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ROCKET INFRARED SPECTROSCOPY OF THE ZODIACAL DUST CLOUD

Daniel A. Briotta, Jr., J.L. Pipher and J.R. Houck
Cornell University, 1976

The 8-14u infrared spectrum of the zodiacal dust cloud
has been measured with a resolution of ANA ~ 0.03. The
observations were made with a liquid helium cooled array
spectrometer and telescope from an altitude of ~ 300km.

The design, testing, and calibration of the rocket payload
are described.

Technical problems occurred during the flight that
destroyed ~ 90% or the data. However, one good scan across
the ecliptic plane at a solar elongation of ~ 103o was
obtained. The intensity near the ecliptic is
w66 % 10 watts/cmosru. The spectrum shows a pro-
nounced silicate emission feature similar to that seen in
carbonaceous chondrites and in the Orion Nebula, along with
a dilute underlying blackbody.

The shape of the silicate feature indicates a typical
grain size of the order of 5u, although larger blackbody
grains and possibly smaller, hotter silicate grains may
also contribute to the emission., The dilutions are con-

sistent with the particle and mass densities observed by
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consistent with the particle and mass densities observed
by spacecraft, The temperatures are reasonable for the
blackbody grains (T ~ BOOOK), but require a strong green-
house effect for the smaller particles producing the
silicate feature (T ~ 375°K). The presence of the 10u
silicate band suggests that observations of the 18u band
are possible, and may help identify the mineralogical

nature of the grain material.
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CHAPTER I

Introduction

The infrared spectra of silicate material is char-
acterized by strong features at wavelengths of 10 and 18

microns. The first is due to transitions between Si-0

stretching modes, and the latter to Si-0-Si bending modes.
The feature at 10 microns is somewhat stronger and has
been seen in many astrophysical sources. This thesis re-
ports the results of a search for a similar emission fea-
ture in the Zodiacal dust cloud.

The arguments for the presence of silicate material
in the zodiacal dust are strong. The existence of the
Gegenschein, a back-scattering effect, requires the scat-
tering particles to be mainly dielectrics (Leinert, 1975).
Considerations of the grains' origins also suggest sili-
cates,

There are two common theories for the dust's origin.

One is that the grains are injected from the asteroid belt

s e
it MALAER % £y e ¥

o where they are created by collisions and fragmentation.

The other view is thalt comel tails supply the dust. The

first theory is gaining favor as a result ol recent space-

craft measuremerits by the Pioneers and Mariners (see below). 4
However the long lifetime of a typical dust particle in the
cloud (~ lOu yr for a 1lu grain, Leinert, 1975) compared to

the injection rate from the dust tails of comets implies
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that comets could supply a significant portion of the
particles,

Regardless of the source, it seems likely that sili-
cates make up a large fraction of the grain material,
They are seen in both comets and meteorites. Ney (1974)
found excess emission at 10 microns in the coma and tail of
comet Kohoutek, but no excess in the anti-tail, which he
attributed to the presence of larger silicate grains on
the basis of dynamical effects and silicate opacities (see
below). He also found excesses at 10 microns in comets
Bennet and Bradfield. Merrill (1974) measured the 8-13
micron spectrum of Kohoutek and found the emission feature
to resemble closely that seen in the circumstellar dust in
the Orion Nebula and attributed to silicate material, 1In
turn, Zaikowski and Knacke (1975) have found that the spec-
tra of carbonaceous chondrites are similarAto the absorption
feature in Orion, and that the similarities are greater
for the Type I meteorite Orgueil, where most of the sili-
cate is in hydrous form, than for the Type II's, which
contain fragments of olivine and pyroxene. This is sig-
nificant because the Type I meteorites are believed to con-
tain unprocessed primitive material from the carly solar
nebula. Comets and asteroids may be repositories of such
primitive material, As sources for the zodiacal dust,
this would imply a similar composition for the grains.

Whether the 10 micron silicate feature is observable




or ‘not, however, depends on ‘the siz¢ distribution of the
grains and, to some extent, on.the spaﬁiai distribution.
Most models of the cloud have assumed a power law diétri-
bution in-the form n(a,r) «‘a"kr'p, where a is the grain
3 radihs, and r the.distance from the sun., If k is small,
i.e. < 2, then emission from large optically thick grﬁins
will dominate, and the silicale feature will be unochr?able
without extremely accuratce measurements, |
To estimate the effeclt of grain size on the visibilily
of the silicale fcature, X have assumed a typical ppacity
for small silicate grains to Le kK ~ 107 cmg/gm and a typi-
.cal density of p ~ 3 gm/cmj, following Ney (1974). TFor
sméll~spherical particles, the optical depth may be written
g U % 2 Ky D At a wavelength of 10 microns, the grain
would become oplically thick for a ~ 2.951. [for wavelengths
between 8 and 13 microns, the relative opacily can be esti-
m?ted from the data of Gillett el al. (1975) on the sili-
cpte‘emiasion'feature scen in the Trapezium region of the
-Orioh.Nebula. his type of (rain will be oplically thin at

13 micrens for radii less than'a ~ 7.5, and al & microns

for a & 9.8, Yor Lypical pholometric accuracies ol 5 Lo

10§, deviations from blackbody emission bebween 8 and 13

1 microns should Lo debectable from a prain whose optical

depth at 13 micrens is less Lhan v € 2-3.  Hince the opacity
at. 1% microns is aboul 1/% that at 10 microns for Trapezium-
like grains, deviaticns from blackbody emission should be

detectable for a € 15-201L in these grains, provided that




grains larger than this are not sufficiently abundant to
wash out the feature,

Information about the size and spatial distributions
of the grains comes primarily from optical studies of the

zodiacal light, and, more recently, from balloon, rocket,

 and spacecraft observations., These will now be discussed

with a view towards what they can tell us about the distri-
butions.

Ground-based observations of the zodiacal light (e.g.
Weinberg, 1964; and Wolstencroft and Rose, 1967) are ham-
pered by the fact that they must usually be made when the
sky is fairly bright. Corrections for atmospheric emission

are fairly large, and early measurements tended to give

significantly different results. Recent calculations of

the Mie-scattering component in the earth's atmosphere
(Staude, 1975) are beginning to make the measurements more
consistent, Measurements are also becoming available from
balloon altitudes, which avoid much of the atmospheric
correctiohs of ground-based studies, and from rockets and
satellites which avoid the atmosphere entirely.

These measurements have shown the intensity of scat-
tered sunlight to vary approximately as I(c) < ¢ 2°2,
where ¢ is the elongation from the sun., However for elonga-
tions greater than 160-170° there is an increase in inten-
sity, due to backscattering, called the Gegenschein, Ex-

cept for the Gegenschein, which is always found at the anti-

solar point, the emission is symmetric about the invariant
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plane of the solar system to within about 2° (Dumont and

Sanchez, 1975; Robley, 1975). Perpendicular to the plane,
it has a width of about 15-20° at half maximum, implying

a cloud thickness the order of 0.4 AU, The scattering %
is polarized, with the electric vector parpendicular to |
the plane. The polarization peaks at about 20% between
50° and 80° elongation, and possibly becomes negative in

the vicinity of the Gegenschein (Frey et al., 1974) due to

geometric effects. The spectrum, at visual wavelengths, is
a dilute solar spectrum. The close resemblance to the solar
spectrum, with the lack of any blue enhancement at shorter
wavelengths, seems to rule out steep size distributions, ;
e.g. n(a) « a-u, for particles in the range 1lp < a < 10 %
which is most important for scattering (Frey et al., 1974), |
as well as contradicting models containing mostly submicron
sized particles, Satellite observations over a period of

4 years have shown that any variations in intensity are less
than 10%, and that no definite deviations from north-south

symmetry exist (Burnett et al., 1974; Sparrow and Ney, 1972).

Spacecraft, such as the Pioneers, are also making

observations in the solar system away from'the earth,

R

Soberman et al. (1974) found thc zodiacal light intcnsity

decreased as r 2 out to 2.25 AU, and then dropped sharply.

e G A TR

Hanner et al. (1974) also found essentially no contribution
to the zodiacal light beyond the asteroid belt.

The power-law spatial distribution used by most models,
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n(r) « r'P, varies widely in the value of p, from 4 (Kaiser,
1968) to 0.1 (Giese, 1973). The lower values are now more'
favored. Direct measurements by the Mariner and Pioneer
spacecraft give a value of p = O near the earth (0.72 -

15 gm (Alexander et al.,

1.56 AU) for masses greater than 10~
1965; Rhee et al., 1974). Pioneer 10, with a mass limit

of 2 x 1072 gm, measured p = O from 1 to 5 AU (Humes et al.,
1974), and ‘a space dcnsity of about 10'15/cm3. However,
Hanner el al. (1974) found a drop in particle density at

the 2:1 Jupiter resonance at 3.3 AU. For larger grains, the
distribution may be a function of the particle size. Pioneer

10 data for grain radii in the range from 1l7u to 5 x 10uu

gives p = 3.2 fof the largest and p = 1.7 for the smallest
(Soberman et al., 1974). The grain concentration near the
earth appears to be fairly constant, with the larger grains
(a > 301n) being much less abundant. In view of Soberman's
measurement that the zodiacal light ceases beyond 2.25‘AU,_
%ost of the light we see probably comes from grains within
ébqu 1 AU of the earth.

| Giese el al. (1973) have calculated models for various
size distributions with a spatial distribution proportional
to r-o'b, which is nol Loo far rom the npnvvurnrh'mcnsnrc-
ments, 1lis calculations show that for n(a) « a”%*2 diclec-
tric particles have praclically colorless scallering, as

all

the observations rcquire, whercas models with n(a) = a

slow pgrealer overall variations [rom solar color, as wecll as
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greater variations in'elongation. Spacecraft measurements
of the size distribution given in Leinert (1975) and repro-

duced here in Fig. I-1 also support a shallow size distribu-

tion for small grains, giving n(a) « a'2'8

a"2'2

for a < 1lu,

for a > 30u.

Models for the dust cloud have frequently assumed a

for Ip < a < 301, and n « A-M,Q

n «
lower 1imit to the graih size of 0,5u, where the radiation
pressure is equal to gravity for slightly aﬁsorbing dielec-
trics., Howevgr, small particles arc continuously gencerated
from large ones by sublimation in the outer solar corona,
and driven out by radiation pressure. Grain sizes less
than 0.5u have been observed (Berg and Grun, 1973) and seem
to be coming from the dircction of the sun al velocities

? 50 km/sec, Grains this small contribute little to the
optical scattering, but may be important for the therﬁai

emission. Their infrared efficiency will be low because of

their small size,'but this requires them to be hotter to

remain in equilibrium with the solar radiation., Their size

distribution, although only slightly steeper than the inter-

mediate sized particles, may be steep enough to aliow them
to contribute somewhat to the emiscion,

Large particles probably contribﬁtc little to the
infrared emission, beccausc of their rarity. "The interme-
diate size range should contrilute strongly to the emission

at wavelengths from 8 tc 14 microns. We cannot however

rule out significant emission from the smallest grains,

S
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Since the silicate emission feature chould Be detect-
.able fbr particles less than about 1% in size, it should
be detectable in the zodiacal dust cloud, Blackbody emis-
sion from grains with 15ﬂ.< a < 3QL'will wash it out a bit,

Suﬁ there exists the possibility that small hot grains may

enhance it. Because of the low surface brightness of the
11

emission (6 x 10~ wattﬁ/cme-sr-u from 12-14% microns,
Soifer et al., 1971l) and its diffuse nature (15-20° wide), = . |
the observalions must be carried out above the carth's
,atmOSphére where a cooled telescope and absolute chopping
techniques can.be used,

Chapter II describes the design and calibration of the
spectrometer and associabed clecetronics constructed rér
these observations, as well as a description of the flight
configuration, Chapter III describes the flight scan path‘
for the observations and presents the raw data, ChapterIIV
contains the analysis of the data aﬁd discussion of the re-

. sults., A description of the proceduré used to'design the
téleéc0pe's diffraction bafflgs and to correct the data for

" diffracted earthlight is prescnted in the Appendix.




CHAPTER II

The Instrument

i
|
|
i
!
|
|
|
!

A. Design of the Spectrometer

The optical configuration of the spectrometer is a
2" F.L. f£/3 Czerny-Turner mounting, and is. detailed in Fig.
II-1. The mirrors are mounted so that their axes are
parallel, The grating is midway between them. The only
unusual feature is that the grating is mounted with its
rulings horizontal, perpendicular to the usual directioh.
§ This puts the dispersion in the vertical plane, perpendicu-
lar to the plane of the mirrors' axes, and results in a more

compact instrument. The symmetry of this arrangement can-

cels the horizontal coma of the system. (Lindblom, 1972).

§ The grating itself is a 1" Bausch and Lomb aluminum grating
custom ruled to 39.37 lines/mm and blazed for 1l2u. It is
located so that the secondary of the telescope is imaged on
it. A mask on the grating serves as the,aperture stop.

The optical elements were located yith the aid of a

ray tracing program. The program output, Fig. II-2, shows
"the image of the entrance slit at the exit plane for three
wavelengths: 8, 12.% and 16 microns, Ray bundles were
traced from the four corners and center of the slit., Each
bundle consisted of a paraxial ray and four rays spaced at
90° intervals around anbf/j cone centered on the paraxial

ray. The darkened figure at each point represents the

10
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FIGURE II-1l. Optical layout of the spectrometer,
showing the ray paths.




*SUOT3EJIISQe TEOTJI33W0aB

JO s3093J9 3ay3 Moys saFeuwrl 3TIS aya JO SIBUIOD

2U3 UT SeaJ® papeysS JIBWS QYL °*3YJTT uoIoTW

91 Pu® ‘G 2T ‘Q UT 3TTS 8oUBJIjUS WW 4 X T

ay3 Jo saBewt aueTd TeCO0J 2J® S8X0Qq TTRUWS

9yl °92Ts fexJe TBUTWOU 3yj ST ¥OQq Ww QT X 4
ayUl “°J933uwox3dads ayy JO0J saInsag s0vI] Aed 2-IT F¥NDIA

IS ®dupu3g By} wody tybim
Y}!M PS1DIDOSSY SuOl4DisqQy |DI1Ji3Wo39

Ww4 X| }1S 32upaju3] jo sbow]

\ Y
/
{

\,

N\

12

wwol xp AbLuy 1042349(Q




R——

15

.Approximate outline of this cone. The large rectangle rep-
resents the neminal 16 mm x # mm size of Lhe detector array.
The chief ray from the center of the =1lit hits the colli-
mator at an of(-axis angle of Ljo. This angle was the
minimum needed to provide proper baffling of the system.

1t is‘large cnouish Lo cause considerable astigmalism at the
exit focal plance. Because of this, the delectors were
placed so Lhe vertical asbipgmakic lfocus lies olong Lhe
length of the s1ib, providing the sharpesl spectral resolu-
tion., The horizontal focus lies aboubt 7/3%2" in front of the
detectors, and causes the ends of the slit image to be
blurred and protrude beyond the edge of the array. 1his
slight loss of lirht was nolb considered serious because of
the diffuse nabure of the expected source, the ecliptic
plane.

The general principles of design, layout, and baffling

were taken from .James and Sternberpg (196Q) and Stewart

]1970). The delails of ray tracing are from llopkins and

llanau (1962).

B. Conslructlion

Both mirrors are 2" I°, L., spheroids,  ‘The collimator is
1" in diometer,  Uhe Cocusing mirror is reclangular, 1" x
1=3/0", Lo accommodale the taller dispervscd beam,  They were
apecifiecd Lo have Lhe same cenber Lhickness, and to have
tﬁeir.backs perpéndicular to the optical axes Lo make the

mounting simpler. ‘hey are held in place by aluminum brack-
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ets. A thin sheet of Teflon between the brackets and the

mirrors prevents chipping when they contract at low tempera-

tures. The mirrors are thermally clamped to the holder by

a thin layer of Apiezon "N"-grease,

The aperture stop was made by imaging the secondary
through the collimating mirror onto a thin sheet of cépper
placed over the grating. The copper sheet was then trimmed
to the image of the secondary. This allows only light from
the secondary to pass the grating and reach the exit mirror.
Light baffles were placed, using the ray trace output of
Fig. II-2, to permit the detectors to see only the exit mir-
ror, Further baffles, of aluminum sheet, were placed over
the entire mirror assembly and below the collimator to.pre-
vent stray light reflecting off the dewar walls from entering
the system.

The detector assembly was designed around the modified
DIP package encasing the detector array. Fig, II-3 is a
cross-section of the detector block., To minimize stray
capacitance, the load resistors fit into the mount less
than 1/4" from the detector leads. Also on the mount, close
to the detectors, are MOSFET arrays used as source followers
to reduce the output impedance., The filter assembly is
mounted just in front of the detectors to minimize the back-
ground illumination, This assembly consists of an inter-
ference filter to block higher orders from the beam, and a

BaF, filter to block the longer wavelengths which may reflect

-
off the baseplate. Since the detectors are electrically
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commoned to their case, the entire block assembly ig insu-
lated from the spectrometer base plate by supporting it on
a thin quartz crystal.

All exposed metal surfaces were first painted with
zinc chromate primer, then with a coat of 3M's "Nextel"
Black Velvet. Both coats were baked on, All mating sur-
faces are thermally coupled with either Apiezon "N"-grease
or Walther's "Goo". The entire spectrometer fits inside

a 4-7/8" circle and is less than 2 -1/2" high.

C. Detectors

The detector array was provided by Jim Baukus of MIT's
Lincoln Labs. It is a single chip of doped silicon photo-
conductor. Light enters through a transparent common con-
tact on one side. Individual contacts on the other side
define the detectors, each about 4 mm x 3/4 mm. The wafer
is about 0.1 mm thick, much smaller than the contact size,
to minimize crosstalk between the detectors,

Two arrays were used in the testing. The first was
a boron doped array. It was found to have a very low inter-
contact resistance, probably due to surface contamination,
which caused considerable crosstalk., 1t was used l'or the
wavelength calibration in a small laboratory test dewar,

The crosstalk was minimized during this test by using load
resistors much smaller than the intercontact resistance. An
attempt was made to remove the crosstalk by etching the

chip in a buffered HF solution, but it failed. . As a result,

NP
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FIGURE II-3.

Cross-section of the detector block,
showing placement of the electrical compo-
nents., The filter assembly (not shown)
fits over the detector array. Light is
incident from the right,
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a new array of arsenic-doped silicon was obtained., This
array was used for the sensitivity calibration in the flight

dewar, and for the flight itself,

D. Wavelength Calibration

Wavelength calibration was done with the spectrometer
mounted in a small laboratory test dewar. An auxiliary slit
and diagonal were mounted to put the beam in the proper. .
direction. The test was done using the first boron-doped
detector array. The FET's were not used, and the load
resistors were located outside the dewar.

A Perkin-Elmer Dual-Beam IR Spectrophotometer, con-
verted tb f/3 operation, was used as a monochromator, While
it automatically scanned in wavenumber, the output of one
detector was amplified, synchronously'demodulated, and re-
corded on a strip chart. This was repeated for all detec-
tors., Finally a reference spectrum was taken with the mono-
chromator output falling on a thermocouple thru a piece of
polyethelene from which the dewar window had been cut.

This established the power spectrum at the entrance slit.
The wavelength response was calculated by dividing the indi-
vidual detector runs by this rceference speclrum, The re-
sults arc shown in Iig, I1-1,

The refercnce spectrum showed the polyethelene window
to be opaque in the wavelength region corresponding to
detectors 15 and 16, Since the window is not used in the

flight optics, the center wavelengths for these detectors
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TABLE II-1
Wavelength Calibration of the detectors.

Observed vs. Calculated Values,

| e (1) AN (1)
g Detector HMeasured Calculated Measured Calculated
1 8.59 B.57 0. 59 0.377
g 2 8.95 8.95 0.36 0.378
g' 9.28 9,33 DS | 0.378
; l o r 9.70 0.40 0.379
'- : 5 10.08 10.08 0.3k 0.379
f; g 6 10.146 10. 46 0.4k 0.379
1 § T 10.82 10.84 0.56 0.378
? 8 11.19 £l .22 0.27 0.377
% 9 11.65 11.59 - g.31 0.376
g 10 12.01 : 11.97 0. 57 0. 375
% 11 200 12.34 0.35 0.373
§ B 2.7 122 0.37 G. 371
§ 13 12.99 13,09 0.57 0.369
g 1 15,48 15,45 0.29 0.367
§ 15 0 —-e-- 15.82 ——-- 0. 506N
E 16 RUNTS IR/ Y (0, 5L) 0. 501

!
|
|
i
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had to be taken from the ray trace, Since the physical
size of the detectors was not accurately known, it was used
as a parameter in the raytrace. The best agreement was
found for a detector width of 0.814 mm. Inspection of the
array showed the width to be the order of 3/4 mm, but no
attempt was made to get too close to the array for fear of
damaging the delicate wiring of the contacts. Table II-1
lists the observed center wavelengths of the individual
detectors against the calculated ones. The agreement is
excellent, and gives a degree of confidence to the calcu-
lated center wavelengths for detectors 15 and 16, The large
disagreement on détector 16 is due to two effects: the
opacity of the window at the calculated center wavelength,
and the large crosstalk exhibited by this array. Essential-
ly, #16 is responding to light falling on the end of the
chip beyond the last contact, i.e. on ”detectorﬁ 17. The
agreement on the rest also shows that they are well deter-
mined in spite of the crosstalk,

In contrast, I have little faith in the measured band-
widths as théy are much more sensitive to the crosstalk than
the peak response. A simple model of the crosstalk is to
assume that it is duc to a resistor between Lhe contacts,
For the case of two detectors, only one of which is illu-
minated, this model predicts a spurious response at the dark
detector proportional to the load resistance divided by the

intercontact resistance. The smallest load resistor consis-
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tent with good signal-to-noise (15K) was used for calibra-
tion. If the intercontact resistance, i.e. the contamina-
tion, varies along the chip from one detector to the next,
this will have a direct effect on the measured bandwidth.
Table II-1 also lists the observed bandwidths, taken as
full width at half maximum, against the calculated ones.
The measured values often differ significantly. I take
the calculated ones to be correct for the flight detectors,

since they showed little crosstalk,

E. Electronics

The post-detector electronics consists of four sec-
tions: MOSFET impedance converters in the dewar, preampli-
fiers, synchronous demodulators (SD's), and breakpoint
amplifiers. In addition, there is a provision for periodi-
cally shorting the inputs to the SD's to measure any DC
drift. Following the electronics is a commutator that sam-
ples each output 10 times a second for telemetry on a single
channel to the ground station. |

Impedance Converters

The MOSFET's used in the dewar are Siliconix Gl18AL's,
These are available in {latl pack arrays of O IET's cach,
All the gate leads are on one side, and their spacing is
the order of the detector lead spacing, which enables a com-
pact mounting arrangement. Four such chips are used, pro-
viding 8 spare FET's, The gate capacitance of these FET's
to the source and drain totals about 6 pf. This limits

. e R T T e oo

DA T IO A s
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FIGURE II-5. Schematic of the dewar circuits.
The detector load resistors, source
load resistors, and drain leads
Tor the odd and cven detectors were
brought out of the dewar scparately
Lo minimize crosstalk.
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