temperatures and greater amounts of complex organic materials. This 

material would be expected at the greater heliocentric distances 

occupied primarily by the D-class asteroids. A comparison between the 

ECAS mean D-class asteroid spectrum and the spectrally-overlapping 

portion of the Iapetus dark material spectrum (Fig. 18) shows a 

difference in the slopes of the spectra. 

P Class: Composition 

Tedesco and Gradie (1982) first noted the low albedo of 

asteroids in the outer solar system having spectra resembling M-class 

asteroid spectra, and defined them as the P-class asteroids (pseudo-M 
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c 1 ass) • They 0 rig ina 11 y s u g g e s ted t hat the P - c 1 ass as t e r 0 ids 

represented surface material containing various amounts of the opaque 

substances found in D-class asteroids and the group of asteroids 1268 

Libya, 1173 Anchises and 1208 Troilus (which have flat spectra sho\'1n 

to be similar to carbon black by Johnson and Fanale (1973)). Gradie 

and Tedesco added that the different surface mineralogies of these 

three groups could be explained by the different compositions of the 

opaque materials present. They proposed magnetite and carbon 

compounds as possible materials which would be sufficiently abundant 

to lower the albedos of surface silicate materials. Tholen (1984) has 

subsequently classified 1173 Anchises and 1268 Libya as P-class 

asteroids, while 1208 Troilus remains an unusual asteroid (FCU) not 

indicative of one particular class. No further work has been done on 

the composition of the P-class asteroids. 

C Class: Composition 

The C-class asteroids are one of the originally designated 

asteroid groups, and one of the most abundant groups of asteroids in 

the solar system. Tholen (1984) unambiguously classified 88 C 

asteroids, and identified three subclasses of the C class - B, F, and 

G - which comprise an additional total 24 asteroids. C-class 

asteroids have been studied for many years, thus only general 

assumptions about their surface composition will be presented here; 

the number of C-class asteroids precludes a discussion of each 

individual asteroid. 
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The number of C-class asteroids increases in the solar system 

with increasing heliocentric distance, peaking at the outer part of 

the main asteroid belt. Again assuming that electromagnetic heating 

caused the melting and differentiation of asteroids, the C-class 

asteroids are expected to consist of the dominant rocky material at 

this location in the solar system which is unaltered or subject to low 

temperature alteration or hydration processes. Carbon, which is 

highly abundant in the solar system, is expected to be present. 

Gaffey and McCord (1979) present their interpretive analyses of 65 

asteroid spectra which include 13 asteroids assigned to the C class 

(updated by Thol en I s work where possible) and 8 additional asteroids 

whose classification by Tholen is between the C class and one of the 

degenerate cl asses ment i oned above, or unk nown. Ga ffey and McCord 

describe 11 of the 13 asteroid spectra as indicative of a mineral 

assemblage of phyllosilicates (sheet silicates), here meteoritic clay 

minerals which are generally hydrated but unleached, with abundant 

subequal Fe2+ and Fe3+ cations, with a carbon component comprising the 

opaque phase present, similar to C1 (CI; FejSi = 1.1) and C2 (CM; 

FejSi = 1.8) carbonaceous chondrites whose general compositional 

traits are described above. Of the two remaining C-class asteroids, 

one (1 Ceres) is described as a hydrated silicate spectrally low in 

Fe 3+ which could be a leached clay mineral; the other (140 Siwa) as 

nickel-iron metal present with spectrally neutral silicate such as 

ens tat i te (MgSi03: i ron-free pyroxene) or forsteri te (M9 2S i 04: 

iron-free olivine). An ECAS spectrum does not exist for this object. 
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Examination of this spectrum (Fig. 19) shows it to be similar to an 

M-class asteroid; it may be misclassified. Gaffey and McCord also 

describe the spectra of 7 of the 8 marginal C-class asteroids as 

phyll as il i cates with an accompanyi ng carbon opaque, such as C1 or C2 

meteoritic material. The eighth asteroid was not fully analyzed. 

Some of the CG spectra interpreted by Gaffey and McCord are shown in 

Fig. 19. 

A high-resolution Fourier spectrum (1.7-3.5 ~m) and 

medium-resolution spectrophotometry (2.7-4.2 )Jm) obtained of 1 Ceres 

(described by Lebofsky et al., 1981) show a 3-)Jm absorption feature 

simil ar to the 3-)Jm absorption due to water of hydration in clays and 

salts, and a 2.7-2.8-)Jm absorption due to structural OH groups in clay 

minerals. Thus, Lebofsky et ale conclude that the dominant minerals 

on the surface of Ceres are hydrated clay minerals similar to 

montmorillonite with the general formula 

(Fig. 20). This lends support to the general interpretation of 

C-class asteroid surface material as phyllosilicates, and specific 

support to Gaffey and McCord's interpretation of 1 Ceres as being poor 

in Fe3+. 
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F Class: Composition 

The F subclass was first identified by Gaffey and McCord 

(1978). The composition of the F-class asteroids has not been 

specifically studied. Gaffey and McCord (1979) interpreted spectra of 

three asteroids classified by Tholen as between the F and C classes as 

phyllosilicates with an accompanying carbon opaque, such as C1 or C2 

meteoritic material (Fig. 19). 

Studies of Specific OSS Asteroids 

624 Hektor 

Trojan asteroid 624 Hektor (unclassified, but with an albedo 

of 0.038 (Degewij and Van Houten, 1979)) has a lightcurve with 

brightness variations as much as a factor of 3.0, as different cross 

sections of the asteroid are presented to the earth. The unusual 

shape of this object, which produces this lightcurve, has been 

explained as an elongated object (Dunlap and Gehrels, 1969); an 

eclipsing binary (Cook, 1971); and a dumbbell-shaped body of two 

asteroids partially joined (Hartmann and Cruikshank, 1978). 

Weidenschilling (1980) argued in favor of a contact binary model, and 

inferred a bulk density of = 2.5 gm cm-3 from this model. 

2060 Chi ron 

Asteroid 2060 Chi ron has the largest semi-major axis of any 

known asteroid (a = 13.6 AU), and may have a dynamical history similar 

to that of comets. Lebofsky et ale (1984) present fi ve-col or 
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photometry which shows Chiron to be spectrally similar to C-class 

asteroids, and albedo measurements of 0.10. The high albedo causes 

Chi ron to be classified as a B-class asteroid, although uncertainties 

in the albedo measurements could reduce the albedo to 0.05. This is 

still brighter than the albedos of 0.02-0.03 observed for the faintest 

asteroid class. Colors similar to dark asteroids and comets are shown 

by JHK photometry (Hartmann, Cruikshank and Degewij, 1982). A surface 

composition of opaque materials and water frost is proposed. 

944 Hidalgo 

Asteroid 944 Hidalgo is considered a candidate for an extinct 

comet core as its perihelion is inside the asteroid belt ( 2.0 AU), 

its aphelion is outside the aphelion of majority of the OSS asteroids 

( 9.6 AU), and it has an orbital inclination i = 42°. Degewij and Van 

Houten (1979) interpret a CG spectrum and UBV photometry to show that 

944 Hidalgo is a D-class asteroid. No ECAS spectrum photometry or 

thennal radiometry exist. From UBV photometry, a calculated phase 

coefficient of 0.048 mag/deg rules out a high albedo (Degewij and Van 

Houten, 1979). 



CHAPTER 3 

THE MARK II CORONAGRAPH/SPECTROGRAPH 

In order to obtain reflectance spectra of the faint OSS 

asteroids and continue the direct astronomical imaging done by other 

members of this research group, the decision was made to design and 

build an instrument, to be used with a charge-coupled device 

detector, which is capable of doing alternately both imaging and 

spectrophotometry. This chapter describes the previous 

instrumentation, criteria used for the design of this instrument, 

alternative options considered, and the optical and mechanical layout 

of the instrument. 

Previous Instrumentation 

The Mark I Planetary Coronagraph 

A Lyot-type coronagraph (Larson and Reitsema, 1979) was 

designed and constructed during 1979 to reduce scattered light in 

order to optimize the visibility of the E ring and faint, inner 

satellites of Saturn during the 1979-80 apparition. The optical 

layout is shown in Fig. 21. 

The Mark I was designed as a coronagraph in order to reduce 

scattered light diffracted by the edges of the primary and secondary 

58 



FItOM TCLesCOPC 

17"'"'" 
II OCCuLTING SPOT AT 

FIELD lfNS 4:::::;r::=:I:i- Ta~£~~~~£s:~ioU,i} 

I I 
I I 
I I 
If I 
II/ I 

I 
i ::: J FILTER 

1 
TRANSF!R L.ENS d:!::!t!:P 

Ii 
I I 'I I TO FIELO V,C"'NG 
I - - - ... ANO EKIT PUPIL 

~ MONITORING eYEPIECE 

I I 
I I 
I I 
II 
\ I 
\1 
II 

I: 
l ~~I-....I FINAL FOCAL PLANf 

ro 
E 
Q.) 
Vl 

.j..l 
'r-

Q.) 

0:: 

"'C 
s:: 
ro 
s:: 
o 
Vl 
S
ro 
..J 

.s::::: 
0-
ro 
S
Ol 
ro 
s:: 
o 
S
o 
U 

r
ro 
u 

'r-
.j..l 
0-
o 

.-t 
N 

Q.) 

S
:::I 
0'1 
'r-
u.. 

59 



60 

mirrors, and by the secondary support structure of a telescope. For 

these telescope-instrument combinations, the primary mirror edge 

serves as the aperture stop (unless an undersized secondary is used, 

as in infrared observations) limiting the amount of light entering 

the system. Since the primary mirror is also the first optical 

element in the telescope-instrument combination, it also becomes the 

entrance pupil. The image of the aperture stop (entrance pupil) 

formed by the field lens in the Mark I is the exit pupil. The image 

of the secondary mirror and secondary spider supports will focus 

slightly behind, but near to, the exit pupil. At the exit pupil, 

this image will be slightly oversized from being out of focus. An 

exit pupil mask, placed in the exit pupil, blocks the light 

diffracted from the primary and secondary mirrors edges, and 

secondary supports. The mask dimensions are determined by the focal 

ratio of the incoming telescope beam, and will be slightly oversized 

to ensure that all scattered light is removed. Diffracted light from 

the edges of the exit pupil mask is negligible compared to the 

diffraction due to the telescope. The image of the aperture stop is 

then focused on to the exit pupil mask. The effect of the removal of 

diffracted light while using the exit pupil mask for the Mark I 

coronagraph is shown in Fig. 22. This instrument can produce direct 

(1:1) and reduced (2.25:1) images. Occulting masks used in the 

telescopic focal plane eliminate light from the brighter planets when 

searching for faint objects. 



Figure 22. Sirius A and B observed using the P~rk I cotonagraph without (left) 
and with (right) an exit pupil mask. 
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While this instrument was used successfully through spring, 

1983, the decision to construct a new instrument was based on the 

following problems: 

(1) Portability - the Mark I instrument is cumbersome to 

transport (see Fig. 23). Since the Jovian planets are now located at 

southern declinations, and the instrument is used for imaging in 

support of the Voyager deep space probe project, the best outer 

planet observations will be made at Southern hemisphere observatories 

during the next few years. Transporting the Mark I to the Las 

Campanas Observatory, Chile, in June, 1982, was difficult. 

(2) Imaging capability - the Mark I uses either simple or 

a c h rom at i c 1 ens e s as the cam era 1 ens. For i mag i n gat 1 0 n g e r 

wavelengths (e.g. 8890 ~ methane band), improved quality across the 

full image was desired. 

(3) Grism (grating-prism) use - the ~lark I would require 

on-axis (transmissio~ dispersing optics to produce low resolution 

spectroscopy. The filter slide allows a maximum grism thickness of 

17 mm with a window of 44.5 mm by 44.5 mm. A usable grism could not 

be contained in this width. 

The Charge-Coupled Device Detectors 

The Mark I coronagraph has been used with Texas Instruments 

three-phase back-illuminated, buried channel, charge-coupled device 

(CGD) cameras which will be used with the Wide Field/Planetary Camera 

on Space Telescope. An 800 by 800 pixel chi p was used for the 
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observations made at the UAO 1.5-m telescope as part of this research 

project. The advantages of a CCO are manyfol d: 

(1) Low readout noise, thus increasing the signal-to-noise of 

the i nst rument ; 

(2) High quantum efficiency in the near-infrared; 

(3) good linearity. 

The 800 by 800 pixel TI chip and the principles of its 

operation are briefly described here. The array is a three-level 

polysi1icon three-phase chip (see Fig. 24). A p-type silicon layer 

is covered by a layer of 5i0 2• Three levels of polysilicon 

electrodes are deposited onto the 5i02 layer, and separated from each 

other by layers of oxidation. The polysilicon electrodes overlap by 

0.1 mil (2.5 lJm). One pixel is comprised of three electrodes 

connected to the three phases ~1' ~2' and ~3. Photons incident on 

the chip create electrons within the silicon substrate, the number of 

electrons created being equal to the quantum efficiency of silicon at 

a given wavelength. After the desired integration time, the 

"readout" process is initiated. The electrodes control the potential 

at the 5i-5;02 interface (see Fig. 25). Every third electrode is 

connected to the same clock voltage. A step voltage ;s applied to 

one of the electrodes (~1) causing a deep depletion of charge under 

that electrode, so that a potential well forms at that electrode. No 

charge is applied to electrodes CP2 and CP3. Electrons will be 

attracted to the potential well, partially filling the well, over the 

integration time. 
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Next, a step voltage is applied to the electrode ~2 next to 

$1 (which has the potential well partially filled with charges). The 

new potential on $2 being stronger than the one on ~1 causes the 

majority of the electrons to shift from under ~1 to ~2. In this 

manner, the charges originally accumulated in ~1 are passed down the 

eeo row during the readout process. 

The eeo chip is organized in a serial-parallel-serial manner 

(see Fig. 25): the parallel rows contain the signal-gathering 

pixels. When the readout process begins, the stored electrons are 

each shifted one pixel toward the lower serial register, thus 

depositing one column of electrons into the lower serial register. 

The register then sweeps out this column of counts into the output 

diffusion diode. Following that, the data in the parallel rows are 

again shifted one pixel toward the output register, etc. With serial 

registers and precharge amplifiers at each end of a chip, electron 

counts can be read out in either direction into one of two serial 

registers. The parallel section of the 800 by 800 array is divided 

into four 200 by 800 pixel sections, electronically isolated from 

each other. Each section can have independent three-phase clocking 

for transferring charge to the serial registers. 

Absorption by electrodes and interference effects due to the 

structure of the chip's frontside result in degradation of the chip's 

optical performance, especially at short wavelengths, when the chip 
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is illuminated on the frontside. Therefore, the chip is backside 

illuminated. Electrons generated in the undepleted Si bulk substrate 

will spread laterally beyond the boundaries of a pixel unless the 

chip is thinned to a thickness less than the pixel dimensions over an 

area greater than the active chip area The 800 by 800 array has a 

thickness of 8 ~m and a pixel length and width of 15.2 ~m. 

The most important parameter in measuring the effectiveness 

of a ceo's operation in the charge-transfer efficiency,E , (eTE) of a 

given ceo, where E represents the fraction of charge transferred fr~n 

one potential well to the next well. The transfer loss or charge 

transfer inefficiency, n, represents the fraction of charge left 

behind in the potental well, such that 

E + Tl = 1 

For a Single charge pulse with original amplitude Po' the amplitude 

Pn after travelling through n transfers is given by 

Pn = Ponn ~ Po(l - nE) for small E. 

As an exampl e of the necessary charge transfer effici ency for a 800 

step transfer, assume that only a total loss of 10% of the original 

signal is desired, so that n E = 0.1 and n = 800. The necessary 

charge transfer efficiency, E, is 0.999875. A high eTE is necessary 

in order to preserve the signal collected by the ceo. The charge 

transfer efficiency has been measured as 0.99995-0.99999 for both the 
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serial and parallel registers. The sine wave modulation transfer 

function (MTF) of the TI CCD chips at 33.3 cycles/mm (Blouke et al., 

1981) is 0.5. 

Future work may also be done with a 512 x 360 pixel 

three-phase RCA CCD under development at the Lunar and Planetary 

Laboratory. 

Criteria Used for the Instrument Design 

General 

The Mark II should have a portable, compact size, as 

transport to Southern hemisphere observatories for observations of 

Jovian planets and Mercury is planned. The design should handle the 

incoming beam of the Ritchey-Chretien or Cassegrain focus of any 

existing large telescope. Operating the instrument at the nominal 

focus woul d ensure the best imagi ng capabi 1 i ty. The i ncomi ng focal 

ratios and, where available, the nominal focal plane distances behind 

the instrument mounting plate when a guider and TV acquisition system 

are used, are listed in Table 11 for telescopes with which the Mark 

I I may be used. 

The new instrument should also be a coronagraph, although the 

optical configuration does not need to be identical to the Lyot 

configuration used in the Mark I. 

Flexibility of use is important. The observer should be able 

to switch between imaging and spectrographic mode quickly. The 



Telescope 

UAO 1. 5 m 

UAO 2.25 m 

KPNO 4 rna 

KPNO 2.1 m 

ClIO 4 mb 

ClIO 1.5 m 

Las Campanas 

mn 
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TABLE 1l. 

CHARACTERISTICS OF MAJOR TELESCOPES CONSIDERED 
IN THE DESIGN OF THE MARK II 

Focal Ratio 

f/13.5 

f/9 

f/8 

f/7.6 

f/7.8 

f/7.5 

2.54 m f/7 .5 

f/9.0 

Nominal Focus Behind Instrument 
Mounting Plate (includes offset 

guider and TV acquisition) 

6 - .380 ,. n 
+ .03 . 

3 in. 

aref . KPNO Facilities Book. 

bref . CTIO Facilities Manual. 
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instrument should be usable in 1:1 or reducing (~2.5:1) mode. The 

lenses should be easily interchangeable and easily focused. The 

instrument must handle different sizes of filters, and grisms with 

cutoff filters. It must hold both slits and occulting masks in the 

telescope focal plane. Filters, slits, occulting masks, etc. must 

all be easily changeable. For spectra, the detector must be able to 

be tilted quickly to accommodate a change in focus with change in 

wavelength, if necessary. 

Imaging Mode 

Planetary imaging has been the main experimental emphasis of 

this research group since its inception. Improvements in imaging 

capability will aid in continuing this research. Thus, the new 

instrument should improve on the capabilities of the Mark I. Direct 

(1:1), high quality imaging allows for greater spatial resolution 

when observing astronomical objects. For example, direct imaging of 
o 

Neptune in an 8890A narrowband filter could provide infonnation about 

atmospheric haze distribution across the planet. When spatial 

resolution is not as important as imaging a larger field of view 

during an observation (e.g. a search for faint satellites near a 

planet) J the capability of reducing the image size in order to 

increase the field size (~2.5:1) is desirable. During a night of 

observing changing between direct and reducing imaging is often 

necessa~. 
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The instrument design would use an optical element (lens, 

mirro~ to collimate the incoming telescope beam, and another element 

(1 ens, mi rror) to focus the coll imated beam on to the detector or 

film camera. Filters, grisms, etc. would be placed in the parallel 

beam between thes~ two elements. 

Lenses are subject to the following aberrations (briefly 

desribed here): 

(1) Chromatic aberration - light of different wavelengths 

will focus at different distances behind the lens. Due to the change 

in refractive index of the lens material for light at different 

wavelengths, light of a shorter wavelength will focus closer to the 

lens than light of a longer wavelength. 

(2) Spherical aberration - light parallel to the optical axis 

entering the edge of a lens is focused at different distances than 

paraxial (approximately on-axis) light. Both longitudinal spherical 

aberration (the change in focus is spaced along the optical axis) and 

lateral spherical aberration (the change in focus remains in the 

focal plane, but is laterally displaced from the optical axis) are 

p rob 1 ems. 

(3) Coma - the magnification is different for different parts 

of the lens, blurring an image formed off the optical axis. 

(4) Astigmatism - light forming an off-axis image in a 

vertical plane will focus at a different distance than light forming 

the off-axis image in the horizontal plane. 
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(5) Distortion - the image dimensions are distorted from 

their expected (theoretical) values, although the light focuses in 

one pl a nee 

(6) Field curvature - the image focuses along a curved 

surface rather than the desired flat plane. 

Parabolic mirrors can eliminate the spherical aberration. 

Off-axis parabolic mirrors would eliminate the chromatic ab2rration, 

but astigmatism and coma can be serious problems. Testing showed 

that the exit pupils fonned by combinations of off-axis parabolic 

mirrors are not usable for a coronagraphic configuration. Careful 

lens design eliminates most of these aberrations, and lenses (on-axis 

optics) eliminate the problems of ensuring that off-axis alignment is 

correct. The decision to use lenses was based upon the need to keep 

the instrument compact, to minimize optical path lengths, and to 

reduce possible alignment problems. 

Various lenses were investigated by testing their on-axis and 

off-axis image quality and transmission at different wavelengths. 

The lenses examined included plano-convex and bi-convex simple 

lenses, achromatic lenses, apochromatic lenses, and various 

commercial camera (multi-element) lenses. 

The first test used the TI CCD to provide a preliminary 

evaluation of the images produced by three camera lenses: a 50-mm 

(focal length) f/l.4 Olympus lens, a 50-mm f/1.8 Nikon lens, and a 

50-mm f/l.4 Canon lens. The Mark I shutter was used with the CCD. A 

Nikon PS-4 51 ide copyi ng adapter, adapted to bolt onto the shutter 
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plate, provided a diffusing screen in front of the light source and a 

method of mounting and translating the target and lens on-axis (Fig. 

26). The optical distance to the eeo chip from the front of the 

dewar in which it is contained is 27.3±0.254 mm. This separation, 

combined with the thickness of the shutter plate and the short back 

focal lengths « 50 mm) of the camera lenses, prevented a target at 

an infinite distance from being focused on to the eeo. A much 

reduced distance between target and lens was used. Filters of 

wavelengths/passbands of 0.4861/0.002 ~m, 0.5880/0.005 ~m, 

0.6710/0.003 ~m, 0.8870/0.004 ~m, were used to cover the expected 

response of the eeo between 0.45-1.06 ~m. Images of the target 

through each filter were taken using each lens. The lenses were 

judged on both the clarity of the best focus, and the amount of 

adjustment necessary to change the focus between filters. The 50-mm 

Olympus lens produced clearly superior images. Following these 

tests, Olympus lenses were the only commercial camera lenses 

considered for the instrument. 

The following tests determined more rigorously the quality of 

the images produced by different types of lenses. For optimal 

imaging, a lens should have an MTF of approximately 0.5 at the 

Nyquist frequency (the greatest spatial frequency which can be 

resolved in either a horizontal or vertical direction) of the eco. 
For the pixels of the TI ceo: 
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no. pixels/mm = 1000 ~m/mm = 1000 ~ 66 pixels/min 
pixel dimensions (~m) 15.2 

Therefore, the Nyquist frequency = 33 line pairs/mm (the highest 

theoretical resolution possible). 

Simple lenses, both plano-convex (a single element lens, one 

side of which is a plane and the other side of which is configured to 

be convex) and bi-convex (both faces of the lens are convex) were 

tested, in addition to the Olympus 50-mm f/l.4 lens and the Olympus 

135-mm f/3.5 telephoto lens. A multiple-bar test target (Morgan and 

Morgan, Inc. Photo-lab-Index Lens Test Wall Chart) was used. To test 

the camera lenses, an Olympus OM-1 camera was aligned on-axis at 

specified distances from the target. A Tungsten quartz lamp 

illuminated the target off-axis; no shadows or variations in 

brightness were visually apparent across the target area. Kodak High 

Speed Infrared Film, sensitive out to 0.9 lJm with a peak response 

between 0.75 and 0.84 lJm and a resolving power of 80 lines/mm when 

the contrast ratio, Cr, equals 1000 (the ratio of image maximum 

irradiance to image minimum irradiance), was used to cover the 

expected spect ra 1 response regi ons of the T I CCD. (The CCD was 

unavailable for these tests.) The film was developed for a y equal 

to 1 (y is the slope of the linear portion of the characteristic 

curve, a plot of the reciprocal of the logarthim of transmittance (

log T) vs. the logarithm of the exposure (log E) for a group of 
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exposures) in order to avoid increasing the contrast in the images. 

Each camera lens was tested only at its lowest f/number. The tests 

used a VG 6 filter (a broadband filter with peak transmission at 0.52 

~m) a 0.7265/0.01-~m filter, and a 0.89/0.04-~m filter, thus 

providing checks of the resolving power at the visual and methane 

passbands used for imaging. For each lens, the procedure began with 

a visual estimate of the best focus through the VG 6 filter, followed 

by photographs at different exposure setti ngs through each fi 1ter. 

This provided the optimal exposure for each filter for a given lens. 

Next, for each filter, a series of photographs was taken using a lens 

at its opt imal exposure, changi ng the focus by equal increments 

between pictures. From this, the best focus in a given spectral 

interval (filter) was determined for each lens. The resolution 

achieved in the best photograph was calculated using the following 

al gorithm: 

lens focal length (mm) line spacing = line spacing 
Camera-chart dlstance (mmJ x on chart (mn!) on fi 1m (mmj 

line spacing -1;12 = line pairs/mm 
on film (mm) / 

Information about the image quality tests of the Olympus camera 

lenses and a 101-mm focal length f/2.9 bi-convex simple lens is 

listed in Table 12. "Resolved" line pairs were defined as having the 

dark and light images in a line pair separated visually. The 
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TABLE 12. 

RESULTS OF RESOLUTION TESTS OF LENSES 

Maximum 
Exposure Target- Resolution 

Lens Fi Her (11m) Time (s) Camera Distance (m) (lines/mm) 

VG6 (0.52) 1/250 
50-mm 
f/1.4 0.7265/0.01 1/30 2.5 28 
Olympus 

0.89/0.04 1/125 

VG6 (0.52) 1/125 
135-mm 
f/3.5 0.7265/0.01 1/8 3.147 26 
Olympus 

0.89/0.04 1/30 

0.514/ 1/60 
101-mm 
f/2.9 0.7265/0.01 1/8 2.75 15 
better-grade 
bi-convex 0.89/0.40 1/30 
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resolving powers achievable by the lens-film combinations are 

probably somewhere between the lower limits listed in Table 12 and 

upper limits (from the next smaller set of lines) for the 50-mm and 

135-mm lenses of 39 and 37, respectively. These compare favorably 

with the 50% MTF of 33.3 for the TI CCD. Images taken using the VG 6 

filter were of poorer quality, due probably to the broader passband 

of this filter. A 0.514/0.01-~m filter was substituted for further 

testing. 

The next step was to test various simple lenses. A 2-m 

optical bench, capable of determining changes in position to 0.1 mm 

accuracy, was used with the same test chart. The Olympus OM-I camera 

was used with the 101-mm lens positioned in front of the camera, so 

that the image focal plane was in the plane of the camera film. The 

lens was positioned to be on-axis with the camera and chart. The 

same procedure for finding the best exposure and focus was followed. 

Results are given in Table 12. The resolution was appreciably worse 

for the 101-mm lens than for the commercial camera lenses. Careful 

repetition of the experiment showed no change. 

The question was posed as to whether the image quality is 

consistent across the whole image when simple lenses are used. In 

Table 13 are listed all of the lenses whose focal ratios were varied 

by varying the size of an aperture which limited the light coming 

through the lens. Images were formed with the aperture centered on 

the optical axis of the lens; and also with the aperture moved off 



80 

TABLE 13. 

SIMPLE LENSES USED FOR IMAGE QUALITY TESTS 

Focal Diameter 
Lens Length (mm) (mm) 

Bi-Convex 101 35 

Bi-Convex 53 37 

Achromat 50 22.5 

Plano-Convex 152 31 

TABLE 14. 

CHARACTERISTICS OF OLYMPUS 50 ~1M and 135 ~lM LENSES 

% Transmission Wavelength Range for 
Wavelength at peak Antireflection Coating 

Lens Peak (llm) Wavelength ()Jm) 

50 mm 
0.66 97.6 0.36-1.10 

fll.4 

135 mm 
0.54 9.40 0.37-1.10 

f/3.5 
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the optical axis to admit only light parallel to, but displaced to 

one side from, the optical axis (see Fig. 27). The images were 

either projected on to a white screen or examined directly visually. 

Two results were apparent. First, the quality of the image produced 

when only rays di spl aced from the optical axis were allm'led to pass 

through the lens was significantly degraded when compared to the 

on-axis .image. Second, at higher focal ratios (e.g. fIlO), these 

simple lenses produced good images; at lower focal ratios (e.g. f/3 -

f/4), the images were of poorer quality. This effect is not totally 

unexpected, but is undesirable, especially if one of the simple 

lenses was to be used as the camera lens in a reducing mode, where 

the lens would be used at the lowest possible focal ratio. 

The final consideration for the Olympus camera lenses was the 

comparison between the attenuation of light in the multi-element 

camera lens and in an uncoated, simple lens. The light loss in a 

simple, uncoated lens in the visible is ~8% of the incident light. 

The reflective loss due to Fresnel reflection at an air-glass 

interface is calculated using the equation: 

p = (n - 1) 2 = (0.52) 2 = 0.04 = 4%' 

(n + 1)2 (2.52)2 

where the refractive index of glass, n, equals approximately 1.52 in 

the visible. An uncoated lens has two air-glass interfaces, 

accounting for an 8% loss of light. For these simple lenses, light 
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loss due to absorption within the lenses is negligible. Light loss 

can be reduced by coating the glass surface with a material having a 

refractive index between the val ues of ai r and glass, in a layer of 

1/4-wavelength optical thickness. Magnesium fluoride, MgF2, having a 

refractive index of 1.38 at 0.55 ~m, is commonly used. The 

reflections at the air-MgF2 interface and MgF 2-glass interface 

interfere destructively, producing a reflectance loss in the visible 

of less than 1.5%. Commercial camera lenses have multiple coatings 

of material in order to reduce reflective losses across a large 

spect ra ra nge. 

The 50-mm f/l.4 Olympus lens (containing 7 lens elements in 6 

groups, a greater number of interfaces within the lens compared to 

the 135 mm f/3.5 Olympus lens, which has 5 elements in 4 groups) and 

the 101-mm single lens were compared for attenuation of light in the 

0.514-~m and 0.889-~m spectral regions. Both lenses were stopped at 

f/4 and positioned at equal distances from the multiple bar target. 

Two photographs at each exposure available with the OM-l camera 

(rangi ng from 1 sec to 1/1000 sec) were taken with each lens. The 

focus was set visually for the 0.514-llm film, and set to the "11{" 

mark for the 0.890-~m film. Each film was read twice through a 

Macbeth TD404 densitometer with a I-mm aperture. The values of log 

exposure against density were plotted to form characteristic curves 

for each lens with each filter (Figs. 28, 29). Density and 

tranmission are related as D = - log T. From the characteristic 
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curves, a y = 0.8 was cal culated for both cases. Us i ng the 1 east 

squares method, a line was fit to the linear portion of the 

characteristic curves (Figs. 30, 31). In both cases, the roughly 

parallel lines demonstrated that the approximate difference in 

attenuation between the 50-mm lens and the 101-mm lens was 36% using 

O.514-~m filter, and 28% using the O.890-~m filter. Table 14 

contains the characteristics of the two standard Olympus lenses. The 

anti-reflection coatings for the lenses encompass the entire spectral 

response of the CCD. 

Long exposures of bright, point sources were taken to 

determine if multiple reflections from the multiple elements within 

the Olympus lenses would be a problem for astronomical imaging. 

These were negligible, indicating that no effect on the images would 

exist. 

Finally, the use of catadioptriC lenses (or "cassegrainian 

lenses", as they are sometimes called without the front glass 

corrector plate) was considered. These would provide on-axis 

reflecting optics, thus limiting the amount of light absorbed by 

camera lens elements and removing the chromatic aberration effects 

which would require the detector to be tilted to ensure that the 

s p e c t r all ; n e s f 0 c U son the C CD. Many ; n d u s t r i e sma n u f act u r e 

catadioptric lenses for infrared use, however, some problems were 

discovered as a result of considering commercially-made catadioptric 

lenses. First, most of the lenses had back focal lengths much 
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shorter «10 mn) than the focal length necessary for a beam to be in 

focus at the optical plane of the TI CCD chip (located 27.3±0.254 mm 

behind the front edge of the dewar). Second, lens size was large. 

Especially prohibitive would be the sizes of the catadioptric lenses 

necessary to set up a reducing (2.5:1) mode. This would increase the 

size of the instrument, contradicting the requirement of keeping the 

instrument small and portable. Finally, visual testing of the 

location of the exit pupil of a catadioptric lens places it within 

the lens itself. Thus, the coronagraphic option would not be 

feasible. 

Spect ra 1 Mode 

The spectral reflectance of solar system objects (diffuse 

reflected sunlight from the surface of a planetary object) optimally 

requires approximately O.005-~m resolution. This requires an 

improvement on the ex is 1:; ng fil ter photomet ry. Broadband photomet ry 

(U, B, V filters and broadband filters centered on longer wavelengths 

- e.g. ECAS photometry (Zellner et al., 1984) covering 0.33 - 1.04~m) 

has been used to observe many solar system objects. While these 

observations provide a survey of the spectral properties of these 

objects, they lack sufficient resolution to determine the surface 

composition of the objects. McCord (1968) developed a dual-beam 

photometer which uses up to 25 narrowband interference filters 

(ave rage resol ut ion 0.025 llm) over the spect ral range of 0.33-1.1llm. 

This instrument has been used for spectral reflectance studies of 
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solar system objects. A mirror chops between object and adjacent 

background sky, as a wheel containing filters cycles through each 

filter. A circular-variable-filter (CVF) photometer with 120 

passbands covering the 0.65-2.50-~m region with 0.005-0.010-~m 

resolution was first developed by McCord (McCord et al., 1978). 

Additional CVF spectrometers are now used for planetary observations 

(e.g. Cruikshank and Hartmann, 1984). All of the above instruments 

are incapable of multiplexing (sampling the full spectral 

capabilities of the detector simultaneously). Spectrometers were 

developed for use with silicon vidicon detectors, but the calibration 

of the responsitivity of vidicons could change over a very short time 

interval, causing them to be unusable for spectrophotometric 

observations. The low noise and good linearity of the CCO make it 

the ideal detector for spectrophotometric studies. Various 

instruments have been developed to take advantage of these properties 

of CCOs (e.g. "Prime Focus Universal Extragalactic Instrument", Gunn 

and Westphal, 1981). By using on-axis transmission optics, low 

dispersion spectra (0.005 ~m) can be obtained from the Mark II 

coronagraph without compromising the design criteria for imaging. 

On-axis transmission optics allow low resolution spectra to 

be taken across a large spectral region concurrently (an increase in 

the amount of signal possible in the same amount of time used by 

these other instruments). Spectra of faint objects are easier to 

obtain. The optimal resolution necessary to show the mineralogical 
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absorption features in reflectance spectra is 0.005 pm; poorer than 

this can mask some of the 0.010-0.020-pm weaker features, while much 

better resolution is unnecessary and requires longer exposure time 

for the equivalent signal-to-noise. 

The two-dimensional eeo allows the background sky to be 

mapped concurrently with the object. Signal lost in photometers when 

the instrument chops between background sky and object is regained. 

Also, changes in the background sky during an exposure are recorded 

(e.g. extinction changes due to molecular absorption bands, molecular 

scattering, and atmospheric haze), providing for better background 

sky corrections. The amount of signal received in a spectral element 

can also be increased. For example, when the signal is spread 

spatially across a number of pixels orthogonal to the spectral 

dispersion due to poor seeing, the signal can be summed. Extended 

objects can also be observed. 

If the dispersing optics are easily interchangeable or 

removable from the instrument, the integrating imaging capabilites of 

the instrument can be used to image a field of view and acquire 

objects too faint to be recorded by a typical telescopic TV 

acquisition system, and position these objects in a slit for 

obt a i n i n g s p e ct ra. 

An option to do spectrophotometry with this new instrument 

was designed, expanding the uses for the instrument. Ideally, 

spectra should cover the full spectral range of the eeo (0.45-1.06 
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lJm). For the Mark II, this raises some questions. Overlapping 

spectral orders become a problem with a grating, as second orders 

from the shorter wavelengths will fallon first orders of the longer 

wavelengths. Light from the first order is sufficient for this 

instrument. Thus, in order to cover the full spectral region, light 

from the object should be divided into two separate spectra, 

requiring either a cross-dispersing system with one grism, or the use 

of cutoff filters with two different grisms (a separate exposure 

waul d be neces sa ry for each spect rum) • 

Some amount of overlap of wavelength interval is necessary to 

form one composite spectrum. To select the two spectral intervals, 

the CCO quantum efficiency was taken from Antcliffe {1975} (Fig. 32) 

at various wavelengths. Two stars were chosen from the Catalog of 

Spectrophotometric Scans of Stars (Breger, 1979): ex Lyrae (AOV) , a 

well-calibrated standard star common to many different standard star 

systems; and HO 27836 (Hyades 50), a GIV star, close to solar type 

(G2V). Sunlight reflected by the solar system object (and therefore 

the relative intensity of the object being observed at different 

wavelength) should be similar to this well-calibrated GIV star. 

Additionally, many planetary comparison standard stars are close to 

solar-type stars. Breger presents his data in the form of A, m\l 

where mv = magnitude per unit frequency of the star, normalized to 0 

at A = 0.5 lJm. These were converted to relative fluxes at different 

wavelengths using the conversion: 
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10 .;;O.4m" rel. F v (ergs/cm2• sec. H~ 
= 

(Fv at >. = 0.5 lJm = 1) 

F .E- = rel. F, (ergs/cm2• sec. ~) 
v 2 1\ 

A 

The quantum efficiency convolved with the relative 

reflectance will produce adequate differences in brightness at 

different wavelengths sufficient to divide the spectral range into 

two different regions. Tables 15 and 16 show the relative flux for 

the CCO with these two stars. The decision for the two grisms \'ias 

made on how long an exposure would be necessary to get a good 

signal-to-noise in one spectral region without sacrificing data 

elsewhere in the spectrum (e.g. overexposing at one region to get an 

adequate Signal at another). Based on these data, the spectral 

ranges of the two gri sms were chosen to be 0.45-0.80 llm (Grism 1), 

and 0.750-1.06 lJm (l.llJm) (Grism 2). Schott glass filters were 

chosen to prevent overlapping orders. The transmission curve of the 

GG 420 filter, to be used with Grism 1, is shown in Fig. 33; the 

transmission curve of the RG 630 filter, to be used with Grism 2, is 

shown in Fig. 34. 

The resolution of the spectrograph will be governed by the 

linear dispersion (the angular dispersion multiplied by the camera 

lens focal length). This was initially constrained by specifying the 
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TABLE 15. 

CONVOLVED CCD QUANTUM EFFICIENCY WITH 
RELATIVE FLUX FOR a LYRAE 

A Lyrae Calculated 
Relative FA CCD Relativ2 fA 

A (llm) (ergs/cm2.s.~) Q.E. (ergs/em ·s·~) 

0.3500 7.759 x 1010 .01 7.759 x 108 

0.4036 2.206 x 1011 .015 3.309 x 109 

0.4566 1. 579 x 1011 .07 1.105 x 1010 

0.5000 1.2 x 1011 .23 2.76 x 1010 

0.5556 8.839 x 1010 .36 3.18 x 1010 

0.6056 6.717 x 1010 .42 2.82 x 1010 

0.6436 5.648 x 1010 .44 2.49 x 1010 

0.6800 4.823 x 1010 .46 2.22 x 1010 

0.7100 4.213 x 1010 .47 1. 98 x 1010 

0.7550 3.433 x 1010 .50 1. 72 x 1010 

0.8090 2.808 x 1010 .50 1.40 x 1010 

0.8708 2.377 x 1010 .41 9.75 x 109 

0.9700 1.857 x 1010 .27 5.01 x 109 

1.0250 1.535 x 1010 .18 2.76 x 109 

1.0400 1. 471 x 1010 .16 2.35 x 109 

1.0800 1.287 x 1010 .08 1.03 x 109 
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TABLE 16. 

CONVOLVED CCD QUANTUM EFFICIENCY WITH 
RELATIVE FLUX FOR HD 27836 

HD 27836 Calculated 
Relativ2 FA CCD Relativ2 fAO 

A ().1m) (ergs/em os-A) Q.E. (ergs/em os-A) 

0.3390 6.59 x 1010 .01 6.59 x 108 

0.3509 6.48 x 1010 .01 6.48 x 108 

0.4032 1.12 x 1011 .015 1.68 x 109 

0.4566 1. 29 x 1011 .07 9.03 x 109 

0.5000 1. 2 x 10 11 .23 2.76 x 1010 

0.5556 1.15 x 1011 .36 4.14 x 1010 

0.6055 1. 04 x 1011 .42 4.37 x 1010 

0.6370 9.75 x 1010 .44 4.29 x 1010 

0.6800 9.11 x 1010 .46 4.19 x 1010 

0.7100 8.56 x 1010 .47 4.02 x 1010 

0.7530 7.68 x 1010 .50 3.84 x 1010 

0.8080 6.88 x 1010 .50 3.44 x 1010 

0.8400 6.66 x 1010 .46 3.06 x 1010 

0.8805 5.61 x 1010 .41 2.30 x 1010 

0.9700 4.84 x 1010 .27 1. 31 x 1010 

1.0250 4.33 x 1010 .18 7.79 x 109 

1.0400 4.30 x 1010 .16 6.88 x 109 

1.0800 3.92 x 1010 .08 3.14 x 109 
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spectra to cover approximately 7.6 nm at the CCO focal plane (the 

active width of a 500 by 500 pixel TI CCO chip, sometimes available 

for use from Caltech). The central wavelength of a grism's spectral 

range must stay approximately on-axis as it passes through the 

optical system. For Grism 1, the central wavelength, AI' is 0.625 

lIm; for Grism 2, the central wavelength, A2' is 0.925 lIm. The 

grat i ng characteri st i cs necessa ry to produce the requ ired angul a r 

dispersion were determined as follows: Given that the linear 

dispersion is 7.6 mm/0.35 lIm, Fig. 35 shows how the angular 

separation, 8, between the zeroth order and the desired central 

wavelength was determined. From this, 81 equals 15.19° (Grism 1), 

and 82 equals 21.89° (Grism 2). The general diffraction grating 

equation can now be applied to determine the grating characteristics: 

m A = a (si n a ± si n 8) ; 

where m is the order of the diffracted light; 

A is the wavelength of the diffracted light; 

a is the separation between adjacent grooves of the grating; 

a is the angle of incident light rays with respect to a 

normal to the plane of the grating; and 

e is the angle of diffraction for light of wavelength A with 

respect to the normal to the plane of the grating. Sin 8 is positive 

if e and a are on the same side as the grating normal; negative if on 

opposite sides. 
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The first order is used, so m is equal to 1. The incoming 

light beam is normal, making a equal to o. Thus, the grating 

equation reduces to: 

A=asin~. 

For Grism 1, the calculated a equals 2.39 ~m (equivalent to 

420 grooves/mm). For Grism 2, a equals 2.48 ~m (equivalent to 403 

grooves/mm) • 

Commercially available transmission gratings were considered. 

Of the companies which manufacture gratings, Bausch and Lomb provided 

the largest selection of stock gratings, and the capability of 

pressing gratings into epoxy masters coated on glass prisms. 

Therefore, the available Bausch and Lomb ruled gratings were 

considered for these grisms. Some compromise here in the dispersion 

becomes necessary. 

Grism 1: Bausch and Lomb provides a stock transmission 

grating 35-54-*-650 which has 400 grooves/mm (a = 2.5 ~m), with a 

blaze wavelength (wavelength at which the peak transmission of the 

grat i ng occurs), "B' equal to O. 5 ~m. Gratings shoul d be good (>50% 

transmission) from 2/3 AS to 3/2 AB' which here provides a good 

wavelength interval of 0.33-0.75 ~m, almost encompassing the desired 

wavelength interval for Grism 1. The blaze wavelength of this 

grating is located in a spectral region at which the CCO is lower in 

quantum efficiency. This would enhance the response around the blaze 

wavelength, thus optimizing the overall response across the spectral 

region of the grism. 
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Grism 2: No stock transmission gratings were available at 400 

grooves/mm with a blaze angle at or near the desired central 

wavelength. After exploring the possibility of pressing a 

transmission grating from one of the ruled master reflection gratings 

of 400 grooves/mm, transmission grating 35-54-*-780 with 300 

grooves/mm (a = 3.3 llm) and blaze wavelength, As' of 1.03 llm was 

initially chosen. Some dispersion has been sacrificed. For A2 equal 

to 0.25 llm, ~ is now 16.11°. Bausch and Lomb suggested the 

substitution of a different grating 35-53-*-440 with 300 groDves/mm 

and a blaze wavelength, AB' equal to 1.3 llm. The transmission of this 

grating is greater across the specified spectral response region for 

Grism 2 than the transmission of grating 35-54-*-780, even though the 

blaze wavelength of the new grating is outside of the Grism 2 

spectral regi on. This substitution was made. 

Using these transmission gratings alone, light at the central 

wavelength needs to enter the grating at the angle ~ from a normal to 

the grating in order to emerge parallel to the optical axis. The 

incoming light is, however, collimated and therefore perpendicular to 

the grating. Hence, a prism must be coupled to the grating in order 

to bend the i ncomi ng beam to the appropri ate i ncomi ng angl e. Now, 

the necessary angle for the incoming beam to the grating will be 

affected as the light will be passing through glass, not air. Let 

represent the necessa~ angle for light in glass to enter the grating 

and emerge parallel to the optical axis. Then: 
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Y = nl sin ~. 

Figure 36 demonstrates how the angles governing the shape of 

the prism were chosen. From Snell IS law: 

s i na = n lsi n e 

e = a - Y 

sina = nl sin(a -Y) 

= n'[sin a cos y - cos a siny], 

where a is the angle the incoming collimated beam makes with 

a normal to the hypotenuse side of the prism = hypotenuse angle of 

the pri sm; 

e is refracted angle between the incoming beam and a normal 

to the hypotenuse side of the prism; 

y = a - e, is the angle incoming from the prism to the 

transmission grating; 

and nl = index of refraction of the prism glass at that 

wave 1 ength. 

The characteristics of the two grisms are listed in Table 17. 

For these calculations, the differences between the 

refractive index of the BSG-2 glass and the resin epoxy were ignored, 

as they are small (see Table 17) compared to the difference between 

the refractive index of air, nair' equal to 1.000 and the BSG 2 

glass. This implies that the central wavelength is approximate, and 

the actual positioning of the spectral lines on the CCO chip would be 

determined when the instrument was completed. 
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Dimensions 
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Peak 
Transmission 

Total L ineara 
Dispersion 

Resolution 

Approximate 
Wavelength 
Interval Covered 
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TABLE 17. 

GRISM CHARACTERISTICS 

GRISM 1 

1. 516 

1.588 

0.6250 lJm 

9.49° 

26~79 

30 mm x 30 mm 
x 15.11 mm 

400 

0.5 lJm 

63% at 0.49 lJm 

7.39 mm 

35 A 

.47-.82 lJm 

179 

105 

GRISt'1 2 

1.509 

1.576 

0.9250 lJm 

10.60° 

29~89 

30 mm x 30 mm 
x 17.24 mm 

300 

1.3 lJm 

58% at 1. 03 lJm 

5.59 mm 

46 ~ 

.66-1.08 lJm 

200 

aincludes linear dispersion from grating and additional disper
sion introduced from the prism glass. 

b'A = central wavelength. 
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The final criterion was to ensure that the base of the prism 

(which represents the area through which the light beam must pass) 

would cover a large enough area to contain the beam of light. A 

30-mm by 30-mm base was chosen for both grisms - the base combined 

with the hypotenuse angle, a, dictated the height of the prism (the 

necessary thickness to account for in the instrument design). 

Chromatic aberration must also be considered. The Olympus 

lenses were designed to operate in the visible wavelength region; 

therefore, the lenses correct for chromatic aberration in the visible 

spectrum, but can change (not necessarily linearly) in the 

near-infrared. Olympus technicians in New York and Japan were 

contacted for data about focal length change, but no information 

about the change in focal length with wavelength was available for 

the Olympus lenses. With the positioning of the lenses in the 

spectrograph (the "front" apertures of the lenses facing each other, 

through which the lens creates the collimated beam (see Fig. 40)) any 

existing chromatic aberration will be compounded between the two 

lenses. [For a simple concave lens, the refractive index of glass 

at longer (red) wavelengths is less than at shorter wavel engths, so 

that, all things being equal, red light incident on the lens from a 

collimated beam will focus farther away from the lens on the optical 

axis than blue light. Thus, if all light from the astronomical 

object is in focus in the telescopic focal plane, the red beam will 
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diverge from the collimator lens. It will appear to the camera lens 

as an object closer than infinity, and will be focused farther back 

from the camera lens than the blue light.] 

Attempts were made, by testing, to characterize the expected 

chromatic aberration in order to accomodate all ti 1t necessary for 

the spectrographic back end when the instrument was designed. The 

results of these experiments are summarized here. 

A monochromator was used to illuminate a target imaged by a 

camera lens on to the CCO. Beginning at 0.45 lJm, the wavelength of 

light was incremented at 0.025 lJm intervals. The focal length 

remained constant up to 0.60 lJm (confinning that chromatic aberration 

in the visible region is largely corrected). The remainder of the 

tests attempted to quantify the changes at longer wavelengths. The 

Olympus OM-1 camera and Kodak IR film were used when the CCO was not 

available. 

Tests described earlier in the imaging criteria section using 

VG 6, 0.7265/0.01 lJm, and 0.887/0.04 lJm filters contributed 

infonnation to the change of focal length. The linear displacements 

in focus with wavelength were determined, and the change in focal 

length calculated. This type of test was repeated with a 

monochromator at 0.1 lJm intervals from 0.6-0.9 lJm for both lenses. 

The combined results of these tests are shown in Figs. 37 and 38, for 

the linear change in focus with change in wavelength of both the 

50-mm and 135-mm lenses, respectively. These data were used for the 
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design of the tilting spectrographic back end. The suggested total 

change in focal length of both lenses combined for the spectral range 

of Grism 1 is 0.795 rrmj for Grism 2, it is 2.125 mm. Tilting about 

the center of the chip, the displacement would need to be one half of 

the tota 1 change in foca 1 1 ength. Thi s impl i es that Gri sm 1 woul d 

need to be tilted through a maximum angle of 6.3°, and Grism 2 tilted 

through a maximum angle of 22°. 

This rather frightening prospect was abated when the change 

in focal length was checked after the imaging part of the instrument 

was constructed. A 0.336 mm change in focal length between 0.5-0.8 

~m for both lenses combined was calculated for Grism 1, and a 0.378 

mm change in focal length for the 0.750-1.0 ~m interval for Grism 2 

(see Table 18). The respective tilt angles were recalculated to be 

2.6° for Grism 1, and 3.87° for Grism 2. The nature of this 

discrepancy in the expected tilt values is not understood; the best 

explanation now proposed is that uncertainties in the tests of focal 

length change of the individual lenses (e.g. alignment of the optical 

parts) contributed to this discrepancy. When actually used, the 

spectrograph tilts of the grisms were closer to these smaller values. 

However, compromises in the sealing of the CCO from light (requiring 

dark cloth to cover the back end) were built into the spectrograph 

design in order to accomodate the expected greater tilt. Changes may 

be made in the spectrograph design in the future. 
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TA.BLE 18~ 

CHANGE IN FOCAL LENGTH WITH WAVELENGTH FOR 
135-MM/50-MM LENS COMBINATION 

Both Lenses: Rotational Linear Displacement 
Change in Focal Length in Focal Length 

(mm) (mm) 

1.0 .084 

1.0 .084 

2.0 .168 

2.0 .168 

1.5 .126 
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Description of the Instrument 

The completed instrument satisfies the criteria outlined in 

this chapter of the dissertation, and is now described here. A 

photograph of the exterior view of the instrument is shown in Fig. 

39. A general drawing of the instrument and an optical layout of the 

instrument are shown in Figs. 40 and 41. These will provide 

reference throughout this brief discussion. Photographs of separate 

pieces of the instrument are included in the discussion. 

The instrument is modular in design, both mechanically and 

optically, and easily transported to observing sites in an aluminum 

case (Fig. 42). The design will be discussed from front (the part of 

the instrument bolted onto a telescope) to rear (where the detector 

is mounted). The front mounting plate, as shown, is removable, and 

placed so that a separation of three inches exists between the 

telescope back end and the telescope focal plane within the 

instrument (the nominal mounting distance for the ~ 2.5-m Du Pont 

telescope at Las Campanas used with a TV guiding system). This is an 

adequate distance to observe well on the UAO 1.54-m telescope on Mt. 

Lemmon. The front end can accomodate an adaptor which would entend 

this distance if necessary for other telescopes. The removable front 

plate allows the instrument to be packed more compactly. 

A 140-mm, diameter of 33 mm, anti-reflection coated 

achromatic lens is located in a mounting cell centered 25.4 mm 

before the focal plane, used as a field lens. The necessity of a 

field lens became apparent when considering where the exit pupil 
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Figure 39. Exterior view of the t1ark II coronagraph/spectrograph. 
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Figure 42. The t"ark II carrying case. 



117 

the instrument would fall. Without a field lens, the exit pupil 

created by a simple 135-mm collimator lens would fall slightly 

greater than 135 mm behind the lens itself (toward the rear of the 

instrument). The 135 mm f/3.5 Olympus lens, being a telephoto lens, 

causes the exit pupil to occur farther behind the lens. By placing a 

field lens in the focal plane, the collimated rays would remain 

parallel, but the exit pupil could be moved to a different physical 

location (separation) from the collimator lens, thus keeping the 

instrument compact in size. The field lens is used to focus the exit 

pupil -28 mm behind the collimator lens entrance aperture. As the 

telescopic focal plane must remain free to contain occulting masks 

and slits, the field lens is placed close to the focal plane in a 

mounting cell with adjustments exterior to the instrument for x, y, z 

motion of the lens. These adjustments are used to focus and align 

the entrance pupil onto the exit pupil mask. 

In the telescopic focal plane lies a removable slide which 

holds occulting masks, slits for spectra, or targets for focusing 

(Fig. 43). The various pieces are attached to rings which are 

inserted and clamped into the focal plane slide. The occulting masks 

for astronomical objects will vary in size depending upon the 

telescope used and object observed. A slit 200 ~m wide is used for 

the spectral mode. A removable mirror at a 45° angle to the focal 

plane can be inserted into the light path. A transfer lens then 

focuses the light in the focal plane into an eyepiece with 



Figure 43. Focal plane slides with slits and focusing pieces; 
sample exit pupil mask. 
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crosshairs. This is used to focus and position the astronomical 

object in the focal plane, and for checking the tracking during long 

exposures of either spectra or images. No active guiding feature 

currently exists for the instrument. 

The collimator lens is an Olympus 135-mm f/3.5 lens, mounted 

with the back end of the lens facing the telescopic focal plane. 

Mounting rings designed for Olympus cameras were used to mount the 

camera lenses. An exterior knob can focus both the collimator and 

camera lenses simultaneously. The gear arrangement can be 

disconnected so that the exterior knob rotates only the collimator 

lens. 

Directly behind the entrance aperture of the collimator lens 

and in front of the exit pupil is a Unib1itz shutter with a 25.4-mm 

opening. The light rays are at minimum beam width at the exit pupil, 

so the full beam will pass through the shutter opening. The shutter 

is bolted to the assemblage which holds the exit pupil mask. At the 

beginning of each observing run, the exit pupil mask corresponding to 

the focal ratio of the incoming telescope beam is inserted. A small 

amount of rotational correction can be applied to the exit pupil mask 

to assist in aligning the entrance pupil on to the exit pupil mask. 

This adjustment can also be made exterior to the instrument body. 

A position for inserting either a filter slide (Fig. 44) or a 

mirror and eyepiece arrangement for focusing the entrance pupil onto 

the exit pupil mask (Fig. 44) is next. The filter slide is slotted 



Fi gure 44. tHrrar/eyepiece arrangement, ci rcu1 ar fil te," and fil ter s1 ide. 
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to hold one or more filters, both square or circular, or one of the 

grisms (Fig. 45) and corresponding Schott cutoff filters. The 

eyepiece and mirror arrangement contains a 45° mirror and field lens 

which focuses the plane containing the exit pupil mask onto the 

eyepiece, and is used to align the entrance pupil onto the mask. 

This should be necessary only once before the beginning of an 

observing run, so long as the instrument is left bolted to the 

telescope. 

The camera lens can be either another Olympus 135-mm lens or 

the Olympus 50-mm f/1.4 lens. A door on the instrument side allows 

for the manual insertion of either lens into the back end of the 

instrument. Olympus mounting rings were used so that the lenses can 

be quickly snapped in or out of place. 

The back end of the instrument (the dewar mount) is also 

modular. One back end was designed solely for imaging. A dark slide 

covers the CCO so that the interior of the instrument can be adjusted 

without exposing the chip. The option for focusing both lenses 

simultaneously is built into this back end. An LED on the exterior 

of the instrument body lights when the dark slide is covering the 

CCO, or the mirror for focusing the instrument is in the light path. 

The back end for the spectrograph option bolts around the 

exterior back end of the instrument (Fig. 46). Adjusting the four 

screws holding the back end allows the chip to be moved, so the 

spectrum can be positioned on a different part of the chip to avoid 
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Figure 46. Spectrographic (tilting) back end. 
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any defect of the chip. The CGO dewar can be tilted about the 

optical axis of the chip. Two brakes are used to position the dewar 

at the necessary tilt of the grism being used, and hold the dewar 

securely in place. A pointer indicates the difference in tilt off 

the normal to the optical axis. When the dewar is aligned on-axis, 

it can also be used for imaging. The spectrographic back end is not 

light tight, and black cloth must be used to eliminate scattered 

1 i g ht. No da rk sl i de was added to thi s back end. 

Using the 200-~m slit and the 50-mm lens as the camera lens, 

the resolution of the spectrograph for the two grisms can be 

calculated. The 200-~m slit will be reduced by a factor of 2.7 when 

projected onto the TI eeo chip by the 50-mm lens to 74.07 ~m = 4.87 

pixels. The resolution is calculated as 

linear dispersion (mm) by 103 = no. of pixels 
-p"'l""i x-e ..... '-w..,..i d-:":t'-l'"h--'-i -n -'s-p-e-c":"""t -ra~lr--;d-:-'i '-re-c-7t ..... i -o-n ""(l'"""l.I-mor-) cove red by s pe ct ru m 

no. of pixels covered by spectrum = no. of spectral elements 
projected slit width in pixels 

total wavelength coverage (l.Im) = resolution (l.Im) 
no. spectral elements 

For the TI ceo, Grism 1 produces a resolution of 0.0035 ~m 

(when A is 0.625 ~m, A/llA equals 179), and Grism 2 produces a 

resolution of 0.0046 ~m, spread over 4.87 pixels (when A is 0.925 l.Im, 

A/llA equals 200). 
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Images of Sirius A and B taken with the Mark II coronagraph 

with and without the exit pupil mask duri ng an observing run in ~lay 

1983, at the 2.5-m Du Pont telescope, Las Campanas, Chile are shown 

in Fi g. 47. The change in image qual i ty between the images wi th and 

without an exit pupil mask is apparent in the image of the difference 

between the two images. A sample spectrum of ~ Aquarii, taken with 

the spectrograph during an observing run at the UAO 1.54-m telescope, 

Mt. Lemmon, Arizona is shown in Fig. 48. Future use of both of these 

instrument modes is planned. 

The Fink Spectrograph 

During the time that the Mark II coronagraph/spectrograph was 

being deSigned and constructed, observations of outer solar system 

asteroids were made using a CGO spectrograph developed by U. Fink, 

Planetary Sciences Department, University of Arizona, with the 800 by 

800 pixel TI CCO on the UAO 1.54-m telescope, Mt. Lemmon, Arizona. 

After the Mark II was bui lt, observing time \'/as granted for 

additional spectra, but the observing runs were lost due to 

electronics failures and failure of the telescope to be usable. 

Hence, most of the spectra acquired during the time this research was 

completed were taken using the Fink spectrograph. The general 

characteristics of this spectrograph are described here. 

The Fink spectrograph uses a transmission grating, and can 

use a Schott OG 570 filter to eliminate higher orders of lower 

wavelengths (Fink et al., 1980). When the cutoff filter is used, the 



Figure 47. Sirius A and B images using the Mark II with and without the exit 
pupil mask, and the diffracted light removed. 
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spectral range covers 0.57 to 1.06 ~m (the approximate CCO red 

sensitivity cutoff, which can vary from one CCD to another chip). 

Without the cutoff fi lter, the cutoff in blue sensitivity (0.45 ~m) 

can be reached (also variable). Asteroid spectra exist for both 

wavelength intervals. The spectrograph employs variable slit jaws. 

Most asteroid spectra were taken with a slit width of 0.5 mm, which 

corresponds to a 5 arcsec field of view with the f/13.5 Cassegrain 

focus of the 61" telescope. A smaller number of spectra were taken 

with slit widths of 0.42 mm and 1.0 mm. The slit length was 18 mm 

(180 arcsec). The theoretical resolution of the instrument is 22 A
No additional, nonlinear dispersion is introduced, as no prism is 

used in conj unct i on with the grati ng. The i nst rument conta ins no 

provision for active guiding, so the object position was periodically 

checked for guiding during the long exposures of the asteroids. 

Problems with the data reduction of individual spectra from the 

spectrograph configuration are covered in the data reduction chapter. 

The CTIO Spectrograph 

During April, 1984, observations of outer solar system 

asteroids were made using a cassegrain spectrograph with a GEC 385 by 

576 pixel epitaxial CCD on the Cerro To1010 Inter-American 

Observatory 1.5-m telescope, Chile. The CTIO cassegrain spectrograph 

used a reflection grating of 150 1ines/mm having a blaze wavelength 

of 0.8 ~m, and a Schott GG 495 filter to eliminate higher orders of 

lower wavelengths (Hesser, Walker, and Munoz, 1980). The spectral 
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range covered was 0.495-0.990 ~m, encompassed by the detector 

response region of 0.5-1.0 ~m. The spectrograph employs variable 

slit jaws, which were set so that the dispersion was -9 ~/pixel. No 

additional, non-linear dispersion was introduced. An active, offset 

guiding option was used. In addition, becuase of the asteroids· 

motions across the sky, the object was periodically checked for 

guiding during long exposures on asteroids. The CTIO data reduction 

is briefly described in the following chapter. 



CHAPTER 4 

REDUCTION OF THE ASTEROID RELATIVE REFLECTANCE SPECTRA 

Refl ectance spect ra of OSS asteroids were acqui red duri ng 

observing runs in February, May, June, and September, 1982, and 

April, 1983, at the University of Arizona Observatories (UAO) 1.54-m 

telescope on Mt. Lemmon, and during April, 1984, at the Cerro Tololo 

I nter-Ameri can Observat ory (CTI D) 1.5-m te 1 escope. Aspect rograph 

bu i 1 t by U. Fi nk coup1 ed wi th a TI CCD was used for the UAO 

observations; a cassegrain spectrograph coupled with a GEC CCD was 

used for the CTID observations. These instruments are described in 

the previous chapter. During these observing runs, spectra were 

taken of the program asteroids, standard stars, and 

uniformly-illuminated flat fields. For the UAO observations, 

standa rd stars were observed peri odi ca 11y th roughout the ni ght in 

order to ensure good coverage of the star at different airmasses. At 

CTID, observations were made of calibrated CTID standard stars at 

various airmasses (J.A. Baldwin private communication), and early 

G-type stars in the same fields as the program asteroids. The 

standard stars used for these observations included Hardorp 

solar-type standards, the ECAS solar-type standards, and standards of 

different types used by the Planetary Geosciences Division of the 

University of Hawaii Institute of Geophysics (P. Owensby and T.B. 
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McCord, private communication). Since the data reduction procedures 

were slightly different for the UAO and CTIO data sets, these 

procedures are described separately. 

UAO Observations 

The UAO 1.5-m telescope was used for most of the observations 

made as pa rt of thi s research. The general data reduction procedure 

for the CCO observations was followed for the frames containing 

individual spectra. Counts present in zero frame observations, 

defined as an observation in which no exposure is made but the CCD 

chip is read and recorded, indicate the counts added to the overall 

signal in a CCO observation due to noise generated by the chip 

electronics during the readout process. These values varied from 

night to night. For each night of observations, an average value for 

the readout noise in one pixel was calculated for the area of the 

chip containing the spectrum. This value was subtracted from both 

the astronomical objects and flat field observations made during that 

night. 

Each pixel in a CCO chip will have a slightly different 

responsivity for light of different wavelengths. Exposures of the 

spectrograph to a uniformly-illuminated flat field will produce a 

two-dimensional spectrum in which the variations present in a column 

of one given wavelength are due solely to pixel-to-pixel differences 

in responsivity. When the Fink spectrograph was used, observations 

were made both with and without the OG 570 cutoff filter in order to 
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extend the spectral range of the observations. During each observing 

run, multiple flat field spectra were made for each different slit 

width with and without the cutoff filter. An average of all of the 

flat field spectra taken with a specific slit width and spectral 

range was made. Each astronomical observation made during the same 

observing run was then divided by the average flat field spectrum, 

and scaled by an arbitrary large number so that the detail in the 

spectrum was preserved. 

The individual observations were examined for the location on 

the chip of the projection of the slit, the location of the spectrum 

of the desired object, and the location of spectra of any other 

objects also present. A two-dimensional ceo spectrum contains 

spectral information along the direction of dispersion, and spatial 

information orthogonal to the direction of dispersion. For the Fink 

spectrograph, spectral information was contained in rows along the 

chip, and spatial information for a given spectral interval (~h) was 

contained in one column. Throughout this discussion of the data 

reduction procedures, "rows and columns" will refer to spectral and 

spatial information, respectively. 

Strikes by high-energy cosmic rays can saturate one or more 

pixels of a eeo chip. These saturated pixels must be removed from 

the individual observations or they will introduce errors into the 

data. For the data acqui red in the May, 1982, observi ng run, each 

pixel affected by a cosmic ray was identified individually. For the 

background sky data, an average of ten unaffected adjacent pixels in 
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the same column was calculated. The counts in the saturated pixels 

were replaced with the average values. The mean value of the 

background sky counts in each column was then calculated. While 

effective, this procedure was extremely time-consuming. Data 

reduction for the remaining four observing runs used a median filter 

procedure on the background sky data. The data in one column were 

sorted from lowest to highest counts. If N background sky pixel 

counts were ordered by increasing count, the median value is defined 

as the (N + 1)/2th largest value. The median filtering procedure has 

the advantage of eliminating oscillations among the background sky 

counts. If a sufficient number of background sky lines are included 

in the filtering process, the high counts in the pixels affected by 

cosmic rays will be eliminated by the numerical ordering of the 

background sky counts. A comparison of the two methods (Fig. 49) 

shows that no significant difference exists between the results when 

a raw, one-dimensional spectrum is formed using either the average or 

the median-filtered background sky value. All other considerations 

being equal, the median filter method was much faster to implement. 

A plot of counts vs. column pixel in one eeD column (Fig. 50) 

illustrates the various problems encountered in the reduction of 

two-dimensional eeo data to a raw, one-dimensional spectrum. 

Background sky pixels for median filtering are chosen 5 pixels from 

the projected edge of the slit in order to avoid the slight drop in 

counts near the slit edges. The pixel(s) containing cosmic rays are 

not removed, but the background sky pixels are chosen to avoid the 
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spectrum of another object also present in the CCD frame. A total of 

N background sky lines are chosen for the spectrum. During one 

night, a swath of R pixels on either side of the centerline of the 

spectrum is chosen. The swath width, R, is usually chosen to include 

most of the signal and must be constant throughout a night of 

observations. Variations in seeing cause differences in the point 

spread function (evident when viewing the spectrum in the cutaway 

profile) which can govern the swath width. An interval of nine 

pixels inserted on either side of the spectrum swath ensures that no 

residual counts from the spectrum are included in the background sky 

counts. The signal for a one-dimensional spectrum in this spectral 

region is computed as 

where CiA are the individual counts in all 2R + 1 pixels containing 

the object spectral information at this wavelength, and BA is the 

median-filtered (or average) background sky value. 

The estimate of noise associated with each element of signal 

is based upon the fact that incoming photons are governed by Poisson 

statistics. The basic assumption in Poisson statistics is that one 

discrete event (the arrival of a photon of a particular wavelength) 

is independent of all previously occuring evvents (prior photon 

arrivals), providing the source (photons reflected from the asteroid) 

does not vary during the time it is observed. Two measured 
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quantities must be considered in the determination of noise: counts 

from the object, and counts from the background sky brightness. 

Since these are independent of each other, covariance terms can be 

eliminated from the equations. The following equations for Poisson 

distributions, taken from Bevington (1%9), were used to derive the 

expressions for noise in the spectrum following guidelines by 

Hartigan (1982): 

2 = a ll, 

where 0
2 is the variance, and II is the mean of the Poisson 

di s t ri but ion. 

If X = au ± bv, then 

where a and b are constants. 

If 

n 
X = (1/nL~ x. , 

1=1 1 

then 



138 

where X is the calculated mean value of n values of Xi-

Using the expression for calculating the signal stated above, 

the noise in one element of a spectrum ca~ be derived from 

2 2CR
+

1 
(CiA - BA ~ a (SA) = a L 

;=1 

2eR
+

1 
) 2 eR

+
1 

BA). = a I Ci A + a .L 
;=1 1=1 

This equation can be treated by treating its two components 

sepa rate ly _ Fi rst, 

2(2R+1 
a I 

;=1 
222 

a (C
1
,) + 0 (C 2J + ••• + 0 (C .. ) 
1\ r, 1), 

The variance of a single number ;s the number, therefore 

Second, 

2 (2R+1 
a I 

;=1 
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Since the variance of a group of numbers equals the mean, the 

expression becomes 

= (2R + 1) 2 

N 

The expression for the total variance becomes 

and the al gorithm used to compute the noi se for aspect ra 1 i nterva 1 , 

The one-dimensional spectra were examined for cosmic rays 

which could have been overlooked. Counts in spectral elements 

affected by cosmic rays were corrected by taking an average of the 

continuum spectrum on either side of the elements containing cosmic 

ray counts, and replacing the cosmic ray counts with the averages. 

Solar absorption features (e.g. Ha at 0.6563 \.1m) and telluric 
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absorption bands (e.g. O2 A band centered around 0.7619 ~m, O2 B band 

centered around 0.6882 ~m) were used as fiducial marks to calculate 

the spectral dispersion. The dispersion remained "'11 ~/pixel, 

providing 22 ~ resolution for the spectra. 

Flexure in the Fink spectrograph affected the alignment of 

spect ra: shifts occu rred from eeo frame to eeo frame. Re-al i gni ng 

the spectra by whole-pixel increments was straightforward. 

Throughout each night of observations, subpixel alignment of the 

spectra was conducted using a sine function interpolation routine. 

One spectrum (usually, a strong spectrum of a standard star at low 

airmass) was designated a reference spectrum. Other spectra were 

shifted with respect to this spectrum if possible. In the cases of 

the fainter asteroids, the scatter in the data was sufficiently great 

that it was not possible to accurately shift the data for increments 

less than a spectral element. The interpolation of the data used a 

sinc function of the form 

sinc(x) 

broken into twenty equally-spaced increments, all of which are offset 

by the desired subpixel increment. This is convolved with twenty 

spectral elements to find the interpolated value of the central 

el ement for the twenty (Bui e, 1984). The al i gnment of the 

interpolated spectrum and the reference spectrum was checked by 

subtracting one spectrum from the other across a spectral interval 
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which both encompassed some specific solar and atmospheric absorption 

features, and had a strong signal-to-noise. The absolute value of 

these di fferences was sUlT1l1ed. The spect rum was sh i fted unt i 1 thi s 

sum of the differences was minimized. The interpolated spectra were 

used for the rest of the data reduction. (A cautionary note about 

the interpolation of spectra: the optimal interval for shifting a 

spectrum will vary depending upon the size of the spectral interval 

chosen for the comparison test.) The 02 A band was not completely 

removed from the spectra when they were ratioed, although the 

interpolation of the spectra minimized the effect of the incomplete 

removal on the spectra. 

Molecular absorption bands, haze, and scattering by molecules 

present in the atmosphere are the primary sources of atmospheric 

extinction. The extinction of light from astronomical objects by the 

atmosphere becomes increasingly apparent with increasing atmospheric 

thickness (higher airmass). Light of shorter wavelengths is 

subjected to greater attenuation than light of longer wavelengths. 

Absorption by specific 02 and H20 bands is the main source of 

molecular absorption in the visible and near-infrared spectral 

region. Extinction by haze is uniform across this spectral region. 

Molecular scattering could have been aggravated by the presence of 

dust from the El Chichon volcano in the Northern hemisphere during 

1982. The volcanic dust was sometimes layered in the atmosphere, 

contributing to difficulties in extinction correction. 
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Extinction coefficients were calculated for each spectral 

element for the night, or portion of the night, in which a standard 

s tar was 0 b s e r v e d • The a i rm ass e s for a 11 0 b s e r vat ion s 0 f 0 n e 

standard star during one night were computed. The general extinction 

formul a is 

-T X 
S = SeA 

A OA 

where SA is the counts for that spectral interval at the ainnass X; 

SOA is the counts at an ai rmass equal to zero; and T A is the 

extinction coefficient for that spectral interval. This can be 

expressed logarithmically as 

For one spectral interval (lIA) , extinction coefficients were 

determi ned from a 1 east squares fit to the logarithms of the counts 

vs. airmass for all observations of the standard star in one night. 

The standard star observation closest in airmass to an asteroid 

observation was identified, and the calculated extinction 

coefficients were used to correct the nearest standard star spectrum 

to the same airmass as the asteroid spectrum using the expression 
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The corrected standard star spectrum was produced by taking the 

inverse logarithm of the above expression. All data were then scaled 

to 1.0 for a 0.016 ~m interval bracketing 0.7 ~m. The wavelength of 

0.7 ~m was chosen because it is common to both spectral ranges 

produced by the Fink spectrograph with or without OG 570 cutoff 

filter (although not affected by second orders of lower wavelengths 

if the cutoff fil ter is not used); and to the wavelength range of the 

CTIO spectra. The ECAS photometer has a filter at 0.708 ~m, and the 

McCord 25-filter photometer has a filter at 0.701 ~m. These data 

sets can be scaled to 1.0 in these filters, and intercompared with 

the CCO spectra. The 0.016 ~m interval was chosen in order to 

average across the scatter in the data, and also to avoid an H20 

absorption band with a band head at 0.7184 ~m which might cause 

variations in scaling depending upon the amount of water vapor 

present during a given night. A negligible difference in scaling 

factor was produced when larger spectral intervals (e.g. 0.025 ~m) , 

comparabl e to the passbands of fi 1 ter photomet ry, were used to test 

the scaling results. The data sets can, therefore, be intercompared. 

Finally, in order to produce a reflectance spectrum relative 

to the sun, the asteroid/star spectrum must be corrected for the 

stellar type of the comparison star. The preferred method is to 

observe a solar-type star, such as one of the Hardorp solar-type 

stars (Hardorp, 1980), or similar solar-type stars used by the ECAS 

or other observers (Tedesco et al., 1982; O.J. Tholen, private 

communication; M.W. Buie, private communication). In the cases where 
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documented solar-type star/sun ratios were calculated by other 

groups, the values were interpolated for ~11 ~/pixel intervals, and 

the synthesized star/sun ratio \'/as convol ved with the asteroid/sun 

ratios to produce asteroid relative reflectance spectra. In all 

cases, any changes in the slope caused by the solar-type standard 

star/sun ratios were negligible, and lost in the scatter of the 

spectra. Thus, the ratio of an asteroid to a known solar-type star 

appears to be a sufficient ratio to produce a relative reflectance 

spectrum. One result of this research is the discovery that the 

Hardorp solar-type standard SAO 103395 is not a good solar analog. 

This star was observed on five different nights in two separate 

observing runs; each night produced an inadequate solar analog 

spect rum. 

An alternative method used standard stars of other stellar 

type which have been calibrated relative to the sun for filter 

photometry (e.g. the McCord 25-filter photometry). Star/sun ratios 

supplied for narrowband filter photometry were interpolated to ~11 A 

dispersion and convolved with the observed asteroid/star ratios to 

produce rel at ive refl ectance spect rae One problem encountered here 

was that three early-type stars - 109 Virginis (AOV) , e: Aquarius 

(AI V), and ~2Ceti (B9III) - were used as standard stars. 

Unfortunately, the Paschen series of hydrogen lines in the 0.9-1.0 ~m 

region, which are smeared in the 0.025-0.030 ~m passbands of the 

McCord filters, are resolved in the CCO spectra. If no solar-type 

stars were observed during the same night as the early-type stars, no 
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ratio could be computed which would remove the Paschen lines from the 

spectra. It is theoretically possible to model the Paschen lines and 

continue to use these star/sun ratios; it is easier in practice to 

observe solar-type stars. 

In most cases, the calculated signal-to-noise ratio for a 

final spectrum was greater than 100:1. A better indicator of the 

quality of the spectra is the scatter in the spectra. The scatter in 

the individual spectra is governed by the strength of the signal 

received at the CCD, and the conversion of the electrons in each 

pixel to digital counts by the A/D converter. The validity of the 

comparison of these spectra with other spectra is shown in Fig. 51, a 

plot of the UAO spectrum of Amor asteroid 1982 DV with the ECAS 

spectrum of 1982 DV (Vilas et al., 1984). In Table 19 are listed the 

asteroids observed by the Fink spectrograph, and observational 

information about the asteroids. The asteroids include 65 Cybele, 87 

Sylvia, 153 Hilda, 225 Henrietta, 466 Tisiphone, 499 Venusia, 190 

Ismene, 420 Bertholda, 1212 Francette, 1269 Rollandia, 1748 

Mauderli, 1902 Shaposhnikov, 1143 Odysseus, 22.6 Bowell, and 1583 

Antilochus. In Figs. 52 to 55 are shown the relative reflectance 

spectra for these asteroids •. The quality of the spectra varies. 

CTIO Observations 

The remainder of the observations were made at the CTIO 1.5-m 

telescope in Chile. Most of the data reduction was done on a computer 

at CTIO using the observatory's standard CCD spectra reduction 
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TABLE 19. 

UAO ASTEROID OBSERVATIONS 

UT Spectral Integration 
Date(s) Range TRIAD Time 

Asteroid Observed (l1m) Class (mi n . ) 

65 Cybele 6/28/82 0.57-1.0 P 15.5 
0.46-0.9 7.5 

87 Sylvia 4/18/83 0.57-1.0 P 20.0 
4/19/83 0.57-1.0 13.0 

153 Hilda 2/4/82 0.57-1.0 P 5.0 
190 Ismene 4/18/83 0.57-1.0 P 25.0 
225 Henrietta 5/30/82 0.46-0.9 F 20.0 

5/31/82 0.57-1.0 25.0 
334 Chicago 6/26/82 0.57-1. 0 C 22.5 
420 Bertholda 4/20/83 0.57-1.0 P 45.0 
466 Tisiphone 2/4/82 0.57-1.0 C 25.0 
499 Venusia 2/4/82 0.57-1.0 P 25.0 
1143 Odysseus 9/21/82 0.57-1.0 0 5.0 
1212 Francette 6/28/82 0.57-1.0 P 33.0 
1269 Roll andi a 5/29/82 0.57-1.0 0 5.0 
1583 Antilochus 6/25/82 0.57-1.0 0 58.3 
1748 Mauderli 9/23/82 0.57-1.0 0 60.0 

9/24/82 15.0 
1902 Shaposhnikov 9/21/82 0.57-1.0 EMP 65.0 

9/23/82 0.46-0.9 55.0 
2246 Bowell 6/26/82 0.57-1.0 0 55.0 

Phase 
(0 ) 

17.2 

-8.3 
-8.0 

-11.5 
11.5 

-14.3 
-14.1 
14.5 

-11.6 
14.0 
1.44 
9.7 
3.6 
5.5 
5.1 

-12.8 
-12.5 
-10.2 
-9.7 
6.8 

!:. 
(AU) 

2.57 

2.71 
2.70 
3.30 
2.96 
1.67 
1.67 
3.28 
2.78 
2.37 
2.41 
5.33 
3.30 
2.80 
4.40 
2.68 
2.67 
2.46 
2.44 
2.85 

r 
(AU) 

3.13 

3.61 
3.61 
3.97 
3.71 
2.55 
2.54 
3.77 
3.56 
3.15 
3.39 
5.70 
4.29 
3.76 
5.32 
3.43 
3.43 
3.32 
3.33 
3.79 

I-' 
.J:» 

" 
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Figure 53. UAO spectra of Hilda group asteroids (A) 153 Hilda, 
(8) 334 Chicago, (C) 499 Venusia, (D) 1212 Francette, 
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Figure 54. UAO spectra of Hilda group asteroids (A) 1748 Mauderli, 
(8) 1902 Shaposhnikov, (C) 2246 Bowell. 
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Figure 55. UAO spectra of Trojan group asteroids (A) 1583 Antilochus, 
(B) 1143 Odysseus. 
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programs. The data reduction methods were similar to those used on 

the data from the Fink spectrograph. Zero frame observations were 

taken during each night of observations; a suite of flat field 

observations was taken for the observing run. A zero frame count was 

subtracted from each observation made during one night. The flat 

fields were median-filtered to produce one flat field frame for the 

observing run. All of the asteroid and standard star observations 

were ratioed to the median flat field to remove differences in pixel 

responsivity from the CCO frames. Background sky values were also 

median filtered. The median background sky value was subtracted from 

pixels identified as containing the spectral signal of the asteroid 

or star. The dispersion was calculated, using spectral lines from a 

comparison lamp, to be 9 ~/pixel. Using the spectra of the 

calibrated CTIO standard stars, the extinction was corrected for all 

of the spectra taken during one night. Flux values were then 

computed for all of the spectra. 

The data reduction continued in Tucson using the methods 

described previously. The flux values were scaled to 1.0 for a 

0.016-jlm spectral interval bracketing 0.7 um. The spectra were 

shifted using the sinc function interpolation routine. Asteroid 

spectra were ratioed to the Hardorp solar-type star SAO 159706 to 

produce relative reflectance spectra. The original CTIO data 

reduction procedure did not include a noise calculation. Thus, an 

unweighted mean of the ratioed spectra produced the relative 
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Figure 56. Comparison of 433 Eros CTra spectrum and ECAS photometry 
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TABLE 20. 

CTIO ASTEROID OBSERVATIONS 

UT Spectral Integration 
Date{s) Range TRIAD Time 

Asteroid Observed (lIm) Class (min.) 

152 Atala 4/24/84 0.49-0.98 D 60.0 

643 Scheherezade 4/25/84 0.49-0.98 P 70.0 

773 Irmintraud 4/26/84 0.49-0.98 D 60.0 

1390 Abastumani 4/28/84 0.49-0.98 P 60.0 

1867 Deiphobus 4/24/84 0.49-0.98 D 51. 5 

4/26/84 30.0 

2241 1979 WM 4/26/84 0.49-0.98 D 90.0 

Phase 11 
(0 ) (All) 

-7.6 2.40 

5.8 2.30 

-21.4 2.20 

-7.6 2.62 

7.0 4.32 

7.2 4.33 

3.8 3.94 

r 
(AU) 

3.34 

3.27 

2.65 

3.54 

5.14 

5.14 

4.90 
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Figure 57. eTIO spectra of main-belt asteroids (A) 152 Atala, 
(B) 733 Irmintraud. 
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Figure 58. CTIO spectra of Cybele asteroids (A) 643 Scheherezade, 
(B) 1390 Abastumani. 
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reflectance spectrum for an asteroid. An example of the validity of 

comparisons of these spectra with other data sets is in Fig. 56, a 

plot of aCTIO CCO spectrum of the well-studied Amor asteroid 433 

Eros wi th the ECAS photomet ry and 25-filter photomet ry of 433 Eros. 

For reference, Table 20 contains information pertaining to 

these observations. The spectra acquired at CTIO include two 

main-belt O-class asteroids, 152 Atala and 773 Innintraud; and the 

four OSS asteroids 643 Scheherezade, 1390 Abastumani, 1867 Oeiphobus, 

and 2241 1979 WM. These spectra are shown in Figs. 57 to 59. 



CHAPTER 5 

CHARACTERISTICS OF THE OUTER SOLAR SYSTEM ASTEROIDS: 
IMPLICATIONS FOR ORIGIN 

High resolution reflectance spectra of 22 outer solar system 

asteroids have been acquired in the 0.5- to 1.0-J..Im spectral region, 

an interval in which mineralogically-diagnostic absorption features 

can be present in reflectance spectra. These spectra, having 
o 0 

resolutions of 22A (UAO) or 19A (CTIO), are the first high resolution 

spectra obtained of OSS asteroids. The increased resolution of these 

spectra permit their examination for absorption features (which would 

be less pronounced due to the probable presence of opaque materials) , 

and the precise determination of the locations of any absorption 

features in the spectra. The existence and position of absorption 

features are important parameters for determining the surface 

composition of these asteroids. The ECAS photometry serves well as a 
o 

survey tool for the asteroids, but the broadband filters (~800A 

passbands) can on ly show trends towa rd absorption features, not the 

exact features. This is apparent in Fig. 51 (Chapter 4), the 

comparison of the UAO reflectance spectrum with the ECAS photometry 

of Amor asteroid 1982 DV: the trend toward an absorption feature is 

seen in the ECAS photometry; the feature is well-defined by the 

narrowband reflectance spectrum. The data acquired as part of this 

159 
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research represent a body of data concentrated on ~he of this two 

dominant classes of OSS asteroids. The presence or absence of 

absorption features in these spectra; the precise determination of 

the locations of absorption features, changes in slope, or 

inflections; and the effects on a spectrum of incomplete correction 

of telluric H20 are all potentially determined with these narrowband 

relectance spectra and provide information about the surface 

composition of these asteroids not obtainable with broadband 

photomet rYe 

Analysis and Dicussion of the Spectra 

Many of the spectra presented in Chapter 4 have a 

sufficiently strong signal-to-noise that they can be examined for 

compositional information. Other spectra (e.g. 1867 Deiphobus) shovl 

enough scatter that subtle absorption features can be lost within the 

noise. The low albedos of these asteroids suggest that the surfaces 

contain opaque materials which could be masking absorption features. 

A method of drawing out any possible absorption features from the 

spectra is desirable. A median window was run along each linear 

spectrum: N adjacent spectral elements was ordered in increasing 

order, and the (N+l)/2th element is chosen to replace the central 

value of the N elements. This method has the double advantage of 

reducing oscillatory noise in a spectrum, but preserving subtle edge 

effects (changes in slope) which would delineate absorption features. 

The resolution of the spectrum is degraded by a factor of N. A 
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resolution of 0.011~m is attained in the median-filtered asteroid 

spectra shown in Fig. 60. 

No absorption features are seen in the near-infrared portion 

of the spectra of the OSS asteroids that cannot be attributed to 

incomplete removal of telluric H20. These absorptions are especially 

evident near 0.93~m in the spectrum of 190 Ismene, in the spectrum of 

2246 Bowell, and in two of the spectra obtained during the September, 

1982, observing run: 1748 Mauderli and 1902 Shaposhnikov. (The 

September, 1982, observi ng run was pl agued parti cul a rly bad ly wit h 

storms, cloud covers, and changes in the amount of water in the 

atmosphere). In the spectra of 1748 Mauderli, 1583 Antilochus, 2246 

Bowell and 1269 Rollandia, a flattening of the spectrum between 0.5 

and a.7~m is evident. 

Spectra were taken of two main-belt D-class asteroids, 152 

Atala and 773 Irmintraud, for comparison with spectra of the ass 

D-class asteroids. Asteroid 152 Atala has a spectrum similar to the 

S-class asteroids (Fig. 57), showing the left side of a probable 

silicate absorption feature in the near-infrared. The ECAS spectrum 

(Fig. 61) is similar to a typical D-class spectrum. The asteroid was 

observed on only one night for the ECAS, and was observed on two 

nights at CTIO for this study. A search of the fields around the 

asteroid for an area of 6 RA of 1 hour and 6 Dec of 15°, on all three 

nights the asteroid was observed, indicated that an error in object 

almost certainly did not occur. D.J. Tholen (private communication) 

reported that a higher geometric albedo, consistent with the albedos 



o 

r 
~ 
~ 
~o 

~-

~ 
e 

,I, 
----~~, .. 

.20 etmMOl.D& 

~~w;l\ 
33. CHGlCO 

__ ~"'J-
22!.. ~£"'IlIETT" 

---~ 
'90 rsU("t[ ~ 

~ .......... ....-\'·"'r·l 
1~ W'lO& 

~ 
--~ 

87 S't\.VIA 

ar--__ ,......-... .... JI 

., CV1lt:.£ 

~~ , 
OO~)~O~.~~O~,~O~.~~O~7~O~.~O~.~~,~O~ 

WAY{UJrCCT-' (III<Doa.S) 

o 

r 
~ 
~ 
;to 

C
~ 
o 

~ 

~,..., I.kJ.YP\) 
'2'2 nu'CfnE ~jl 

~~J!~I : 
'U) O=SEUS ",At I 

~1.l~1 
~A" 

77) ",u,omuC'll ,II 
~'1M 

&&3 SC ... [W[DCZ.a.OC 

,....--~....)\"I 
499 V("-IUS1A 

----.......... ............... , 
"'8& TISIPHOf.I[ 

!."on I I 
°03 o. O~ DIS 01 oe 09 10 ,. 

.... "'tl(HG'TH (WICDQfoIS) 

o N'--

. ; , 

o 

r 
~ 
;to c
~ 
o 

/Jr\ 
., .. _- ~ 

.J~~ 
~ 

;::;t~11 
13'10 _STuu,", j 

/' 
_..rI' 

12r..9 ROlLANOtA 

L, I 
°03 0- D~ 05 07 Oft 09 10 11 

W.lV[l[HCTW ("ICR(.'I'ojS) 

~ r'--------------------------, 

r 
~ 
~o 
1:-

~ 
o 

~l 
~J!N~lll 

22'. B""ELL { 

~f 
~970.Y l 
~A!r.~'*' 

, ;0': S ... .lPQSN".IWClY 

t, I 
°03 0" 0 5 0 6 0 7 0 l!I 0' 10 " 

~~A 
."V[L.[HCT~ (WCA{)tcS) 

Figure 60. Median-filtered spectra of OSS asteroids (O.Oll-~m resolution). ...... 
m 
N 



163 

of S-class asteroids, was observed for Atala in March, 1984, at the 

Infrared Telescope Facility. He postulates that a red star was in 

the photometer aperture with the asteroid on the night that Atala was 

observed for the ECAS. Atala is more likely an S-class asteroid than 

a D-class asteroid. 

The spectrum of 773 Irmintraud (Fig. 57) is typical of a 

D-class asteroid. The good signal-to-noise in this spectrum allows 

for close examination of this object. No absorptions are apparent; 

the flattening seen in some of the other D-class spectra is not seen 

in this spectrum. The spectrum is slightly convex. This convex 

appearance is vaguely apparent in the ECAS spectrum (Fig. 61). 

One C-class asteroid from the Cybeles, 446 Tisiphone, was 

observed. The slight negative slope in its spectrum (Fig. 52) and the 

lack of absorption features is consistent with the current ideas 

about C-class composition. The small turnover near 0.57~m is 

probably not real. Another C-class asteroid from the Hildas, 334 

Chicago, was also observed. 

The spectrum of one F-class asteroid from the Cybeles, 225 

Henrietta, was obtained. Unlike the ECAS spectrum of Henrietta (Fig. 

2 in Chapter 2), the spectrum of Henrietta obtained here is 

featureless and slightly reddened. This asteroid was observed on two 

separate nights using the Fink spectrograph with and without the OG 

570 filter in order to extend the spectral range. The two spectra 

overlaid each other exactly. This asteroid was observed on one night 
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Figure 61. ECAS spectra of main-belt asteroids 
152 Atala and 773 Irmintraud (Zellner 
et al., 1984). 
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for the ECAS. Thus, the negative slope in the near-infrared seen in 

the ECAS spectrum beginning at the 0.86~m filter, and and the slight 

increase in the spectrum between the 0.434- and 0.553-~m filters, are 

not present in the narrowband reflectance spectrum. 

The remainder of the asteroids observed were OSS 0 and P 

asteroids. The signal-to-noise varies among the spectra, largely 

depending upon the signal received at the telescope from the 

asteroid, and the total length of integration time. In particular, 

the spectra of the following asteroids had low integration times for 

their magnitudes resulting in poor signal-to-noise: 153 Hilda, 334 

Chicago, and 1212 Francette of the Hilda group; and 1143 Odysseus of 

the Trojan group. Less emphasis should be placed on these spectra 

during analysis of these data, especially 1143 Odysseus. 

Examination of these remaining asteroid spectra indicates 

that all of these spectra can be divided into four groups of 

asteroids based upon the slopes of the spectra. The P-class 

asteroids can be divided into two groups: one group of spectra 

having effectively flat, barely sloping spectra, and one group of 

spectra with a small positive slope (reddened). These divisions are 

defined here as Group I and Group II, respectively. The asteroids in 

these two groups are listed in Table 21. The D-class asteroids can 

also be divided into two groups: the first group has redder spectra 

than the Group II spectra; the second group contains spectra of 

increased slope, with four of the spectra showing flattening in the 
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TABLE 21. 

DIVISION OF OSS ASTEROIDS BY SPECTRAL CHARACTERISTICS 

Grou~ I Grou~ II 

65 Cybele 153 Hilda 2 

87 Sylvia 190 Ismene 

(225 Henrietta)l 499 Venusia 

420 Bertholda 643 Scheherezade 

1212 Francette2 

1390 Abastumani 

1902 Shaposhnikov 

lClassified as F. 

2Poor SNR. 

Grou~ III Grou~ IV 

773 Irmintraud 1269 Rollandia 

2241 1979 WM 1748 Mauderli 

1867 Deiphobus 

1583 Antilochus 

2246 BOI'Jel1 2 
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spectrum between 0.5 to 0.7~m. These divisions are defined here as 

Groups III and IV, respectively, and are also listed in Table 21. 

For all groups, the spectra in each group are plotted in Figs. 62 and 

65. Plots of the average values of the different spectral groups, 

and a plot of the four averages overlaid on each other to demonstrate 

the change in slope between spectra are shown in Fig. 66. 

Additionally, the F-class asteroid 225 Henrietta falls exactly onto 

the plot of the Group I asteroids. Examination of the ECAS and CG 

photometry of OSS asteroids indicates that the filter photometry 

lacks sufficient resolution to show the groups of spectra by slope 

seen in the CCD spectral data. 

The locations in the solar system of the asteroids in these 

spectral groups are Significant. Group I contains spectra of 

asteroids from the Cybele group (mean a ~ 3.4). Group II contains 

asteroids located in both the Cybeles and the Hildas (mean a~ 4.0), 

with greater than 50% of the objects from the Hi1das. Group III 

contains one main-belt asteroid, and one Trojan (mean a~ 5.2 AU) 

asteroid. Group IV contains three Hilda asteroids and two TrOjan 

asteroi ds • Although the samp1 e of objects is, admi tted 1y, sma 11 

(especially the D-class asteroid sample), there appears to be a 

slight systematic change in spectral properties between the groups: 

increasing slope with increasing heliocentric distance. This 

suggests four discrete changes in surface composition with increasing 

distance from the sun. (The orbit of the main-belt asteroid, 773 
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Irmintraud, most likely was perturbed through some gravitational 

interaction with another solar system body, in order to move the 

asteroid to its present location.) The asteroids were driven to 

their current locations - resonances with Jupiter's orbit and the L4 

and L5 Lagrangian points - through the gravitational effect of 

Jupiter and the sun. The apparent "discrete "jumpsll in composition 

may be the remnants of the selective retention of objects formed at 

certain heliocentric distances by gravitational forces early in solar 

system history. That is, suppose that a smooth gradation in 

composition formed throughout this outer part of the solar system 

when condensation and accretion occurred. As the massive planet 

Jupiter formed, the gravitational forces establishing the asteroid 

populations in the resonances and Lagrangian points preserved the 

small bodies located in some areas (at some distance); other were 

lost or driven out of this area of the solar system. (The gradation 

of dominant asteroid class with increasing heliocentric distance has 

been demonstrated on a larger scale in the solar system (Zellner, et 

al.,1984; Gradie and Tedesco, 1982).) In addition, the 0.5- to 

0.7-~m leveling of the spectrum occurs in Group IV. 

Three scenarios for the origins of these asteroids were 

proposed in Chapter 1. Based upon the gradation of the spectra 

acquired in this study, two of these scenarios can be eliminated. 

The gradational change in composition suggests that it is unlikely 

that the asteroids formed elsewhere in the solar system and were 
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perturbed ; nto the; r present 1 ocat; ons. The s; zes of asteroids, 

especially the Cybeles, preclude their being extinct comet cores 

(unless some monstrous comets ocurred early in solar system history) 

trapped into their present locations. The asteroids most likely 

formed in situ and represent a gradational change in composition. 

These higher resolution spectra confirm in greater detail this 

origin, proposed by Gradie and Tedesco (1982) from the ECAS 

photometry and geometric data. While this evidence precludes a 

"cometary" origin for these asteroids, or an origin elsewhere in the 

solar system, it does not preclude a compositional link with comets. 

Compositional Environment of the ass Asteroids 
and Proposed Composltlons 

A search for outer solar system compositional analogs to 

these asteroids is, in general, negative. The likely candidates for 

D-class asteroids elsewhere in the solar system would be the faint, 

outer Jovian and Saturnian satellites. Surprisingly, Tholen and 

Zellner (1984) show through thei r ECAS photometry that the outer 

Jovian satellites are more like C-c1ass asteroids than P- or D-class 

asteroids (Fig. 67). Smith et a1. (1981) show poor signal-to-noise 

spect ra of J8 and J9, whi ch suggest redder slopes for these objects 

(Fig. 68). Tholen and Zellner (1983) show [CAS photometry of Iapetus 

and Hyperion that are similar to D-class asteroid spectra, but the 

albedos are higher (Fig. 69). Many other solar system objects have 



11 
~ ~ 

10 ~....L-.-.--'-.-.- "'" 08 
I 

J6 HlilftClhO J II PoilpfiOt 

11 I 
'0 .---' ! ! I ! ,-k, 
08 • / "1 J 7 £IOro 't 195,_ J 

'I 
J-L.-I-!- t-

ID +---!-r 
08 

JIOl,.rl~ J \I COIII'If 

03 O~ 01 0.9 1.1 03 O~ 01 09 II 

A 'I'm) 

Figure 67. ECAS spectra of outer Jovian 
satellites (Tholen and Zellner, 
1984) · 

175 



1.4 1.4 

1.2 I 1.2 

JIU I 
I 

~ 1.0 1.0 

u I ::! 0.8 

IN/p 
1.6 

~ J I ! 0.6 1.4 

u 
~ \.z 

I I. I 
\.2 

\.0 I '.IIIII I I \.0 

rr J!l 
o.e r 0.8 

0.6 0.6 
0.3 0.4 0.5 0.5 0.7 0.8 0.9 \.0 \.\ 

I.IAVEl.ENGTH IMICRONS) 

Figure 68. Smith et al. (1981) spectra 
of outer Jovian satellites 
J8 and J9. 

176 



j 
a: 

1.4 

1.2 

1.0 

O.S 

1.4 

1.2 

1.0 

O.S 

0.3 

o 
i_X-i __ .--AVO-- lopelus 

tr V 1010, 9 I" S2') 
o MOl 21 I" 60 I 
o Mor 24 I, '74 I 
A MOl 31 I., 106) 

II 
0_ 

A e-0 __ .--9/..11""""- Hyperion 
o 0 1010121 

A MOl 31 

0.5 0.9 1.1 

'" u 
c 
c 
u 

'" a: 

1.2 

1.0 

O.S 

0.6 

1.2 

1.0 

O.S 

0.3 

• 

05 

! I 
Phoebe 

o Mo' 21 
V Mo' 23 
o 1.101,4 
A 1010131 

0.7 
l (I'm) 

1 

~ , 

1 : 

Figure 69. ECAS spectra of Saturnian satellites (Tholen and 
Zellner, 1983). 

177 



178 

spectra similar to the P- and D-class spectra, but much brighter 

geometric albedos (usually due to water frost). 

Us i ng ali nea r mi xi ng model, Bell (l984) has produced a 

visible and near-infrared spectrum of the Iapetus dark material which 

shows a high spectral slope (Fig. 16, Chapter 2) and low geometric 

albedo of 0.05. (Thi sis di scussed in Chapter 2.) No exa ct mat ch 

exists between the Iapetus spectrum and any OSS spectrum acquired in 

this study. Rather than assume that spectra of the OSS asteroids and 

Iapetus dark material are close enough to be "similar", it is easier 

to consider the Iapetus dark material as the possible next step in 

the proposed scenario of increasing reddening with increasing 

heliocentric distance. The slightly brighter albedo of the Iapetus 

dark material indicates that the material occurring farther out in 

the solar system could be slightly brighter. 

Although the OSS asteroids are probably not extinct comets, 

they may have a compositional relationship with comet material. One 

current theory suggests that the Dort Cloud of comets is comprised of 

objects which formed between the orbits of Uranus and Neptune 

(Fernandez, 1978). Hartmann, et ale (1982) have shown a relationship 

between VJHK photometry of OSS asteroids and quiescent comets, and 

speculate that the materials on the D-class asteroids and the comet 

component are related, if not identical. The debate about whether a 

quiescent comet constitutes a "rocky comet core" precludes assigni ng 

a firm "yes" or "no" to these findings. It is reasonable to propose 

a positional gradation from the P-class asteroids (Groups I and II), 
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to D-class asteroids (Groups III and IV), possibly to Iapetus, and 

out to the dusty component of comets. 

The poss i bil ; ty of cl ay sil i cates (e. g. montmori 11 onite) in 

some C-class asteroids has been established primarily by Lebofsky 

(1980) through the observation of a water of hydrat ion absorpt ion 

from 2.6 to 4.0~m comprised of many H20 bands, including v3 at 2.7~m 

and 2\12 .at 2.9-3.0~m. This absorbed water is present in the cl ay 

silicates as water on the surface or in layers or pores of the clay. 

Feierberg, Lebofsky, and Tholen (1984) report, however, the absence 

of the water of hydration absorption feature in P-class asteroid 

spectra. Lebofsky (1980) also reported that no water of hydration 

feature was seen in the spectrum of 65 Cybele (classified in 1980 as 

a C-class asteroid). However, the water of hydration absorption is 

seen in spectra of the dark side of Iapetus (Lebofsky, et al., 1982; 

Cruikshank, et al., 1983). The absence of the water of hydration 

absorption does not necessarily indicate the lack of clay silicates 

in an asteroid. Lebofsky (1980) discussed the reasons for which 

water of hydration may not be present on an asteroidal surface: (1) 

Impact heating of the surface material raising the temperature to 

"'300°C woul d cause the loss of most of the water of hydrat i on from 

clay minerals; (2) clay minerals become extremely dehydrated quickly 

in a vacuum envi ronment; (3) laboratory studies of frozen hydrated 

materials show that the interlayer water migrates to the surface of 

the mineral to form water ice, where it could be subject to 
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sUblimation from the surface. The P-class asteroids could be 

affected by any of the above three processes, and are close enough to 

the sun to be subject to sublimation of ice from the asteroid 

surfaces. The low albedos of the OSS asteroids suggest that no ices 

are present in the surface material. The material on the Iapetus 

surface contains certainly a large amount of water ice, and current 

theories (Bell, 1984) provide for the presence of water ice 

throughout the satellite. Although the mechanism of rehydration from 

ice is not understood, the reservoir of water ice necessary to 

rehydrate the surface material which could lose its water of 

hydration is present. Thus, clay silicates can be present throughout 

the C-, P-, and D-class asteroids and the Iapetus dark material, 

while spectral evidence of the clays need not be apparent. One 

component in this progressive compositional change might be, but is 

not necessarily, clay sil icates. 

Another piece of evidence against the presence of clay 

silicates in the OSS asteroids is the absence of the UV turnover at 

wavelengths less than O.55~m in their spectra. This turnover 

indicates the edge of a sharp UV absorption feature in clay 

silicates. In the ECAS photometry, the UV absorption feature is 

characteristic of C-class asteroids, but is absent or nearly absent 

in the P-class asteroids. 

The broadband observations of the dark side of Iapetus in the 

3.0-to 4.0-~m spectral range show no sign of the C-H stretch at 
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3.45~m seen in laboratory spectra of organic polymer materials (Fig. 

70), (Lebofsky, Feierberg, and Tokunaga, 1982; Cruikshank et al., 

1983; Larson and Veeder, 1979). The 10\'/ resolution of these 

observations can prevent the absorption feature from being detected. 

No D-c1ass asteroid spectra exist for this wavelength region. The 

average JHK values of D-class asteroids, reported by Tedesco et al. 

(1983), were reanalyzed and compared to the spectrum of the Iapetus 

dark material, suggesting a similar composition (Bell, et al., 1984). 

The Iapetus dark material has a slightly higher albedo than the mean 

p- and D-class albedos. 

It is impossible to state flatly the composition of the OSS 

asteroids. The spectra do not match the spectrum of the meteorite 

ADOR as proposed by Gaffey, and one cannot check his second 

hypothesis at this time. Transitional spectral properties from the 

C-class asteroids through the asteroid Groups I-IV proposed here 

suggest the addition, subtraction, or change of some component of the 

surface composition. Two possibilities for the asteroid compositions 

are discussed here. 

One scenario is that clay silicates are present throughout 

the OSS asteroids, although the UV cutoff and water of hydration 

absorpt ions are not apparent. Addi tiona lly, an organi c polymer and 

(possibly) an opaque material are present. The opaque material is 

more likely carbon than iron. The amount of the opaque could 

dimi ni sh, and/or the amount of the organic polymer could increase 
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with increasing heliocentric distance causing the reddening of the 

spectra. Gradie and Veverka (1980) produced mixtures of clay 

silicates (montmorillonite), carbon black, and an aromatic 

kerogen-like coal tar residue made by dissolving coal in solutions of 

hexane, toluene, and acetone to remove the simpler hydrocarbons. 

Spectra of these mixtures are close in characteristics to spectra of 

D-class asteroids. Some of the constructs show the turnover in the 

spectrum at 0.5-0.7J.1m seen in the Group IV spectra. Other spectra 

show subtle inflections not seen in the asteroid spectra. A 

Fischer-Tropsch reaction using clay silicate, carbon, or magnetite 

grains as catalysts was proposed to form the organic compounds. 

These reactions require temperatures of a few hundred degrees Kelvin. 

The formation temperatures in this region of the solar system will be 

between 200 and 350 0 K (Lewis, 1974). 

An alternate scenario involves the presence of complex 

hyd roca rbons (organi cs) present throughout thi s pa rt of the ass. A 

change occurring in the hydrocarbons with increasing heliocentric 

distance causes the increased slope (reddening) seen in the spectra. 

Two possibilities for the reddening effect are proposed here: 

(1) With increasing distance from the sun, the hydrocarbons 

become simpler in structure (the amount of H increases in the 

molecules). With simpler organic structures, the reflectance spectra 

of the hydrocarbons become brighter in the near-infrared. This 

possibility is suggested by Sill IS (1973) spectra of two separates 
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from bituminous coal. Sill used methanol to withdraw simpler 

hydrocarbons into a brown, flaky powder; and benzene to separate more 

complex hydrocarbons into a black material of tar-like consistency 

(Fig. 71). The methanol extract has a higher rise in reflectance with 

increasing wavelength than the benzene extract. The rise in 

reflectance of the simpler hydrocarbons begins at a slightly shorter 

wavelength than for the more complex hydrocarbons than for the more 

complex hydrocarbons. The spectra suggest that the long wavelength 

wing of a UV absorption feature centered near O.4~m is becoming 

increasingly visible with decreasing complexity in the hydrocarbons. 

This wing is also suggested in the pure coal tar residue produced by 

Gradie and Veverka. In the Groups I-IV asteroid spectra, the 

suggestion is that that the simpler hydrocarbons formed farther out 

in the solar system near Jupiter's orbit. If the dark Iapetus 

material may be considered a next step in the solar system material, 

and Iapetus is assumed to have formed near Saturn, then the 

hydrocarbons will be slightly simpler, and the wing more pronounced. 

Bell's derived spectrum for the dark Iapetus material (which includes 

clay silicates) is steeper in reflectance than the asteroid spectra 

of Groups I-IV. No additional laboratory studies of reflectance 

properties of organic polymers have been found. Organic polymers 

have been found in material from C1 (2-5 wt%) and C2 (5-15 wt%) 

carbonaceous chondrites. Note that clay silicates and opaque 

materials are not precluded from being present. 
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(2) Complex organic polymers of the same structure exist in 

this area of the outer solar system, but with increasing distance 

from the sun, the temperature decreases. Under cooler temperatures, 

a color change occurs in the hydrocarbons so that the wing of the UV 

absorption feature becomes increasingly apparent with cooler 

temperatures farther out in the solar system. The apparent color 

change occurs in the infrared spectral region. A similar effect is 

seen in sulphur compounds with cooler temperatures, the colors 

becoming increasingly bright (the color transition going from brown 

to yellm'l). No information about the effects of extreme temperatures 

on changes in hydrocarbons has been found. 

Existing data and information prevent a further understanding 

of the composition(s) of these asteroids at this time. The proposals 

above are all potentially possible. The latter two possibilities do 

not require the presence of clay silicates, and may be simpler to 

create in the solar system. 

Future Directions for Research 

The possibilities mentioned above present more questions than 

answers, and a number of different directions of r~search can be 

suggested for the future. Possible next steps for research are 

proposed here. 

(1) Continued observations of the D-class asteroids in the 

main asteroid belt may provide windows to the outer solar system. 

Because of their locations, these asteroids have higher apparent 
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magnitudes than their counterparts in the outer solar system, and are 

more easily accessible with infrared telescopic instrumentation. 

(2) Continued observations in the visible and near-infrared 

spect ra 1 regi ons (CCO spect rophotometry) coul d confi nn (or negate) 

the scheme of discrete spectral changes with increasing heliocentric 

distance. 

(3) The C-H stretch band seen at ~3.45~m in organic polymers 

should be sought telescopically in both P- and O-class asteroids to 

confinn the presence of organic materials on these asteroids. 

(4) Laboratory experiments with hydrocarbon materials could 

shed light on the two proposals for changes in hydrocarbons with 

distance from the sun. Cooling organic material to low temperatures 

(e.g. using liquid nitrogen) and and looking for spectral changes 

while the material becomes warmer (the material should have an 

increased spectral slope while it is cool; the slope should decrease 

as the material heats up) is one suggestion. Studies of visible and 

near-infrared spectral properties of various organic polymers might 

broaden the understanding of these materials. Particle size on the 

asteroids may cause the spectra to redden, and lab studies of the 

sizes of particles formed from thick coal tar residue could be 

significant. 

(5) The orbital mechanics behind the possibility of 

selective retention of asteroids from certain areas in the outer 

solar system should be investigated. 
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(6) Observations in the visible and infrared spectral 

regions of periodic comets near their aphelia could constrain the 

outgassing activity of the comet and provide data about the 

composition of the dark comet component. 

Summary 

The surface compositions of outer solar system asteroids have 

been used as a means of determining information about the origin(s) 

of these asteroids. High resolution reflectance spectra of the 

asteroids were sought based upon the preference for determining the 

existence and position(s) of absorption features in spectra of ass 

asteroids. Spectra of 22 asteroids, primarily P class, were obtained 

during observing runs over three years. Data were acquired using 

existing CCO spectrographs. [A new CCO coronagraph/spectrograph was 

also designed and constructed to use in this study; various 

circumstances prevented the use of the instrument to obtain spectra 

during three observing runs.] These spectra were examined for 

compositional information. Among the ass asteroids, no near-infrared 

mineralogical absorption features were found. The spectra fall into 

four discrete groups of four different slopes. The slopes increase 

with increasing heliocentric distance. All of the OSS asteroids are 

locked into asteroid groups at different heliocentric distances, some 

located in resonances with Jupiter's orbit or Lagrangian points 

(Hildas, Trojans), others concentrated between resonances (Cybeles). 

The discrete changes concentrated in these groups suggest that a 
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smooth gradational change in composition existed throughout the early 

outer solar system. Asteroids which formed at certain locations in 

the OSS were retained in locations by the resonance effects of 

Jupiter's orbit, while others were ejected out of the solar system. 

Only the asteroids retained in the outer solar system are now 

observed. This conclusion suggests that the asteroids did form in 

situ, and rules out a cometary origin for the objects. The observed 

compositional gradation, however, could extend out to the orbits of 

Uranus and Neptune, where the Oort cloud of comets is believed to 

have formed, thus confirming the findings of similar broadband VJHK 

data for the dark component of comets and the D-class asteroids. 

The narrowband spectra most closely resemble the laboratory 

spectra of organic polymer coal tar residues. A Fischer-Tropsch 

formation of these organic polymer materials is consistent with the 

temperature (200-3500 K) and pressure conditions expected in the solar 

nebula during solar system formation. The carbon and hydrogen 

necessa~ to form the organic polymers is present in abundance in the 

solar system. The spectra acquired here support the canonical view 

of the surface compositions of these asteroids: clay silicates, an 

opaque material, and organic polymer materials. The absence of the 

water of hydration absorption indicative of clay silicates in P-class 

asteroids prompted the author to propose two alternate hypotheses: 

(1) The P-and D-class asteroids are composed of hydrocarbons of 

decreasing structural complexity with increasing heliocentric 
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distance. The change in slope is due to the increasing appearance of 

a wing of a UV absorption feature located near O.4~m; (2) the slight 

drop in temperature with increasing heliocentric distance produces a 

change in the infrared refl~ctance of the organic material. These 

possibilities do not require (but do not preclude) the presence of 

clay silicates. 



LIST OF REFERENCES 

Antcliffe, G.A. (1975). Development of CCD Imaging Sensors for Space 
Applications. Texas Instruments Incorporated Report No. 
08-75-41, Dallas. 

Bell, J.F. (1984). A Search for Ultraprimitive Material in the Solar 
System, Ph.D. dlssertatlon, Onlversity of Hawaii. 

Bell, J.F., B.R. Hawke, and M.J. Gaffey (1984). Composition of the 
D-type asteroids derived from infrared spectrophotometry. 
LPSC XV, 46-47. 

Bender, D.F. (1979). Osculating orbital elements of the asteroids. In 
Asteroids (T. Gehrels, Ed.), pp. 1014-1039. University of 
Arlzona Press, Tucson. 

Bevington, P.R. (1969). Data Reduction and Error Analysis for the 
Physical Sciences. McGraw-Ali I, New York. 

Blouke, M.M., J.R. Janesick, J.E. Hall, M.W. Cowens (1981). Texas 
Instruments (TI) 800 x 800 charge-coupled device (CCD) image 
sensor. In Solid State Ima ers for Astronom (J.C. Geary and 
D.W. Latham, Eds. , pp. 6-15. Society of Photo-Optical 
Engineers, Bellingham. 

Bowell, E' l C.R. Chapman, J.C. Gradie, D. Morrison, and B. Zellner 
(1~78). Taxonomy of asteroids. Icarus 35, 313-335. 

Breger, M. (1976). Catalog of spectrophotometric scans of stars, Ap. 
J. Supp. 32, 7-87. -

Brown, R.H. and D. Morrison (1984). Diameters and albedos of 35 
asteroids. Icarus 59, 20-24. 

Buie, M.W. (1984). Lightcurve CCD Spectrophotometry of Pluto, Ph.D. 
dissertation, Onlverslty of Arlzona. 

Burns, J.A. and E.F. Tedesco (1979). Asteroid lightcurves: results 
for rotations and shapes. In Asteroids (T. Gehrels, Ed.), pp. 
494-527. University of Arizona Press, Tucson. 

191 



192 

Chapman, C.R., D.R. Davis, R. Greenberg, and S.J. Weidenschilling 
(1983). Photometric geodesy of asteroids: more lightcurves. 
Bull. Amer. Astron. Soc. ~, 829. 

Chapman, C.R. and M.J. Gaffey (1979). Reflectance spectra for 277 
asteroids. In Asteroids (T. Gehrels, Ed.), pp. 655-687. 
University of Arlzona Press, Tucson. 

Chapman, C.R., D. Morrison, and B. Zellner (1975). Surface properties 
of asteroids: A synthesis of polarimetry, radiometry, and 
spectrophotometry. Icarus 25, 104-130. 

Cook, A.F. (1971)'- 624 Hektor: A binary asteroid. In Physical Studies 
of Minor Planets (T. Gehrels, Ed.), pp. 155-163, NASA SP-267. 

Cruikshank, D.P., J.F. Bell, M.J. Gaffey, R.H. Brown, R. Howell, C. 
Beerman, and M. Rognstad (1983). The dark side of Iapetus. 
Ica rus 53, 90-104. 

Cruikshank, D.P. and W.K. Hartmann (1984). The meteorite-asteroid 
connection: Two olivine-rich asteroids. Submitted. 

Degewij, J., E.F. Tedesco, and B. Zellner (1979). Albedo and color 
contrasts on asteroid surfaces. Icarus 40, 364-374. 

Degewij, J. and C.J. Van Houten (1979). Distant asteroids and outer 
Jovian satellites. In Asteroids (To Gehrels, Ed.), pp. 
417-435. University of Arlzona Press, Tucson. 

Dunlap, J.K. and T. Gehrels (1969). Minor planets. III. Lightcurves 
of a Trojan asteroid. Astron. J. 74, 797-803. 

Evans, J.W. (1953). The coronograph. In The Sun (G.P. Kuiper, Ed.), 
pp. 635-644. University of Chicago Press, Chicago. 

Feierberg, M.A., L.A. Lebofsky, and D.J. Tholen (1984). The nature 
of C-type asteroids from 3 micron spectrophotometry. Bull. 
Amer. Astron. Soc. l£, 692-693. 

Fernandez, J.A. (1978). Mass removed by the outer planets in the 
early solar system. Icarus 34, 173-181. 

Fink, U., B.A. Smith, D.C. Benner, J.R. Johnson, and J.A. Westphal 
(198~. Detection of a CH4 atmosphere on Pluto. Icarus 44, 
62-71. 

Gaffey, M.J. (1976). Spectral reflectance characteristics of the 
memteorite classes. J. Geophys. Res. 81, 905-920. 



193 

Gaffey, M.J. (1980). Mineralogically diagnostic features in the 
visible and near-infrared reflectance spectra of carbonaceous 
chondrite assemblages, LPSC XI, 312-313. 

Gaffey, M.J. (1976). Spectral reflectance characteristics of the 
meteorite classes. J. Geophys. Res. ~, 905-920. 

Gaffey, M.J. and 1.B. McCord (1978). Asteroid surface materials: 
Mineralogical characterization from reflectance spectra. 
Space Sci. Rev. ~, 555-628. 

Gaffey, M.J. and T.B. McCord (1979). Mineralogical and petrological 
characterizations of asteroid surface materials. In 
Asteroids (T. Gehrels, Ed.), pp. 688-723. University of 
Arlzona Press, Tucson. 

Goad, J.W. (1982). KPNO Facilities Book. Kitt Peak National 
Observatory, Tucson. 

Gradie, J. and E.F. Tedesco (198~. The compositional structure of 
the asteroid belt. Science 216, 1405-1407. 

Gradi e, J. and J. Veverka (1980). The compos it i on of the Trojan 
asteroids. Nature 283, 840-842. 

Gunn, J.L and J.A. Westphal (1981). Care, feeding, and use of 
charge-coupled device (CCD) imagers at Palomar Observatory. 
In Solid State Ima ers for Astronom (J.e. Geary and D.W. 
Lat am, Eds. , pp. 16-2 • Society of Photo-Optical Engineers, 
Bell i ngham. 

Hardorp J. (1980). The sun among the stars. III. Energy 
Jistributions of 16 northern G-type stars and the solar flux 
calibration. Astron. Astrophys. 120, 529-559. 

Hartigan, P. (1982). Some Notes on ceo Reduction Technigues Using 
Fink1s Spectrograph. Submitted. 

Hartmann, W.K. and D. Cruikshank (1978). The nature of Trojan 
asteroid 624 Hektor. Icarus 36, 353-366. 

Hartmann, W.K., D.P. Cruikshank, and J. Degewij (1982). Remote comets 
and related bodies: VJHK colorimetry and surface materials. 
Icarus 52, 377-408. 

Herbert, F. and C.P. Sonnett {1979}. Electr~nagnetic heating of minor 
planets in the early solar system. Icarus iQ, 484-496. 



194 

Hesser, J.E., A.R. Walker, and J. Munoz (1980). The cno Facilities 
Manual. Cerro Talola Inter-American Observatory, La Serena. 

Johnson, T. V. and F.P. Fanale (1973). Optical properties of 
carbonaceous chondrites and their relationship to asteroids. 
J. Geophys. Res. 78, 8507-8518. 

Larson, S.M. and H.J. Reitsema (1979). A planetary coronagraph. Bull. 
Amer. Astron. Soc. ~, 558. 

Lebofsky, L.A. (1980). I nfra red refl ectance spect ra of asteroids: A 
search for water of hydration. Astron. J. 85, 573-585. 

Lebofsky, L.A., M.A. Feierberg, and A.T. Tokunaga (1982). Infrared 
observations of the dark side of Iapetus. Icarus 49, 382-386. 

Lebofsky, L.A., M.A. Feierberg, A.T. Tokunaga, H.P. Larson, and J.R. 
Johnson (1981). The 1.7 to 4.2 llm spectrum of asteroid 1 
Ceres: Evidence for structural water in clay minerals. 
Icarus 48, 453-459. 

Lebofsky, L.A., D.J. Tholen, G.H. Rieke, and M.J. Lebofsky (1984). 
2060 Chiron: Visual and thermal infrared observations. 
Icarus, in press. 

Lewis, J.S. (1974). The temperature gradient in the solar nebula. 
Science 186, 440-443. 

McCord, LB. (1968). A double beam astronomical photometer. Appl. 
Optics ~, 475-478. 

M c Cor d, T. B., R • N. C 1 ark, and R. L. Hue g e n i n (1 9 7 8). ~1 a r s : 
Near-infrared spectral reflectance and compositional 
implications. J. Geophys. Res. 83, 5433-5441. 

Morrison, D. and B. Zellner (1979). Polarimetry and radiometry of the 
asteroids. In Asteroids (T. Gehrels, Ed.), pp. 1090-1097. 
University of Arlzona Press, Tucson. 

Prinz, M., K. Keil, P.F. Hlara, J.L. Berkley, C.G. Gomos, and W.S. 
Curvello (1977). Studies of Brazilian meteorites. III. Origin 
and hi story of the Angra dos Rei s achondrite, Earth Planet. 
Sci. Lett. 35, 317-330. 

Smith, D.W., P.E. Johnson, and R.W. Shorthill (1981). 
Spectrophotometry of J8, J9, and four Trojan asteroids from 
0.32 to 1.05 ~m. Icarus 46, 108-113. 



195 

Tedesco, E.F. (1979). Lightcurve parameters of asteroids. In 
Asteroids (T. Gehrels, Ed.), pp. 1098-1107. University of 
Arlzona Press, Tucson. 

Tedesco, E.F. and J.G. Gradie (1982). Compositions of outer belt 
asteroids: Implications for comets. Submitted. 

Tedesco, E.F., J.G. Gradie, and D.J. Tholen (1984). Taxonomy of 
outer-belt asteroids and the distribution of taxonomic 
classes. In preparation. 

Tedesco, E.F., D.J. Tholen, and B. Zellner (1982). The eight-color 
asteroid survey: standard stars. Astron. J. 87, 1585-1592. 

Tedesco, E.F., G.J. Veeder, D.L. Matson, and L.A. Lebofsky (1983). 
Infared (JHK) colors for D class asteroids. Bull. Amer. 
Astron. Soc. ~, 825. 

Tholen, D.J., and B. Zellner (1983). Eight-color photometry of 
Hyperion, Iapetus, and Phoebe. Icarus 53, 341-347. 

Tholen, D.J., and B. Zell ner (1984). Multicolor photometry of outer 
Jovian satellites. Icarus 58, 246-253. 

Tholen, D.J. (l984). Asteroid Taxonomy from Cluster Analysis of 
Photometry. Ph.D. dissertation, University of Arizona. 

Vilas, F. and T.B. McCord (1976). Mercury: Spectral reflectance 
measurements (0.33 - 1 •• 06 llm) 1974/75. Icarus 28, 593-599. 

Vilas, F., D.J. Tholen, L.A. Lebofsky, H. Campins, G.J. Veeder, R. 
Binzel, and A.T. Tokunaga (1984). Physical parameters of 
near-Earth asteroid 1982 DV. Submitted. 

Weidenschi1ling, S.J. (1980). Hektor: Nature and origin of a binary 
asteroid. Icarus 44, 807-809. 

Zellner, B., D.J. Tholen, and E.F. Tedesco (1984). The eight-color 
asteroid survey: results for 589 asteroids. Submitted. 


