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Absgtract

A hypothetical selfconsistent picture of evolution of prestellar interstellar
dust through a comet phase leades to predictions about the composition of the
circum~solar dust cloud. Scattering properties of thus resulting conglomerates
with a "bird's-nest” type of structure are investigated using a micro-wave
analogue technique, Approximate thecretical methods of general interest are
developed which compare favorably with the experimuntal results. The principal
features of scattering of visible radiation by zodiacal light particles are
reasonably reproduced. A component which is suggestive of B-meteoroids is also

predicted.

Key words: Light scattering by ensembles of small particles — cometary
debris ~— interplanetary dust — zodiacal light.
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Introductiog

The interplanctary particles producing the zodiacal light by scattering of
sunlight wera for meny yeaxs considered to be in a range of sizes not very
widoly different from the wavelength of visible radiation. Furthernore, most
of the calculationa of the brightness and polarization were done for cpherical
particles using Mis theory (for references see Wainberg, 1967, and the review
article by Weinberg and Sparrow, 1.78). A simple preliminary thecretical
approach showed that significant modifications in tha prediction were possible,
if one used similar-sized parti&ﬁea but non-spherical rather than spherical
oneg (Greenberg, 1970).

Recent observations of the optical properties (Weinberg and Sparrow, 1978)
and the size and composition of the interplanetary particles as determined from
collection and impuct studies (Fechtig, 1976, and Bruwnlee, 1978) have led to
new concepts of the interplanetary particles. Large irregular particles in the
10 um to 100 ym size range are now believed to provide most of the zodiacal
light (Giese et al., 1978), To date, only two models have reasonably well
reproduced the zndiacal-light brightness and degree of polarization as deduced
by Dumont (1976) ‘frcm observations. It is inceresting that the two models were
arrived at using quite different aéproaches. Fluffy interplanetary dust grains
were studied by Giese et al. (1978) with conmection to the type of particles
collected in the Earth's upper atmosphere {Brownlee, 1978). Our approach is to
apply an evolutionary model leading to the concept that we call a "bird's-nest”
structure (Greenberg and Guetafabn, 1980).
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Chapter 1

THE I'URPOSE OF THE INVESTIGATION

.The hypothesis to be tested in this study is a unifying evolutionary model

relating interstellar dust to comets and fimally to the zodiacal-light particles.
We will start with a set of assumptions that vatisfy the existipg observations
but that may not be unique, Tt will be shown in chapter 5 that the resulting
predictions are consistent with obsurvations that in the absence of this model
were unrelated. We adopt the bi~modul model for interstellar dust of Greenberg
and Hong (1973), The comets are assumed to have aggregated directly from the
dust during the formation of the Solar System, Finally, the zodiacal-light
particles are modeled as cometary debris.

Although there 18 an identifiable mechanism for internal heating by
primordial radioactive species,‘which ¢ould make a significant change in the
internal structure of a comet nucleuaz (Irvine et al,, 1980), our modeling is an
attempt to work as closely as possible with constxucts based on the hypothesis
that we are geeing pieceé'from the surfaces of essentially primordial comets.
One justification for doing this is that there is as yet no way of knowing'to
what extent comets of various sizes may have undergone internal or exterpal
structural or chemical modifications by heating., There are uncertainties both in
the amount of primordial radioactive speciecs accreted in the primordial comets
as well as in the details of the heating process (d'Hewdecourt and Greeuberg,
unpublished calculations). Another justification is that the albedo of comets
(Delsemme and Rud, 1973) and the abundance of volatiles seem more coneistent with
at least the outer parts of a significant number of comets remaining primordial
than being subject to high hénting. Assuming that comets have undergone little
change in their properties since birth ~ and this seems to be an inherent
assumption in the "icy" models of Whipple (1978) and Delsemme and Rud (1973) -
then the cometary debris could essentially be derivates of clumps of large ’
numﬂera of interstellar grains,

The majoxr constituents in the bi-modal distribution of intexrscellar grains
as given by Greemberg and Hong (1973), are in the elongated core-mantle
particles with silicate (or metallic oxide) cores of typically 0.05 um radius
surrounded by mantles of mean thickness about 0.1 um composed of complex
molecular mixtures of predominatly oxygen, carbon, and nitrogen with hydrogen
(Greenberg, 1978). The mantles may achieve a mean thickness as large as about
0.15 ym (total grain diameter ~ 0.4 ym) at the time when coagulation of the
dunt leads to the formation of the comet (Greenverg, 1979). Thus, the relative
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volume of mantie-to-core material is of the order of (4:1)® or about 6034, The

index of vefraction of the silicate core is approximately m = 1,6 and the index
of vefraction of the mantle is about m = 1,3 as characteristic of comples lcaed;
The absorpticn of the cor« and mantle materisl in the visible is quite low,

‘The ather constituents in the bi=-modnl digeribution ave in a large number of

very small particles of nout completely determined chemical composition, which
however contribute at most & emall amount both to the bulk (< 1%) and the optical
characteristics of the aggregated material (dong and Greenberg, 1980), even if
they ave predominantly made of graphite, This can also be seen by noting that the
total absorption by such particles in the virual, in the interstellar medium,
is small compared with the extinction by the core-mantle particles,

Subsequent to bresking away from the comet, the debris will be subjected
to both solar radiation and solar wind particles, This is a rather complex
problem to treat in its entiroty because one should follow the particles during
their entire Lifetime (~ 10% yenrs) while their orbits bring them within vorying
discances from the gun, It is illustrakive that at 1 AU the sputtering or
evosion of such components of the aggregate as H 0 ice ¢ould otecur at a rate
of about 58 per year as a result of the solar wlnd (Lonzevotti ey al,, 1978).
The leas volatile components like the gilicates and the very large molecules
(which ane not melted or evaporated at temperatures as high as 600 K) in the
photo~processed grain mantles (Hagen et al,, 1979) would undoubtedly erode at
a much slower rate. Thus comet debris particles of initially ~ 100 pm radius
could have parts of their outer material eroded awgy in varying amounts to
depths up to ~ 50 um leaving an open outer structyre containing mostly the
silicate cored and the nonvolatiie mantle molecules, This tangle of elongated
silicate particles as exposed in the outer portion of the comet debris part{hle
or as imbedded in various degrees within the grain mantle material we envision
as a blrd's-nesc type of structure, We note here that not only erosive effects
can be produccd by the solar wind porticles but also as a processing of the
debris matter analogous to the photo~processing of interstellar grains. The low
density of the agglomerates as well as of the fluffy particles studied by '
Giese et al. (1978) is apparently not consistent with the dengities inferred
by Le Sergeant and Lamy (1978) from lunar rock cratering but is consistent
with the densities ~ 1 g cm™® inferred by Nagel et al. (1975) and with the
micrometeoroid detections by the Helios 1 spacecraft (Griin et al., 1980),
where it was found that « large number of partidlcs have densities below

¥, In chapter 5 the optical properties of "bird's-nest" structures are

i g em™
compared tc those inferred for the zodiacal-light part{cles. Clearly, the

theory required to predict the exact scattering by such structures is far

R i o T
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Fig. 1.1 Successions of theories and assumptions leading to the

coicept of "bird's~nests",
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beyond the scope of present techniques, Not only need one consider & large
number of partitles simultaneously, as in normal multiple-scatteriiy theory,
but one must also take into account that the embedded silicates are close
epough to each other to require inclusion of near-field modifications. Faced
'with this impossible nituation we resort to the microwave analogue method
described in chapter 2. Some of the targets discusgsed in chapter 4 are designed
to clearly separate higher~order scattering effects from relatively eagily
predictable effects. The latter effects are included in the approximate method
developad for investigation of lighi-scattering functions for some categories
of inhomogeneous targets that fall outside the present laboratory constraints
and especially for providing a first approxrimate understanding of this exotic
field in light—-scattering theory. The higher-order scattering effects are found
to be negligible, £o the comparisons with measurements in chapter 4 are quite
reasonable.,
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Chapter 2

THE MICRO-WAVE ANALOGUE METHOD
AND

' THE LABORATORY

2.1 Ristorical Background

In 1960, J. Mayo Greenberg constructed the first microwave analogug scattering
facility to measure the extinction by single, irregular particles (see Lind,
1966). Over the years, such » .surements have contributed significantly to
characterizing (size, chemical composition, core~mantle naturc of) interstellar
grains. The micro-wave laboratory under its director Dr. D.W. Schuerman is now
a part of the Space Astronomy Laboratory (S.a.L.) vhich is a research-only
organization of the State University of New York at Albany. Most of the work
reported in the present study were made at this laboratory.

The measurements for the three largest agglomerates were performed in the
micro-wave facility of Bereich Extraterrestiche Physik, Ruhr Universitlit Bochum,
Germen Federal Republic. In this laboratory scattering from cubes and other

non-spherical particles, in¢luding the fluffy model for zodiacal-light particles,

have been extensively investigated by R, Giese, R. Zerull and their co-workers.

2.2 The Analogue Method

In the general theory of scattering based on Maxwell's equations, all parameters
involving the size of the particle are measured in units of the wavelength of
the incident radiation. Thus, it is possible to scalie the entire problem of
visible, ultra-violet and infra-red scattering off micron and sub-micron
particles to larger wavelengths and particle sizes. At 3.A,L. the scals factor
is about 10’.'Thua, apple-size particles are irradiated by micro-waves of

A = 3,18 cm. A particle of arbitrary shape is simulated by machining or molding
a micro-wave target which is ~ 10%° times larger than the real particle. The
target material is selected by requiring it to have, at the frequency of

9.42 GHz, the same properties (dielectric constant, conductivity and sirze to
wavelength ratio) as the actual particic has at visible, ultra-violet or infra~
red wabelengtha.



2,3 Measured Quantities

The scattering process is described by a 4 x 4 scattering (or F) matrix which
operates on the intensity of the radistioa as represented by fhe Stokes vector:

ol 1 (&) I (&) O e 1 (o]
1 11 12 1

0

U KRy 1o 0 a(®) by | [v°

v K 0 b(e) alé) v°

where X = 21/\ and Ra is the distance between the scatterer and the weceivinﬁ
antenna.

The matrix contains only six independent functions because it is assumed
that the elements are averaged over a random distribution of similar particles.
Since the input radiation, defined by the Stokes vector (I:, Ig, Uo, Vo), is,
nsually natural light, we set (I » I , U°, V9 = (Il, :, 0, 0) with
Ix - I = I°, From the form of the F matrxx in equation (2.1), it is obwvious
that Che Stokes vectoxr of the scattered radiation must be of the form

(I1’ Iz' 0, 0), so that equation (2.1) can be written more economically as

I (8) I (8) 1°
1 1 11 12

I 1:*R? I (8) I (8) I
2 12 22

(2.2)

» O -

. . 1
Thz measured quantities are 111(6)’ 112(6)’ and 122<e). Given these values the

total brightness

. I (8) =TI (8) +2I (8) +I (8) (2.3)
' tot 11 12 22 ‘

.
Kl

and degree of polarization

I_(8) ~I (o)
. B(8) = 2 22 . @
I (B) + 2T (8) +I_(8) o
1) 12 22

can be determined. ‘ o




2.4 Definition of Target Orientation

The orientation of a particle is defined with respect to ~ direction of krhe
incident plane wave E? and of the measured scattered ra ,tion ka‘ Figure 2.1
represents an arbitrarily orientated cylinder whose symmetry axis makes an
angle ¢ with the perpendicular X to th# scattering plane ko - kat(Y~Z) aud whose
projection in this plane makes an angie x with the incident ﬁé-vector. The
zugle between ﬁ; and %s is the scatteriug angle €.

Xbmy A
Y
/ |
]
— |
Ko )
— o v
L
/ 0 ‘\.L“/
\/ }\ ~
/ ks ™

Fig, 2.1 Angular coordinates specifying the orientation of the symmetry
axis off a cylindrical scatterer with respect to the direction
of propagation %; of the incident and ﬁ; of the scattered
radiation,

In the laboratory a target is mounted in such a way that it may be
rotated around two mutually perpendicular axes, the laboratory fixed
azimuth axis X, and the target fixed tilt axis which gweeps in the scattering
plane, For particles that do not possess an axis of symmetry, an arbitrarr
axis is used as reference. |

»

2.5 The Microwave Laboratory '

2,5,1 The microwave laboratory at S.A.L.

The target, in operation, is suspended in the centei' of the micro-wave: room
by nylon monofilament lines, which are sufficiently thin to cause negligible
scatter. The target is irradiated by micro-waves generated by a single screened
dipole at the focus of a 51 cm diameter parabolic reflector located 9.84 m

from the target. The dipole, which can be arbitrarily oriented in the focal
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piane by means of a rotary joint, is fed through a waveguide by a 9,42 GHz
stabilized cscillator, The resulting scattered radiation is measured by means
of a square-~law crystal detector fed by a similar 41 cm diameter antenna at

5.18 m from the target. The signal ia chopped by a 1000 Hz square-law modulator-

-=fed diode switch located between the detector and a hybrid junction. In the

junction the scattered signal is mixed with a background compensation signal,
made equal in amplitude to the signs) from the receiving antenna in the absence
of thg target by means of a variable attenuator and made destructive by use of
a variable phase shifter. The compensation wave is tapped from the waveguide
supplying the transmitting dipole by a 10 dB directional coupler. The length
of the waveguide is choosen to minimize the optical path differences between
backgrrund and compensation signals at small scattering angles, where direct
radiation may be intercepted. ) rotary joint on the waveguide permits the
entire detection system to be mounted on a moving carriage and located at any
scattering angle 8 from 0 to 170°, A second antenna and detection gsystem 1is
located directly in line with the transmitter-target; it measures the amplitude
and phase of the forward-scattered (8 = Q) radiation. This antenna is located
in a radiatsion trap and is covered by a micro~wave absorber during the side-~
-scattering maasurements, Further technical details may be found in Greenberg
et al. (1967) and Wang and Greenberg (1978).

As part of a continuous effort, increased experimental accuracy and speed
has been achieved by digitalizing the data handling and target orientation
mechanism in two phases during the measuremiént period. We nume the versions

used in this study A, B and C,

2.5.2 Version A

The diagram in figure 2,2 represents the apparatus of version A. The output
potential ovex the detector, which is proportional to the intensity of the
incident radiation, is amplified up to 107 times by a lock-in amplifier unit
linearly feeding the ordinate on an X~Y plotter. The abscissa is connected to
a potentiometer which senses the azimuthal angle (x) driven by an analogue
motor, The motor is controled by a manually operated potentiometer through a
feed-back mechanism using the yx~detector. A similar system controls the
elevation and the tilt angle. For a detailed description of the orientation

mechanism we refer to Lind (1966).
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2.5.3 Operating procedures, version A

The detector feeding a lock-in amplifier, described by Brophy (1977) or in

any basic textbook in electronic engineering, is intermittently scrcened out.
In the process of amplifying, the noise signal thus detected is subtracted.
'The square wave feeding the diode switch is used as reference signal, First,
the phase is adjusted so that the output signal vanishes; we are then 90°

from the corract phase if the reference wave is symnetric. At 180° phase shift
the true signal s subtracted frem the noise; the symmetry of the square wave
is adjusted so that the output 1(180%) = -yu(0). At the beginning and end of a
sct of measurements the system is calibrared by detecting the known scatter of
a standavd target. Around the selected scattering angle 0 = &50, the phase
function for the lucite sphere with circumfercnce to wavelength ratio 4.978

is relatively feature less and the background is low. In the absence of the
target, the residual signal is brought to less than 0.1 uV using the variable
phase shifter and attenuator on the compensation waveguide. The target 1s
placed in the beam and the height controlled through a telescope. One of 13
linear scales amplifying from 10 to 107 times werc selected. This one scale was
uged as the target was vrotated a full 180° avorad the azimuth a'is, As the
target rotates small cscillations in the detected signal, caused by inhomo-
geneties in the target material, average out. Subuequently, the scatter from
targets with unknown optical properties can be measured. The background
compensation procedure is repeat 4 at eacn new scattering angle, and the
apparatus is re-calibrated fo. cach combination of polarizutions. Intermediate
calibrations were performed during long sers of measurcments, especially after
changes in the external conditions such ag sunrise, sunset or thunderstorms.
The data reduction from the graphs were performed manually (~ 10" data points
per target). The data presented for targets U4IR and U4ia was accumulated in
this way. The measurements for targets TIik, T2IR, T«1R, T41A and C41 using
this apparatus were in general agreement with the corresponding data using
versions B or C of the laboratory. The later data is used ium this study.

.

2.5.3 Apparatus and operating procedures, version B

The analogue motors in the orientation mechanism were xeplaced by step-motors
orienting the target with a resolution of 0.1, The tilc mechanism, originally
used for very elongated targets, was redesigned and the range increased from

< 180° to 180? by use of a constant tension spring-motor counteracting the pull
of the step-motor. The range of the azimuth drive was increased to 400°. Two
sets of micro-wave absorbers were added to screen out the orientation mechanism,
A PDP-11/03 DECLAB minicomputer was installed to control the step-motors,
reading of the Jock~in amplifier, and for data reduction. A laser for re-

alignment of the receiving antenna at each scattering angle was mounted on the
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The dashed lines are the nylon monofilament strings supporting and
orfenting the torget.
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mobile carriage, The computer was programmed to step the target through any
preselected set of orientation, At each orientation 21 measurements were
collected, and if the mean fell outside 15-85% of the full=~scale value at the
selected gain the measurement was rejected and new measurements were taken at
this orientation when the appropriate scale (requested by the computer) had
been set, If not rejected, data was sampled at each of these orientations
vntil the standaxd deviation of their mean was less than any preselected value
or a maximum of 10" measurements was rcached., The average and the number of
meaourements were storad on a floppy disc along with a flag indicating if the
preselected standard deviation of the mear as reached, Using this apparatue
targets T11R, T21R, T4iR, T41A and ICla required an sverage of 250~300 hours
each for a full set of measurements,

Z.5.5 Apparatus and operating procedures, version C

A second lock-in amplifier controlled by the computer and with maximum gain
of 10% was installed, The manually con.rolled amplifier was still used fox
nulling. This and other refinements have gradually increased the rate of
measurements to ~ 45 hour/particle,

2,5.6 Exrroxs

- s s . .

The uncancelled background signal Ib % 0.02 interferes with the scattered signal
I . The resulting intensity I is given by

8
\[f.n \/f; +\/fb cos 4

where A is the phase difference., Lf the intensity I8 incident on the detector
causes a potential difference of 10 uV., The potential 8.1 & UI < 12.2 in WV
or in absolute units 0,162 ¢ i % 0.244 results, How>ver, the phase of the
background signal may vary rapidly (if not rapidly variable it can be cancelied),
If A 1is truly random over the set of measurements, 4t cach orientation the
intensities add directly; thus, UI = 10,1 pV. In the case of the "bird s-nests"
at higher scattering angles, the phase of the scattered wave takes all values
as the tasget is stepped through the 27Z orientations, therefore the wakimum
error of thie mean is given by (yé; + VG;)2 - I, atos= 0 and approachns

lb = 0.02 at higher scattering angles, Drift in the gain may reach 10%. For
this reason, the system was re-calibrated against the standard sphere inter-
mittently dufihg the course of measurements. The (generally) small cross-
~polarization compr nents vanish for spheres, the average of the calibration

T IReTACE. M % W ks, N
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constants for the 11 and 22 components were substituted, The agreement between
theory and measurements for scattering by spheroids using vexions B and C of
the apparatus was found to be very good (Schuerman et al,, in preparation).

This was still true when the cross-polarization terms were calibrated as in

tnis study.

2,5,7 The micro~wave laboratory at Ruhr Universitit Bochum

The laboratory operates at 35 GHz and is intended for side-scattering only.

Both transmitting and receiving antenna aye of the horn type, The mobile
receiving antemna, mounted on a track, stops automatically every 5° as it

moves from 6 = 155° to 50°, In this interval, there is no compensation for

the background, At other scattexringangles the target is removed from the becam
and the background cancelled in a manner similar to that at S.A.L., The
scattered signal is integrated electronically as the target is rotated 360°

in the scattering plane. The gain is calibrated through the known scatter of

a standad sphere at one given scattering angle. For a more complete description,
see Zerull (1973). ‘

2.6 Target Manufucturing

2.6.1 "Bird's-nests"

In space, the "bird's-nest" type particle problem involves three media, vacuum
(m = 1), "ice" (m ~ 1.3) and silicates (m = 1.6)., This is modelled in the
laboratory, using the four media; air (m ® 1), eccofoam (m » 1), eccofoam PS 1.7
(m ™~ 1.3) and lucite (m & 1.6). In all cases the imaginary part is small. The
eccofoam is used to fix the relative positions of the individual scatterers and
is similar to eccofeam PS 1.02, which is optically almost identical with air
except at small scattering angles. The match of refractive indices is within

the uncertainty for the cosmic materials. The "bird's-nests" were built in
modules (see Table 1) which can be combined arbitrarily, Lucite, also known as
plexiglas, is an acrylic that is commercially available in long rods. The
cylinders were cut to size from appropriate diameter rods. The indices of
refraction (m = 1,618 ~ 0.005%) of two samples cut out of an 1.5 inches diameter
eylinder, both made to fit snugly into a waveguide only differing in length,
were derived from two sets of standing wave patterns arising inside the wave-
guide containing a respective sample using the slotted waveguide method of
Roberts and van Hippel (1954) and further developed by Wang {1968). The eccofoam
PS is a low loss polystyrens manufactured by Emerson & Cuming Inc., The dielectric

R e oy G o
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Number of
wodules

700
€50
840
50
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80
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elongation
length/diam.

5§ /1
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“~ ™
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2 1
2 /1

210/ 1

hollow eccofoam PS 1.02 or similar sphere

diam.
£
inches

3/16
3/16
3/16
5/16
3/4

5/16
1/4

3/4
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homogeneous core - elongation diam.
* lucite lucite length/diam. inches
X
X
X
X
X
X 2/ 1 1
X 2 /1 .8
X

cavity diameter inches
7.7
6.3
5.0 .

4.9

mantle
eccofoam PS 1.7
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congtant e, baing closely related to the density of the target, is adjusted
by pre-heating, and thus controlled expansion of the target material. Eccofoam

PS 1,02 has ¢ m 1,02, In eccofoam PS 1,7, microspheres (36 DS) are mixed to
.the polystyrene to achieve € = 1,7 to an accuracy of & 0./2 (Emerson &
Cuming Inc., pers. com.), The dissipation factors tan § are smaller than
0.0002 and 0.0001 respectively. The resulting refractive indexes,

mn\/e'o« Ve? + (e tan §)2 _i\/~e+ Ve? + (e tan §)2
2 2

are ~ 1,01 and 1.304 ¢ 0.003 respectively. The eccofoam PS 1.7 was sawed very

¥

slowly (less than 1 inch/min,) and cooled with running water to avoid further
expansion due to friction heat, The resulting square rods (1 x 1 x 5.5 inches)
were machined circular in g lathe and cut to 1.0 or 0.8 inch diameter cylinders.
Each cylinder vas cut in two, and a concentric hole drilled (sez Fig. 2,7)

to accomodate the lucite cylinder, The two eccofoam parts were glued together
using a paper glue with index of refraction close to 1.3. The resulting
concentric cylinders, with length~to-diameter ratio of both core and muntle
2:1, were exposed to a 0,4 mn Hg vacuum for more than an hour to evaporate any
remaining water and to dry out the glue.

' \ Eccofoam
‘ é / PS 1.7

Fig. 2.7 Model of an interstellar core-mantie grain. Each eccofoam ("icy"-

material at visual wavelengths) cylinder is cut in two and a
concentric and coaxial hole drilled to accomodate the lucite
(modelling silicate type material) cylinder. The two eccofoam
parts were glued together using a paper glue with index of
refraction close to that of the eccofoam (mss1.3).
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® @

@ to the hoist

circular track

to the tilt @ to the arms of the

azimuth plate

Fig. 2.8 One of the spherical eccofoam shells pictured as part of the
target positioning mechanism, The nylon monofilament string

, : . connecting to the tilt motor windes on a machiined circular track
and reinforces the bound between the upper and lower eccofoam
hemispheres by first pasalngdlametrlcallyacross the sphere then
following the machined track 360° and passing back diametrically
across the sphere again, The nylon (fish~) line and the eccofoam
are almost invisible at the microwave part of the electro-magnetic
spectrum,
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The hollow eccofoam spheres (m~ 1 define the shape and size of the
agglomeration ani are part of the suspension mechanism, Homogeneous spheres of
this material are comnmercially available. U'sing an arrangement similar to that
of a lathe, a well defined track wes carved out for the tilt string. Then the
spheres were cut approximately along a great cirele and the halves carved out
with a razor blade to avoid crushing the matevisl., The spherical boundary was
purposely made rough to prevent the eylinders sliding., The halves were glued
back together and an opening cut out. The volume was measured by ingerting a
plastic bag and filling it with wacer to obtain the volume (or weight). The
removed material was savad to be inserted between cylinders. Tha hole passing
the string connecting to the hoist was reinforced by small pileces of cardboard.
The string cénnecting the tilt mechanism also reinforces the bond between the
hemispheres as pictured in Fig., 2,8. The spherical cavity was then filled with
the desired mixture of cylinders and filling material (eccofozm) such that the
number density of cylinders was constant in layers.

Some of the smaller "bird's-nei‘ts" containing only lucite cylinders were
made by inserting the cylindzrs into an eccofoam sphere thereby keeping the
number density constant in concentric spherical layers Two, orthogonal annular
rings were fit around the sphere (no glue). On one the track for the tilt
mechanism string was machined; the other was used to attach the strings to
the hoist., The two "bird’s-nests® containing aligned c¢ylirders were also made
from solid eccofoam spheres but these vere cut in hemspheres, and the cylinders
were inserted perpendicularly to the pjane surfaces to facilitate alignmeﬁt.
As these targets were never tilted thz striugs attached to the hoist were

glued directly to the ecuo’aam.

2.6.2 Single cylinders

The single circular lLiomogeacous or concentric cylinders, as described in the
previous section, were suspended by two strings glued directly to the cylinder
on diametrically opposite poiats equidistant from the two ends. The two strings
uséﬂ to control the target tilt-angle were glued on opposing cylinder edges,
guch that the projection of the total of four points of attachments on a plane

perpendicular to the symmetry axis are corners of a square.

2.7 Simulation of an Optically Thin Cloud of Randomly Orientated Scatterers

An optically thin cloud of randomly crientated particles is simulated by
averaging the signals received from a few hundred uniformly distributed particle

orientations. This set of orientations fox a particle having axial symmetry

—
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is obtained by pointing the symmetry axis of the particle to 272 positions almost
uniformly distributed over an imaginary sphere centered on the particle. Perfect
uniformity cannot be achieved - a fact known to the ancient Greeks who discovered
that only 4, 6, 8, 12 or 20 points could be so distributed over a sphere.
Howevex, by distributing points over a pentagon in an almost uniform manner,

one can combine 12 such pentagons to form a dodecahedron~-one of the five regular
figures which can be inscribed in a sphere. In this sense, we obtain the closest

approximation possible to uniformity,

2.7.1 Uniform distribution of ali orientations of the single cylinders

The single cylinders C41 and 12 have both an axizs of rotational symmetry and

a plane of symmetry perpendicular to this axis. The cylinders ware orientated

so that their axis of symmetry was successively pointing to 1/8 of the 272
orientations determined as described above. The 34 orientations were chosen

as described in appendix 4 for axial symmetric particles with a plane of
symmetry perpendicular to the symmetry axis. Also 8 fixed orientations including
alignment of the symmetry axis with the incident ﬁ, P and # -vectors were

investigated; but the results are excluded from the present study.

2.7.2 Uniform distribution of all orientations of a '"bird's~nest"

The "bird's-nest" type dust grains are asymmetrical. Thus only the symmetry
relation g defined in appendix A prevails. All possible orientations using

the laboratory orientation mechanism are independent as long as the tilt axis
does not coincide with the bisectrix c¢f the complement to 6. We will first
consider the orientation of "bird's-nests" consisting of g¢ylinders aligned for
perpendicular incidence. To keep the cylinder axes perpendicular to the incident
radiation we.-are only free to rotate the target around the azimuth axis. Let

x = 0 be an arbitrary orientation around the azimuth axis. The target is then
orientatedto‘BGOo—Ax with increments of Ay. At each orientation, measurements
are pet¢formed until the standard deviation of their mean is less than a pre-
-gelected value (with a minimum of 21 and maximum of 10,000 measurements). As
can be seen in Fig. 4.2 the scattered intensity oscillates heavily as the
target is rotated, as a result of interference of the contributions from
individual scatterers. The periodicity p of the oscillations is dependent on
the scattering angle. This phenomenon is discussed in appendix B. To avoid A
systematic errors we choose 4x « p. This condition leads to several thousand
orientations at the higher scattering angles. If the "bird's-nest" consists

of randomly orientated cylinders we may also rotate around the tilt axis, or
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+to 10% = 107 orientutions. At an average rate of 10 sec per orientation, the
time required is of the order of a year or more. Instead the 272 orientations
resulting from a ccubination of 12 pentagous were used.

2.8 The Targets Selected

Of the 17 targets used in the measurements, cleven represent agglomerates

of, or single, homogeneous silicate cylinders. The remaining six targets
represent agglomerates of, or 3ingle, silicate~core = ice-mantle cylinders.

It is convenient to refer to 21 separate seks of measurements as represented

in the fold out page, because gsom targets have been investigated at two wave-
lengths or at differing orientatious. In the group of ten targets nine sets of
measurements (B41R, U41R, C41R, B21R, B11R, U4IR, C41A, P11 and T41A, where the
two digits stands for the elongation of individual cylinders and the final
letters A for aligned and R for random) and one (12R in the group of six targets)
were selected to illuminate the multiple scattering problem and provide tests
for the theory. Target {2 represents a single interstellar grain, and its
scattering characteristics are therefore of interest for other astronomical
applications as well, The rest of these gcatterers do not represent likely
cosmic grains at visual wavelengths, with the possible exception of T41A.

All the other pure silicate "bird's-nests', model cometary debris from which
the volatiles have erroded before or after fragmentation. The silicate-core-
-~ice~mantle group of targets represent pieces from comets that have remained
premordial.

The agglomerates correspond to the 1.5 ~ 6 ym diameter range at A = 5000 &
and our biggest model for actual cometsry debris corresponds to a 3 um particle.
This is dictated by the laboratory constraints. Actual comet debris, however,
have a rather wide size distribution and the optically most important zodiacal
light particles are thought to be in the 10 - 100 um size range (Weinberg and
Sparrow, 19783. For future interpretation of scattering from larger dust

particles an approximate theory is developed in chapter 3.

mNamx
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Chapter 3

SCATTERING APPROXIMATIONS FOR
SOME INHOMOGENEQUS PARTICLES
OR SCATTERING SYSTEMS

3.1 Sca:tering at Long Wavelengths Compared to the Inhomopeneties of Thei.
Mutusl Distances

We may divide the inhomogeneous target material into volume elements that are
small compared to the wavelength A of the incident radiation., If the material
is randomly inhomogeneous there is a wavelength such that the integrated
polarizability over the volume elements is uniform. At this and larger wave=
lengths the particle acts like a homogeneous scatterer with the index of
refraction m given by

m=1+2nP, (3.1)
where P is the induced dipole moment per unit volume.,

N i . MO Bl e ® L . .
3.2 The Target Material when m w 1§

When A is made short enough some volume elements contain individual molecules
while other are vacuum., If the mutual distances between volume elements with
m % 1 are » A\ each volume acts like an individual scatterer. The extinction
and dispersion in a dilute medium of ¥ randomly spaced scatterers with forward
scattering amplitude S(0) is discussed by van de Hulst (1957, p. 32). It is
shown that a wave travelling through the medium suffers a phase lag and
attenuation, that can be represented by the complex index of refraction m of

a homogeneous material,

: w1 -1 8(0) 2, {3.2)
ka

Let 3 = 0 be the boundary of the target material, Then we may write the
incident electric field

E = oWt (3.3)

and the field incident from the negative z direction on the particle with

coordinate Ygs2y in the scattering plane as

e B AR R e W N
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-ika,ﬁ + twt
EOT: =~ g » (3 019)

Combining £q . 3.3 and 3;4)

o p ~ikagm
EO'I: an ’ (3.5)

The field scattered from the target to the point y,2 in the far field is
given by

, (7.6)

J ~
y~'y,;) RN u)? 4 (ama )2 W+ dwe
b hat ]

Es w 5 (arccan
ik \s’r‘[(,y—-y,‘;)2 + (:s--zi)z

or in units of the radiation incident on the scatterer,

vy, \ RN Gy ? b (emag)® R
E, "‘S(arcmn AL E .. (3.7

B~ . g o
T\ (y=y )% + (z-z,)?

(Z

Insertation of eq. 3.5 into 3.7 gives

Y=y -tk( fﬁ(y-yﬁ)z + (;z--ra,,;)2 +2g) m
E, =S <arctan z-z’b) € v E, . (3.8)
% . P - 2 - 2
T\ (y=y,)* + (z-3))
The total scattered intensity from ¥ particles is simply
I(y,3) = E (y,2)} . (3.9)
. 1=1
In the forward direction y=y; thus eq. 3.8 beconmes
~tkan
E‘8 = 5(0) — E (3.10)

(3 L 0
17((3-81:)

so that the amplitude but not the phase of the forward scattered wave depends
on the particle location. Thus the scattered radiation is strongly peaked in

the forward direction because of interference. Note that in the limit where
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the material of infinite dimensions {s howmogensous I(6), 6 ¥ O vanishes, If
the Rayleigh approximation S(0) = ika for the forward scattering by the volume
elements is substituted the mean index of refruction can be written from eq, 3.2

mow 1% 2n0 (3.11)

where a is the polarizability of the particle. The assumption made in deriving
eq. 3,2 is that the system of scatterers is dilute, which implies that mat,
In this limit the Lorentz-Lovenz formula

l -
. tmay = 32 D) (3.12)
m o+ 2

can be rewritten as
bwol rs T2 = 1 @ 200 = 1) (3.13)
so that the two formulae are equivalent for m m 1, This relationship is pointed

out by van de Hulst (1957},

So far we have discusiped the extreme cases where A » the dimensions of the
individual acatterers and further more their mutual distances are either & A
or » )\, The discussion and the formulae in this section apply to any dilute
gystem of scatterers separated by distances large compared to A and to the
particle dimensions with the appropriate solution for S(0).

3.3 Particles Very Large Compared to the Wavelength

The condition in the previous section was that the dista.ce between scatterers
®» )\, This impliec that the formula derived in that section only apply to
scattering systems » X. In this particular case the incident plane wavefront

of infinite extent can be thought of as consisting of separate rays that persue
their own path. The condition is that the ray of length [ must have a width of
the order of \/EK corresponding to the first few Fresnel zones. The rays passing
along the particle form a plane wave from which a part in the form and size of
the geomatrical cross section of the particle is missing. This incomplete wave~
front by Huygens' principle produces the Fraunhofer diffractiomn pattern at

small scattering angles (sec van de Hulst 1957, p. 24, or any textbook in basic
scattering theory). The Fraunhofer diffraction is unpolarized, and by definition
independent of the internal structure of the particles. Furthermore, the
restrictions on target shape are not very rigorous, At larger scattering angles
the scattering resulting from eq. 3.9 where the summation is mdde over the whole
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ensemble, dominates, An intereating xesult is known as Babinet's principle
(van de Hulst, 1957), We will make the clasasical set of imaginary experiments;
(1) we veplace the particle by a disc that totally blocks an area of the wave-
front of the same shape and gize as the geometrical cross section, The diffrace
tion observed is identical with that of the particle blocking the wavefront,
(2) 1f instead the whole wavefront is covered, except for a hole of the same
geometry as the particle cross section, n gimilar diffraction pattern is seen,
but the electric ficlds are of opposite signs. (3) Obviously, if we were to
combine the two diffraction patterns (1) and (2), they cancel each other by
destructive interference, In (3) we do not block any part of the wave anc
therefore the wavefront must remain undisturbed. Let @ be a typical dimension
for the particle (for spheres we let a be the radius)., Then similarly, if we
place a larg> particle with the index of refractionm «€ 1 + 3%5'1“ the homo~
geneous wavefront, the diffraction patetern (1) is partially cancelled., The
restriction on m meane thatr the phase difference baetween light rays that have
passed aside the particle and the transmitted wave is small,

The resulting scattering pattern for the large scatterers discussed in
this section is strongly peaked in the forward direction where the Fraunhofer
diffraction pattern (1) dominates. IFf the condition m «1 +ai%5-is fulfilled,
¢xn has the seme shape as in (1) but is lower in magnitude.

the diffraction pat
In other directions the scattering given by eq. 3.9 dominates, The side-
-gcattering depends strengly on particle shape and size and goes generally
through a large number of oscillations as a function of 6. As an example, an
eisemble cf scatterers in the shape of a hexaheldron aligned along cthe axes
X,Y,2, defined in section 2.4 will sca.ter in phase at ¢ = 0, T(0) = %51 Ek(o))z‘
If the target contains N truly randomly located scattercrs and the thickness is
n %? » Where n is a lar%e integral number and km is the wavelength inside the
target, big(r(180°)) 'iﬁi Eé (180°) niE1 I (180°), It the dimensions along the
Y- and Z2-axes each are mupliples of Aps then %ig (r¢90°)) 'ﬁg1 Ig (90°%), 1f m

is ‘isotyopic (randomly oriented scatterers) eq. 3.9 is indpenendent of the state
of polarization of the scatrered radiation, Therefore the degree of polarization
is small where the Franhofer diffraction domintates and approaches that for

individual scatterers as ¢ increases.
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3,4 Expected Bffects on the Seattering Partern as the Target Size Decreases

The Praunhofer diffraction pattern wil: extend to higher scattering angles
and decrease in relative total intengity when the tavpet size decreases, The
interference patzerr. (eq. 3.%) rema'ns constructive father out and the number
of oscillations in the scaitered intensity as a funcrion of 0 derrcases, As
the number of individual scatterers decrcases, the angular distribution
becomes increasingly depenlen: on the relative location of scatterers, because
the phase differences betwee: contributions trom individual scateterers
fluctuates stacistically around the dsywg *rtic mean value ov M ap different
but always random distributions of the finitg sample of scatterers are chosen,
This effect is observed in the laboratory as oscillatiosns in the secattered
signal when the ensemble is rotated at a fix scptteriag angle. This cffect
and it dependence on 6 is discussed in appendix B,

3.5 Expected Effects on the Scattering Pattern as the Distance between

Scatterers Decreases

The components of the polarizability vector joining individual scatterers, and
multiply scattered radiation, will increase in importance when the distances
between scattexers decrease. These two effects coan not cascly be evaluated
partially because the particles are not in each other farfields any louger.

We resort to the micro-wave laboratory.

3.6 The Single-Scattering Apprnximntion

Poth single- and secondary-scattering computations were performed for T41A
consisting of 125 randomly located 4:i-elangation silicate cylinders all
aligned perpendicular to the scattering plane, each with the circumference-
-to-wavelength ratio or size parameter x = 0.47 in a spherical ensemble
with size parameter X = 10,04. For each cylinder the scattered intensity
and phase respectively were computed separately. This was dictated by the

limitation of core size available in the computer.

For the finite cylinders with x = 0,47 the particles are toc small to provide
reliable experimental data as individuvals. Alsoc the infinite cylinder
computations are not readily normalized (see appendix D) because the intensity

1 rather than »™?% as for

at a distance r in the far zone is proportional to r~
finite targets. Therefore, we have substituted appropriately normalized
spheroid calculations, Each cylinder is replaced by an equal volume spheroid

whose scattering is computed using the Rayleigh approximation.

S e -
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3.6.2 Ehase

The phase is defined with respect to an imnginary wove deflected at the target
site in vacuum. The optical parh of radition scatrered off a cylinder 4 (D,n,B)
in the "bird's~nest” of radius R and with meen index of refraction mcq ! o~ n",
is

7. (t'»'.,;;ﬁ * A:;’ﬂ)u omt) W n);;z} * A‘ﬁ@ (3.14)
seec Fig, 3.1.
Let roa \/R? - Ii?sin?'(ﬁ)

2 = Deos(B)cos(y)

Y = Deos(B) sin(a) (3.15)
Then;
azA = Vr® - y? + x
Azo. - Vp? - (1ycos (0) Twsin(é))" ~ 2cos(0) - ysin(0)
w:;A - \/Rz _UZ b
A, = VR® - (yeos(D) + wsin(6))? = weos(8) ~ ysin(o) "(3.16)

The resulting phase, where phA 5 the phase shift over the eylinder, is
- # 2’" #”
P m (T = 9m)=E & phy (3.17)
Note thatm'in eq. 3.14 formally results from secondary scattering.

3.6.3 Some predictions by the single scattering approximation

The maximum phase shift in the 8 = 0 direction over the ensemble with radius

R is given by .

PH = 2~ 1)xm1613-’-'-ip (3.18)
max e A ’

where the dipole moment P per unit volume is proportional to NR™® and ¥ is the
number of identical agglomerated particles, thus Zi’me‘rIW?"2 and the inter-
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X PROJECTION IN THE
XZ -PLANE

PROJECTION IN THE
YZ -PLANE

Fig. 3.1

Tho single scattering geometry. A is the location of the
scattering cylinder with spherical coordinates D,u,B.

A, is the perpendicular distance between 4 and the incident
wavefront tangent to the "bird-nest" with radius H. 4w _ is

the perpendicular distance between A and an imaginary 3dcattered
wavefront tanget to the "bird's-nest',
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ference pattern becomes increasingly constructive as the ersemble expands or
¥ decreases. In the limitlmed»i, eq. 3.14 becomes ﬁh ™ w;h + Aﬁ;. The position
(D,0,B) of a cylinder can be written (Xd,u,B8). Then

wiA = B + Xdeos(B)cos(a)

Awo = B ~ Xdeos(B)cos(a ~ 8), (3.19)
and

PH = Xdcos(f) (cos(a) = cos(a -~ 0))%? + ph (3,20)

A L]
It is seen that in this approximation the dependence of PH on o and § vanishes
at § = 0, where the intexference pattern depends only on ph, the phase shift
over single cylinders. Eq. 3.20 can be rewritten

b ¥el
A

PH - phy = = cos(8)sinla - %)sin(%), (3.21)

where it is seen that PHA and therefore the phase differences and their

dependence on « and 6 are proportional to X and increase with 6.

3.7 Secondary Scattexing Approximation

D

In the previous section each cylinder was assumed to scatter the light incident
on the agglomerate independently of all other cylinders. However, some of the
light may be absorbed or scattered by other cylinders. This is the phenomenon
of extinction represented by the imaginary part of the index or refraction.

The thus scattered light will irradiate the cylinders from directions deviating
from that of light incident on the agglomerate as a whole. However, we assume
that the cylinders '"look" infinite at a distance comparable to their length so
that Che\cyiinders are in effect irradiated at perpendicular incidence. Let

;A be the incident intensity on cylinder A(Dﬂ,uA,ﬁA), then the intensity IB

scattered of 4 and incident on cylinder B(DB,aB,BB

) approximated by the far-
-field solution is the cylindrical wave

, Ty P@) (& = 1DsindBy) - Dpsin(B) 1) (3.22)
‘p & ¥ f'
k \/chosz(sA) + Ugcos“(BB) - ZDAcoéU%p DBcos(ﬁB)cos(m‘4 - aB)

‘
¢

where % is the length of the cylinders and © is the angle between the direction
of the incident radiation and the direction to B. The parenthesis in the
numerator denotes the length of B illuminated by 4 (the perpendicular projection
of A on B) if this is 0 or negative no secondary scattering is assumed to

occur. The I, element in F() varies only by 137 between ¢ = 0° and 1800r(Fig.

W3 i M CMAELOO Vo stk bn g
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Fig. 3.2 The geometry for the secondary scattering approximation. The
light is first scattered by A and then by B, In the secondary
scattering approximation zab is the length of B illuminated
by 4. .
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4.7) and to save compukter core F(p) is approximated by the mean value 0.095
at all ¢'s. Also the phase function for cylinder B is approximated by this

value. The intensity of the secondary scattering in Im is thus isotropic at

the far field, at which the dimension of the "hixd's~nest' can be neglected
compared to the distamce p to the observer. The intensity of the radiation
first scattered off A and then off B is,

I, = u-mﬁﬁmm)—nﬁnm%n) }3@»

s o o

The optical path is given by

AB = m' \/thCOSZ(QA) + D;cosz(BB) - ZDADBcos(QA)cos(BB)cos(qA - aB)

(3.24)
where m' is the real part of the index of refraction as determined by eq.
3.1 or 3.2, The total phase shift is then;
'?%A + A8 + Bu
PH = N 21 + phy + phy (3.25)

where phA = phB = ph is the phase shift due to the scattering by the cylinders.
In the Rayleigh approximation ph = 00, while for spheres of the same gize-~
parumeter as the cylinders, Mie theory predicts pk close to 1.701'.:11'1 at all

8's. ph = 1.7° is used in these computations.
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Chapter 4

EXPERIMENTAL RESULTS
AND

VERIFICATION OF THE "INTERFERENCE" THEORY

4.1 Agglomerates of Homogeneous Cylindexs )

4.,1.1 The single scattering approximation applied to T41A

T41A: 125 x = 0.47, 4:1 ~elongation homogeneous cylinders aligned perpendicular

to the scattering plane within an X = 10.04 sphere,

In the single scattering approximation the scattering from each cylinder is

' replaced by the Rayleigh approximation for an equal volume V prolate spheroid

with the same elongation as the cylinders. The polarizability o5 along the major

axis j = 1 and the minor axis j = 2 is given by

....I./._.gL.-Q---L- (4»1)
4aj J. m2'1

Let ¢2 = 1 - (b/a)? where a and b are the length of the semi-major and -minor

axes respectivly, then for the depolarization factors we have

2
51 = l—_Tii_ (-1 + ;L.lnl_ilfb (4.2)
e? 2 1 -e
and
L + 20 =1 (4.3)
1, 2
Using bfa = 1/4, it follows that:
L = 0.0754,
1 (4.4)

L2 = 0.4623.
For details we refere to van de Hulst (1957, p. 70). Using the index of refraction

(m = 1,618 ~ 0.0057) obtained from the larger casted cylinder (see sec. 2.6.1, p.19)

in eq. 4.1 wa obtain:

PR IR P BNV o 2 s R R s w e
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@ = 0.02596 -~ 0.000237,

(4.5)
a, = 0.01666 ~ 0.00010.

‘ The scattered £i/,ld entering in eq. 3.9 is obtained from the scattering temsor:

s 8 a cos(8) O
2 3 2
w k3 (4.6)

s 8 0 o
T | 1

=) 3

The cylinders are embedded in the expanded polystyrene matrix material with

index of reffaction m, (assumed real). The mean index 6f refraction m, of the
ensemble used tp compute the optical path of light travelling inside the "bird's~
nest' is given by eq. 3.1 and may be written

méq =m, + 2nP. 4.7)

The dipole moments P per unit volume for the electric vector parallel (11) and
perpendicular (22) to the aligned particle axes are given by

P =N 14 v
11 L 4 4y N8
b 2y
(4.8)
4 -1
P =y 4
22 L+ 1 4w ©éne
2 m?-1
vhere Véne is the volume of the ensemble.
Using the computed values of P for radiation polarizéd parallel and
perpendicular to the spheroid axis, we finde
’ + 0. " . -l
m! =m, + 0.060, mt w5 . 1074,
. (4.9)
m' =m + 0,038, m’ s 2 . {04
22 o 22

a8 expected, m" << m'-1 so that the ensemble material acts like a dielectric.
The scattered intensity given by eq. 3.9 is dependent on the orientation of the
ensemble (defined by the angle yx, see sec. 2.4). The details of this scattering
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pattern depends on the exact Jocation of the individual cylinders, In the
theoretical target the cylinders were distributed using a vandom number
generator, whereas in the experimental target each particle was inserted

by hand in as close an approximation to randomness as possible. The resulting

'x —dependence given by the theory (Fig. 4.1) and the experiment (Fig, 4.2)

are therefore seen vo differ in detail but to show the seme over-all
characteristics. The run of the standard deviation oij(e) of the scattered
radiation Iéj(o), normelized to Ekj(e) is 2 measure of the isotropy of the
optical properties of the scatterer. The ratio oij(o)/rij(a) is independent
of the gain of the apparatus and is likely to contain extensive information
about the internal structure ond shape of particles. The predicted and
measured run of aij/Ii' with 0 are cowpared in Figs. 4.9 (£=j=1) and 4.10

J
(7=j=2). To simulate a cloud of similur agglomerates, the scattered intensity

at each scatiering angle wus averaged over 72 orientations. The resulting

angular distribucion from both experiment and theory is shown in Figs. 4.3
and 4.4 for radiation polarized along the cylinder axes (perpendicular to the
scattering plane) and perpendicular to the cylinder axes (in the scattering
plane) respectivly, The Fraunhofer diffraction pattern which is confined to
the forward scattering hemisphiere, and expected to dominate for larger
agglomerates at small scattering angles is still seen and well represented by
Mie-theory, although the sizc of the ensemble is as small as X = 10.04.

If we replace the ftinite ecylinders by equal length portions of infinite
cylinders in the theoretical solutinn, the magnitude of the scattered intensity
is increased by a factor s 3 (Figs. .5 and 4.6) because the scattering by an
infinite eylinder is cenrentreted precisely in the scattering cone while the
scattering by a finite -~ylinde: is spread by diffraction (Lind, 1966,
Greenberg, 1974). In this case eq. 3.2 was used to compute meq' The shape of
the angnlar distribution is quite sinilar. When the scattering tensor entering
in eq. 3.9 was replaced by the exact solution for infinite cylinders normalized
to the Rayleigh approximztion for spheroids (eq. 4.6}, the solution using the
Rayleigh approximation alone was closely reproduced but the experimental values
were further approached. This was expected as a comparison between the shape
of the scattering from the cylinder to the Rayleigh approximation (Fig. 4.7)
illustrates the well-known fact that back~scattering is overestimated in the

Rayleigh approximation.
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4.1.2 The_seccndary scattering by T41A,

The secondavy=-scattering approximation derived in see. 3.7 assumes that the
near field around a scattering cylinder can be approximated by the far-field
solution, It is seen from Fig. 4.5 thut the secondary seattered intensity is
overestimated by this approach, This cenclusion is further supported by the
fact that we pee the deep dip in 7 around 90° that would tend to he filled
in by multiple scattering. Note that the laboratory has a Einite angular
yvesulution.

4,1.3 Remarks and conclusiony for THiA.

The individual cylinders have mirror svamerry in the scartering plane and
thus do nor by them self give rise to cross-polarization, The "bird's-nest"
does not possess such symmetry, but the c¢ross-polarization components were
tno small to be detecred in the laboratory (< 1). Tn analogy to extinction
by a very large object, such as an apple in visval light, the exrinction
cross section in the far field (ewice the peometvical cross section fov the
apple) seems to be larger than in the neidr field (once the geometrical cross
section). We thus tend to over-estimatce the imporctance of multiple scattering.
i r
the experiment especially in the buck=seattering hemispbere. At small
scattering angles, Mie-theory (~Fruunhefvr diffraction’ gradually becomes a
better approximation. The degrec of polarization shown in Pig. 4.8 exhibits
a number of oscillations at 6 < 60° that are atcributed to the bircfringent

character of the ensemble.
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Fig. 4.3 Theoretical and experimental intensities versus scattering angle
for the cnsemble T41A of 4:1 elongation aligned cylindrical particles
with size parameter 2wa/A = 0,47, I__ is the intensity for radiation
polarized perpendicular to the scacééring plane. Dotted curve is
the arithmetic sum of individual particle scattering intensities;
solid curve is the Mie theory result for the ensemble treated as a
homogeneous sphere with an equivalent index of refraction (see
BEquations 4.7 = 4.9); dashed curve is for che ensemble scattering
treated coheveuyily and avexaged statistically using the single scattering,
"interference”" approximation (see text for explanation) the scattering
by individual cylinders has been approximated by that of equal volume
spheriods using the Rayleigh approximation; circles are the experimental
resulcs,
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Pig. 4.5 Same as Fig.4.3 except in the theoretical computations the
finite cylinders are approximated by equal length portions of
infinite cylinders. The dots includes the secondary scattering
approximation, triangles are the single scattering approximation
and the solid curve the mie-computations using an index refraction
given by eq. 3.2. Squares are the experimental results,
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polarized in the scattering plane,
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Theoretical intensities versus scattering angle used to approximate
the scattering by the finite cylinders at perpendicular incidence
making up the ensemble T41A. For comparison the exact solution for
the spheriod was computed using a computer code provided by R.
Schaefer for details we refer to R. Schaefer, 1980.
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Pig. 4.8 Theoretical and experimental degree of polarization versus scattering:
angle for the ensemble T41A composed of 125, 4:1 elongation aligned
cylinders. Solid curve is the arithmetic sum of scattering by
individual particles; dashed curve is the Mie theory rerult for the
ensemble treated as a sphere with a corresponding Zgotropic index
of refraction obtained through eq. 3.12 dots are for the ensemble
scattering approximated by the single scattering "interference" theory
(see text for explanation) the cylinders have been approximated by equal
volume Rayleigh sphercoids; crosses are the experimental results,
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Fig. 4.9 Theoretical (solid line) and experimental (dots) normalized standard
deviation of scattered intensity versus scattering angle from the
ensemble T41A of 125, x = 0,47 aligned 4:1 elongation cylinders as
the ensemble is rotated in azimuth, I. . is the intensity for radiation
polarized perpendicular to the scattering plane,
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Fig. 4.10
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Seme as Fig. 4.9 except I,, is the intensity for radiation polarized
in the scattering plane.

et i SR A parsd 6 A o B A



52

4.1.4 Scattering from P11, a_two dimensional "bird's-nest"

Pi1: 156, x = 0,47, 1:1 ~elongation homogeneous lucite cylinders randomly
aligned within an X = 19,76 circular disc,

The scattering of each cylinder can be closely approximated by that of a single
dipole. The simple geometry of the cnsemble yield well separated predictions
by single, multiple and by dependent scattering approximations,

Target P11 was first oriemtated such that the plane containing the
scatterers was perpendicular to the scattering plane. The azimuth angle x refers
to the angle between the plane of the targets and the incident ﬁo vector (see
Fig. 4.11).

e

g. 4.11 Orientation of target P11 during measurements presented in Fige.
4.12 and 4.13. The plane containing the scatterers is perpendicular
to the scattering plane & kg (Y2), ¥ is the angle in the sc§t?ering
plane between the incident radiation 20 and the plane containing
the scatterers.

In Fig. 4.12, the averages I:l(x) and 1:;(x) over | are represented by
the solid and dashed curves, respectively, at 8 = 45° and the same quantities
0 . . .
at 6 = 90" are shown in Fig. 4.13.AWe see that in all cases a maximum occures
. , . = = .

at X = 8/2, At this orientation, kon = ks" where n is the normal to the plane
containing the scatterers. This is the well known condition for reflection
from an infinite plane. As the plane is finite in our case, we expect inter-

ference patterns which simply correspond to the diffraction pattern that would
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be obgerved if the plane was homogeneous, The scattering pattern is therefore
symeetrical around the maximum. At © = 900, the individual cylindgrs have a
very sharp dip in I . Thus, obs rvations of I (x) at 0 = 90° yield information
abnut, the 1mportance of multiple and depende1t scattcrlng. The x = 0/2

. orientation corresponds to the Brewster angle of an infinite plane. Thus,

rather than the maximumat this orientation being seen for 111’ dependent
scattering predicts a minimum in I ., Dependent and multiple scattering are
also expected to give rise to crose-polarx&atxon when the agglomerace doesg not
possess mirror symmetry in the scattering plane, This occurs when the plane of
the scatterers deviates from the scattering plane and does not contain the
perpendicular to this plane, Significant cross-polarization could not be
detected at any orientation, and it is seen in Fig. 4.13 that there is no dip
in the Iz2 component at X = 45° and 6 = 90°, We conclude that multiple ana

dependent scattering are much weaker than single scattering for this target.

a
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Fig. 4.12

R N
60 120 180

Scattering averaged over ¥ at 8 = 43° by the two dimensional
ensemble of scatterers P11 shown in Fig. 4.11 as the ensemble
is rotated in azimuth around the X-axis, solid curve is the
I,, component of scattered intensity; dashed curve is the I?_2
component,
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Fig. 4.13 Same as Fig. 4.12 except § = 90°,
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4.,1,5 Scattering £rom U41A and Ch41

U41A: 43, x = 1,88, 4:1 -elongation homogeneous cylinders aligned parallel
to each other within an X = 25,09 sphere,

Ch1: 1, x = 1.88, 4:1 ~elongatiou homogeneous cylinder,

The differences between T41A and U41A are:

I} The cylinder size parameter x has been increased a factor 4, such that scatter-

ing fyom the individual cylinder C41 could be detected in the laboratory.
1I) The "bird's-nest' size parameter X has been increased a factor 2.5.

III) The average polawizability per unit volume as determined by eq. 3.1, is
increaped by fitting 43 cylinders into the "bird's-nest” rather than 30,5

in the same volume,

It is evident firom FTig. 4.14 that the ensemble does not act like a sum of
the individual cylinders. The scattered intensity per cylinder is much lower
for iue agglomerated cylinders than for independent identical cylinders C41A
in the range of 8 covered by the experiment, A sharp rise in both 1‘11 and I22
is expected both from constructive interference and from Fraunhofer diffraction
at smaller 6's, This target seems to be well suited £
multiple and/or dependent scattering effects that may have flattened oui the
angular distribution, As a result, the run of the degree of polarization with
6 (Fig. 4.15) is flatter and generally lower than for individual cylinders.

In an attempt to separate an eventual enchancement in I11 independent of the
cylinder orientattions, U41A was aligned such that the cylinder axes were
rparallel to the gcattering plane () = 90°) and x = 60°, The resulting angular
distribution of ihe scattered light (Fig. 4.16b) has a double peak in I around
6 = 100° whereas a single peak can be seen in I . However, the observed peaks
are much too weak to fill in the dip in I at pérpend1cular incidence and

o~ 105°, For compar1son the scattering by the similarly orientated single
cylinder C41 identical to the 43 cylinders in U41A is shown in Pig. 4.16a, We
note that the peak around 0 = 2y = 120° characteristic of elongated targets,

has almost vanished for the spherical ensemble.

In conclusion, it seems probable that the scattering by the ensemble is
smoothed out by multiple scattering with respect to that by individual cylinders.
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Intensities per cylinder versus scattering angle for x = 1,88 cylinders.
Dashed and solid curves are respectively computed I, and Iz components
for a 4:1 portion of an infinite cylinder at perpenéicular incidence,
For a’'similarly orientated single 4:1 -elongation cylinder crosses and
dots are the experimental values for T ) and I,, respectively. The
triangles are the experimental I _ component for the ensemwble U41A,
circles the 122 component. 12
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Fig. 4.15
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Degree of polarization versus scattering angle tos %x = ,.88 cylinders,
Solid curve is computed for an infinite cylinder at perpendicular
incidence. Experimental results are: pluses = single 4:1 cylinder at
normal incidence (target C41A), circles are for the ensemble U41A of 43
aligned 4:1 cylinders.
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Fig. 4.16a

3001

L j V),

100+

Scattered intensities in units of the potential created over
the detector versus scattering angle, from the 4:1 ~elongation
x = 1,88 ~ylinder C41, The axis of symmerry is contained in the
scattering plane and makes an angle ¢ = 60 with the direction
of the incident radiation ﬁb. During this cxperiment the back=
ground was not compensated for, The uncompensated background
radiation is displayed in the same units in appendi- .
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Fig. 4.16b

Scattered intensities in units of the potential created over

the detector versus scattering angle, frcm the 43 aligned x =
1.88, 4:1 =-elongation cylinders confined into the ensemble U41A,
@ = 609 for each individual cylinder. During the experiment the
background was not compensated for. The uncompensated background
radiation is displaved in the same units in appendix E.
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4,1.6 UAIR and CAIR
V41R: 43, x = 1,88, 4:1 =elongation homogeneous cylinders randomly aligned
within ap X = 20,08 sphere,

C41Rs 1, x = 1,88, 4:1 ~elongation homogancous cylinder, the averages are
taken over random orientations,

The differences between V41R and U4IA are:

I) The 43 cylinders are not only randomly located as in U41A but also randomly
orientated rather than aligned-perpendicular to the scattering plane,

I1) The size of the spherical ensemble is decreased from X = 25.09 to 20,08,
The difference between C41R and CH1A is:

I) The measurements C41R are performsd over uniformly distributed orientations
to simulated randomness. The actual target C41 is identical in the two
experiments,

The angular dependence of the two polarization components I and I in
experiment C41R axe quite similar and opproximately straight 11nea up to e = 90°

on the locarithmxc plot in Fig. 4.17. Althcagh very shallow, the dip at © 105°
in I _ can still be seen, Otherwise the scattering curve is relatively flat with
very little backscattering up to the last measurement ¢> 0 = 165°, This

scattering curve is discussed in wore detail by Schuerman at al., (1980) and compared
to those for a selection of 28 targets of various size and shape. As the cylinders
in target U41R are randowly aligned, the resulting averaged index of refraction

over o portion of the agglomerate is irdependent of the polarization of the

incident and scatteved light. Thus, the single~scattering approximation predicts

the same changes in all polarizatior components (shown in Fig. 4.18)., Higher~

~oxder scattering and/ox dependent scattering would add a polarization-dependerit
phase shift with respect to the single scattering., The difference in the degree

of polarization of light scattered from the single cylinder and from the agglomerate
respectively Fig. 4.19 thus illustrutes the importance of these effects,

EERE T . e
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Fig. 4,17

Il1°
180

Measured secattered intensities averaged over uniform orientations
versus scattering angle for the x = 1.88, 4:1 —~elongation homo-
geneous cylinder C41R.
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Fig. 4.18 Measured scattered intensities per cylinder versus scattering angle
for 43, x = 1.88, 4:1 ~elongation cylinders raadomly located and
orientated in the X = 20.08 spherical ensemble U41R averaged over
uniform orientations, of the agglomerate.
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Fig. 4.19 Measured degree of polarization averaged over uniform orientations

versus scattering angle for the x = 1,88, 4:1 -elongation single
cylinder C41R and for the "spherical' X = 20.08 ensemble U41R of
43 such cylinders,
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4.1,7 Dependence on cylinder elongation

T41R: 125, x = 0.47, 4:1 —elongation homogeneous cylinders randomly aligned |
within an X = 10.04 sphere,

,'B41R: 125, x = 1,74, 41 ~elongation homogenéous cylinders randomly aligned
within an X = 37.25 sphere,

T21R: 240, x = 0,47, 2:1 =elongatinn homogeneous cylinders randomly aligned
within an X = 10,04 sphere.

B21R: 240, x = 1,74, 2:1 ~elongation homogeneous cylinders randomly aligned
within an X = 37,25 sphere.

T11R: 539, x = 0.47, 1:1 -elongation homogeneous cylinders randomly aligned
within an X = 10.04 sphere.

BiiR: 539, x = 1,74, 1:1 -elongation homogeneous cylinders randomly aligned
within an X = 37.25 sphere,

T41R, T21R aud T11R represent three agglomerates differing in the length-

~to~diameter ratio of the individual ecylinders, the average polarizability is

' kept constant by varying the number of cylinders. B41R, B21R and B11R are the
same targets, respectively, but the measurements were performed at the
millimeter-wave laboratory at Bochum, T41R and B41R are compared in the next
section (4.1.8) for colour effects. It seems from Figures 4.20, 4.21, 4.22 and
4.23 showing the scattering functions as a function of & for T41K, T21R, TVIR
and B41R, B21R and B11R, respectively, that the cylinder elongation has a
negligible effect on the scattered intensities averaged over all target orienta-

. tions. However, the dependence on orientation described by the standard deviation
o of the 272 measurements should be a measure of the target isotropy. In Fig.
4.24 the normalized standard deviation o/l is plotted as a function of 6. It is
seen that o/J generally decreases with the length of the silicate rods, which
are thus more evenly distributed. Scattering in the forward direction is
dominated by the Fraunhofer diffraction, which is almost independent of the
orientation of the spherical agglomerate. We note also that the phase of the
scattered radiation from individual cylinders and therefore the resulting inter-
ference pattern depends most heavily on meq and the size of the agglomerate at
sufficiently small scattering angles. In the case discussed here, X(meq -1
& A, and therefore the interference is generally comstructive; i.e., the
dependence on ‘target orientation is small. At larger scattering angles, on the
othe hand, the phase depends more heavily on locations of the particles within
the ensemble. It is therefore widely differing from particle to particle. The
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interferencb pattern as the target T21R is successively rotated around a few
axes parpendxcular to the scattering plane is shown at 135° scattering angle

in Figures 4.2b and 4u2c; on p. 42,
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Fig. 4.20

r v 1 ¥ 1 I LR i
© O

|
O 60 120
e

Measured scattered intensities averaged over uniform orientations
versus scattering angle for three X = 10,04 "spherical" ensembles

of randomly orientated x = 0.47 cylinders. There are 125, 4:1
-elongation cylinders in target T41R, 240, 2:{ -elongation cylinders
in T21R and 539, 1:1 —-clongation cylinders in T11R. I  were too
small (= 0.1) to give reliable data. 12
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Pig., 4.21a. Measured secattered intensities averaged over rotation in azimuth
about five different axes of the target in experiment B11R. The X
= 37.25 ensemble of 539, x = 1,74, 131 -elongation randomly located
and orientated cylinders is the same target as T11R but irradiated
by the A = 8.6 mm (35 GHz) waves of the p~wave laboratory at Bochum
rather than the 3.18 cm (9.4 GHz) at Albany. When dots and crosses
coincide only crosses are shown, similarly only squares are shown
when they coincide with circles.
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Fig. 4.21b Measured run of the degree of polarization in experiment B11R.
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Fig. 4.22a Measured scattered intensities averaged over rotation in azimuch
about five different axes of the target in experiment B21R. The
X = 37,25 ensemble of 240, x = 1.74, 2:1 -elongation randomly
located and orientated cylinders is the same as target T21R but
irradiated by the A = 8.6 wm (35 GHz) waves of the p-wave laboratory
at Bochum rather than the 3.18 am (9.4 GHz) waves at Albany. When
dots and crogses coincide only crosses are shown, similarly only
squares are shown when they coincide with cireles.
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Measured run of the degree of polarization in experiment B2IR.
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Measured scattered intensities averaged over rotation in azimuth
about five different axes of the target in experiment B49R. The

X = 37.25 ensemble of 125, x = 1.74, 4:1 -elongation randomly
located and orientated cylinders is the same target as T41R but
irradiated by the A = 8.6 mm (35 Gliz) waves of the n-wave laboratory

at Bochum rather than the 3,18 cm (9.4 GHz) waves at Albany. When

dots and crosses coincide only crosses are shown, similarly only
squares are shown when they coincide with circles,
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Fig. 4.23b Measured run of the degree of polarization in experiment B41R.
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Fig. 4.24 HMeasured normalized standard deviation of scattered intensities versus

scattering angle for targets; T41R, T21R and TiIR consisting of 125
4:1, 240 2:1 and 539 1:1 cylinders respectively.
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4.1.8 Colour depandence for the sgglomerates of silicates

B41R: 125, x = 1.74, 4:1 =clongation homogeneous cylinders randomly aligned
within an X = 37,25 sphere,

U41R; 43, x = 1,88, 4:1 -elong ticn homogencous cylinders randomly aligned
within an X = 20,08 spheve,

T41R: 125, x = 0,47, 4:1 ~clongation homogenecus cylinders randomly aligned
within an X = 10,04 sphere.

Experiments T41R and B41R were perfoxmed using the same target but at
dif ferent wavelengths. Thus, the differences arc, save for a differing averaging
technique, truly colour effects., The measurement B4R was performed at t¢he
laboratory at Bochum operating at 35 GHz (8,57 mm). If we let T41R represent
a particle in yellow light, B41R would represent the same particle near the
wavelength of “Lyman a, The dip in I at the longer wavelength of T41R in Fig.
4,20 is only reduced with respect to thac of single cylinders by multiple or
dependent scattering. At the shorter wavelength of B41R, however, the single
cylinders exhibit only a very shallow dip which vanishes in the scattering of

the "bird's-nest" Fig. 4,23, The phase tunction for x = 1,74 and x = 1,88

ghnt
infinite and xandoaly orientpted cylindexs is show in Fig, 4.25 and for the
agglomerates in Fig, 4.26. Thus a comparison between the B41R and U41R measure~-
ments Figures 4.23 and 4.18 merely reflect the difference in agglomerate size
and a swall change in the average index of refraction as 43 rather-than 30.5

’cylinders were fitted in the X = 20,08 hollow eccofoam sphere to make up

"pird's-nest'" U41R, There are few differences in the runs of Ill(e) and rzz(e)
as given by the two sets of measurements, but the relative importance ¢f cross-
-polarization in B41R is surprisingly low. No measurements for the x = 1.74
single cylinder was performed to provide an adequate comparison, note also that
the cross~polarized components were not rigorously calibrated as these

components vanish for the spheres used as standard (see also section 2.5.6).

We conclude that in this case the size of the agglomerate does not seem
to have & decisive effect on the shape of the scattering functiom, and that the
magnitude is approximately proportional to the number of scattering particles.
Whereas the colour dependence of the individual scatterers is still quite
inportant for agglomerates of this size the effect is expected to be reduced by
dependent scattering which increases in imporxtance as the gize of the agglemerate

grows.,
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Theoretical relative brightness versus scattering angle for
independently scattering infinite cylinders averaged over random
orientation for m = 1,618 ~ 0.005i and size parameter x = 0.47;
dash~dot~dot, x = 0,78; dash-dot, x = 1,74; solid, and x = 1,88;
dashed curve.
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Fig. 4.26

Meagsured angular distribution of brightness per cylinder for the
ensembles T41R consisting af 125, 4:1 ~elongation ¥ = 0,47 cylinders
in an X = 10,04 "sphere", U41R; 43 4:1 ~elongation x = 1.88 cylinders
in an X = 20,08 "gphere" and B41R consisting of 125 4:1 -elongation
x = 1,74 cylinders in an X = 37.25 "sphere' respectively.
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4.1.9 Depandence _on_particle number density,

T21R: 240, x = 0,47, 2:1 =elongation hnmogen.,ous cylinders randomly aligned
within an X = 10,04 sphere,

TC21R: 204, x = 0,47, 2:1 =glongation homogeneous cylinders randomly aligned
within an X = 15,81 sphere,

V21R: 44, % = 0,78, 2¢1 ~:longation homogencous cylinders randomly aligned
within an X = 15,81 sphere,

The Fraunhofer diffraction concentrates towards the forward airection as
the size of the ensemble increases, It is thug expected that the side scattering
from TC21R is nore cloaely reprenented by the pure "interference" approximation
than the more closély packed T21R. This approximation also predicts a concentration
towards small 0's for the expanded ensemble (see section 3.6.3). The dependence
on orientation X, ¥, (a,B) and therefore o/I is expected to be smeller for TC21R
at 0%0 but to iwerease more rapidly with 0 (fig. 4.28) whereas the resulrxng
scattered intewsity (fig. 4.27) decreases more rapidly. This can be seen from eq.
3,21 in the limit m,, *1. Target V21R occupies the same volume asr TC21R, but the
gcattering material has been concentrated in larger cylinders. The side scattering
patZzern, (fig. 4.27), mostly reflects the difference in scattering functions for
tbe individual cylinders. This can be scen by comparing the total brightness
measured for TC2{R and V21R (fig. 5.5) to the computed brightness for the respective
cylinders (portions of infinite cylinders) independently scattering the incident
light (aee'fig.g4.25). The "fluctuations' in the phase of the scattered signal from
each ecylinder as a function of orientaticns is expected to vary move heavily for
V21R than for the more "homogeneous'" TC21R. That effect is seen in Fig. 4.28 as
a flatter 0 dependence for V2IR than for TC21R,
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Measured polarized intensity components as a function of scattering
angle for the ensembles T21R, TC21R and V21R consisting of 240

x = 0.47 231, 204 % = 0.47 231 and 44 % = 0.78 2:1 elongation
cylinders in X = 10.04, 15.81 and 15.81 "spherical” ensemhles
respectively.
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Fig. 4.28 Measured and normalized standarsd deviation of scattered intensities
versus scattering angle for targets; T21R consisting of 240 x = 0.47
2:1 elongation cylinders, TC21R:204 x = 0,47 2:1, V21R: 44 x = 0.78
2:1 elongation cylinders in X = 17,04, 15.81 and 15.81 "spherical
ensembles respectively.
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4.2 Silicate Core ~ "Tce' Mantle Cylinders

The scattering by the ensemble IC3b, is compared to that by IC4b and IChe
for colour effects in sections 5.2.2 and 5,2,2. The ensemble ICia is nlso
discussed in the same sections, The run of the polarized intensity
components are shown separately in Figures 4,37 and 4.38 for IC3b and
ICla respectively,

4.2.1 Dependence on the size of the agglomerate

- s £ 0 o e 90

1C4d: 80, X, = 2,45 (dx = ,07), 1.96 (7, = ,04) to | mean elongation cccofoam
1.7 mantles and x, = 0,78 ~ 2 to 1 elongation lucite core cylinders

randomly aligned within an X = 19,3 gphere,

IChc: YN X, = 2,45 (ox = ,06), 1.97 (oG = ,04) to 1 mean elongation eccofoam
1.7 mantles and X, = 0.78 ~ 2 to 1 elongation lucite core cylinders

randomly aligned within an X = 15,8 sphera.

IC4b: 23, X = 2.45 (cx = .06), 1.96 (oe = ,05) to 1 mean elongation eccofoam
1.7 mantles and X, = 0.78 ~ 2 to 1 elongation lucite core ¢ylinders

randomly aligned within an X = 12,6 sphere,

12R: 1, x = 2.,44,1.954 to 1 &longation eccofoam 1.7 mantle and a x, = 0.78 ~ 2
elongation lucite cove cylinders. The averages are taken over random

orientations.

The run of the scattered polarized components le’ 12? and Il2 with scattering
angle was measured for the single core-mnantle cylinder "12" representing a
single interstellar grain. The scattening averaged over "uniformly" distributed
orientations (as described in sectisom 2.7.1} to simulate randomly oxientated
cylinders is shown in Figure 4.29. The single scattering approximation described
in chapter 3 is applied to the equal density agglomerates of 23, 44 and 80 grains
respectively, all of which are ceproductions of "12", The average scattering
efficiencies over random orientations were substituted for that of each of the
randomly orientated cylinders. The detected signal irom "12" at some combinations
of polarization, scattering angle and orientation were close to the noise level

( ~ 1072%) although version C of the laboratory apparatus was used. The thus
introduced errors propagate to the single scattering approximation (sece

Chapter 3). It is possible that the oscilliations seen in the computed run

cf I11 around 110° scattering angle are caused by this effect. The dots in
Figures 4.30 to 4.35 are the results of the single scattering computations
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as well as the open trianglus, circles and squaves in Figure 4.36 the dashed
curves corresponding to the dote are added for illustration purposes only, as

are the curves in Figure 4,36, It is seen in the Vigures 4.30 to 4.35 that the
scattering at small angles approaches the diffraction pattern discussed in section
3.3, The diffraction pattern is approximated by that for a homogencous sphere
with "equivalent index of refractlon as piven by Equation 3,1 after averaging
the dipole moments per unit volume (¥). Towards higher scattering angles the
single scattefing approximation is approached. The cross—po}nrization components
Ilz = 121 over uniform distribution of crientarions are c?mpared in Figure 4.36,
the diffraction does not polarize, It is therefore expected that the experimental
results follow the single scattering approximation at all scattering angles.

Note that the measured scattering by the single cylinder "12", on which Lhe
"interference'" theory relies, might be subject to large experimental errors.

It was concluded in section4.1.,1 that the scattering by the 125 aligned

cylinders in target T41A were closely reproduced by the single scattering
approximation at 6 > 90° and approach the diffraction pattern at lower 6's. ,

We may draw the same general conclusion fpr targets IC4b, IC4c and IC4d

except that the magnitude of the Il1 comppnent is lower for the larger

agglomerates than predicted by the theory. This leads to a lower degree

polarization for agglomewates than for individual cylinders and moves the

maximum degree of polarization to lower scattering angles for the bigger

agglomerates.
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Fig. 4.29

Measured intengities scattered off a single silicate~-core~-
"ice"-manile cylinder of 2:1 elongation modelling an inter~
stellar dust grain, The intensities are averaged over
"uniformly' distributed orientations (see section 2.7.1 for
explanations). The connecting curves are added for illustration
purposes only,
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Theoretical and experimentdl intensities versus scattering angle for
ensemble IC4b consisting of 23 randowly locatsd and orientated
core-mantle cylinders with x = 0.78, x_ = 2.45 and close to 2:1
elongation within an X = 12.6°"sphere". 7 , is the intensity for
radiation polarized perpendicular to the scattering plane. Solid .
curve is the Mie theory result for the ensemble treated as a homo-
geneous sphere with an equivalent index of refraction (see equation
3.1); dashed curve is for the ensemble scattering treated coherently
and averaged statistically using the single scattering "interference"
theory (see text for explanation) the scattering by individual cylinders
was determined experimentally and is shown separatly in Fig. 4.29;
crosses are the experimental results for the ensemble.
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is the intensity for radiation polarized
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Theoretical and experimental intensities versus scattering angle for
engemble IChc consisting of 44 randomly located and orientated core-
-mantle cylinders with X, = 0.78, x_ = 2.45 and close to 2:1 elongdtion
within an X'= 15.81 "sphere". I . is the intensity for radiation
polarized perpendicular to theée scattering plane. Solid curve is the
Mie theory result for the ensemble treated as a'homogeneous sphere

with an equivalent index of refraction (see equation 3.1); dashed

curve 1s for the ensemble scattering treated coherently and averaged
statistically using the single scattering "interference" theory (see
text for explanation) the scattering by individual cylinders was
determined experimentally and is shown seperately in Fig. 4.29; crosses
are the experimental results for the ensemble.
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Fig. 4.33 Same as TFig. 4.32 except 1'92 is the intensity for radiation polarized
in the scattering plane. ° '
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Theoretical and experimental intensities versus scattering angle for
the ensemble IC4d consisting of 80 randomly located and orienttisd
core~mantle cylinders with x, = 0,78, x_ = 2.45 and close to 2:}

. N ~ Ca nm . . . . e
elongation within an X = 19,29 "sphere', Ty 18 the intensity Hor
radiatilon polarized perpendicular to the scattering plane. Solid curve
is the Mie theory result for the e¢nsemble treated as a homogeneous
sphere with an equivalent index of refraction (see equation 3.1);
dashed curve is for the ensemble scattering treated coherently and
averaged statistically using the single scattering "interference"
theory (see text for explanation) the scattering by individual
cylinders was determined experimentally and is shown separately in
Fig. 4.29;: crosses are the experimental results for the ensemble.
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Fig. 4.35 Same as Fig. 4.34 except [, ap 18 the Lntensxcy for radiation polarized

in the scattering planc.
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Theoretical and experimental results for the cross-polarized intensities
versus scattering angle. The open triangles are for the ensemble scattering

treated coherently and averaged statistically using the single scatterxing
"interference" theory (see text for explanation).
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Fig. 4.37 Measured polarized intensity components versus scattering angle for
target ID.; IC3b consisting of 40 x_ = 0.63, x_ = 1,95, lucite core,
eccofoam 1.7 mantle cylinders with mean ziongation 2.01:1 in an
X = 12.65 "spherical" ensemble.
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Measured polarized intensity components ve;sus scattering angle for
target ICla comsisting r/ 243 x = 0.47, 2:1 elongation lucite
cylinders and "waste" material from the manufacturing of the ecenfoam
1.7 (m ™~ 1.3) mantles, in an X = 10.04 "spherical" ensemble.
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Chapter 5

COMPARISON WITH ASRTRONOMICAL OBSERVATIONS

5.1 Intxoduction

Observations of comets as well as of the zodiacal light yield information

about the sum of scattered intensities off the contributing scatterers, integrated
along the line of sight. The geometry of the syste: in which the observations

are made are related ro the laboratory system as shown in fig. 5.1, The translation
of observable quantities between the two systems is not readily made and is
discussed elsewhere (see Dumont 1976 for references). € is the angle between the
direction to the light source and the line of sight. The plane defined by the
location of the observer, scatterer and the Sun which is approximately a point
source, is the scattering plane with respect to which the direction of polarization
is defined (see section 2.3).

on'ti /
sun A2

observer

Fig. 5.1 ~ The geometry for observations of scattering by particles
in the interplanetary medium.
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The widest coverage in angular (6) distribution is found in zodiacal light
measurements, Translation of the observations into quantities that can be
measured in the laboratory involves assumptions regarding the particle number
density distribution in the scattering plane, It has tradifionally and for
simplicity been assumed that the particle number-density (n) is proportional

to a power of heliocentric distance R (n « R"v) and that the light scattoering
functions are independent of location. As pointed out by Schuerman (1980), this
last assumption has no theoretical support whatsoever, On the contrary, a
segregation is expected as a function of heliocentric distance, Bearing in mind
that these assumptions are not verified by observations from the Pioneer 10
spacecraft (Schuerman, 1980, refered to above) we might compare the angular
dependence of the brightness (Itot) and degree of polarization (P) of the
zodiacal light per unit volume to the laboratory data for our models of cometary
debris. The most complete surveys of tbe zodiacal light along the ecliptic
were transformed to the laboratory geometry by Dumont (1576).

5.2 Comparisom to the Zodiacal light

The zodiacal light has been found to have approximately the colour of the Sun
e t

------- 1978). We are therpfore first discussing

(for references see Weinberg and Sparvow, 1978). W
the general characteristics of the zodiacal light in sectioms 5.2.1 and 5.2.2,
while colour effects are discussed in section 5.2.3. Figures 5.2 and 5.8 are

reproduced from Dumopt (1976) by permission from Springer-Verlag,

The total brightness (Itot =T, +I, +1I, +HIzl) deduced by Dument from measure-

ments at Haleakala (Weinberg, 1964) and Tenerife (Dumont 1965, Dumont and Sdnchez

1975), is shown in Fig. 5.2 where v = 1,2 was used. I reaches a local maximum

tot
at 8 ~ 33° and becomes roughly isotropic from 50° to 130° after vhirh it rises iu
backscattering. The local maximum at 33° scatteriug angle is shown in greater

detail by Dumont (1976 fig. 5).

Although appeariig in both the Tenerife and the Haleakala data, and making
a smooth connection to the rocket data by Leinert et al., (1974) that probes the
local minimum around 6 = 20°, the very existence of the peak is dubious. This
is both because the accuracy of the inversion method and the reliability of the
observations decrease with scattering angle. This region is labeled poorly
reliable by Dumont. It is, however, noteworthy that a similar peak is seen in
the laboratory data for target T41A. It is also predicted by the "interference"
theory for most "tird's~nest" particles, but the angular resolution of the
laboratory data i, too low to more than hint at its existence (see figures 5.3 to
5.63.
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(A second peak around 6 = 55° in the data for T41A is also seen in Dumont's
Fig. 3, 1975.) Dumont (1976) writes;
"The variations of o fxom 8 = 50° to 6 = 130° are probably within
a factor of 2, and this conflicts with many theoretical scattering
functions which show variations by a factor of 5 te 10 in the quoted
range of scattering angle."
0 is the total brightness <Itot in this text). Most of the laboratory data were
taken with 15° intervals, so that Imt vas measured at 0 = 45°, 60° and 120°, 135°
but not at 50° and 130°., It is seen in table 2 that seastering by "bird's-nests"
is generally closer to isotropy in this range than scattering by individual cylinders
and that the agglomerates of cylinders with ernded mantles have a flatter run
of 1'tot with 8 in this region than the agglomerates of "ice" coated cylinders.
Dumont estimates the variation in the whole interval of 6 = 20° tu 180° to be
within a facter of 5, and writes;
"Such a flatness can agree with few of the scattering functions repor-
ted by Wickramasinghe (1973) for Mie particles, or by Giese (1970, 1971),
Giese et., al. (1974) for elaborate uixtures of homogeneous or mautle-core
particles: most of these curves exhibit a much stronger fi.ward scattering.
Some agreement may perhaps be sought with absorbing particles, for which
the ratio On\ax/ Oin is generally of the order of 10 in the 20%< ¢ < 180°
range, but can be as low as 2 or 3. On the other hand, the curves of figs
4 and 5 seem very hard to reconcile with dielectric paxticles, for which
the same ratio is between 20 and 200 or more."
Fig. 4 in Dumont's article is here Fig. 5.2, the 10% to 60° range igs shown in more
detail in Dumont's Fig. 5. Although none of the scattering functions for the
"bird's-nests" actually investigated in the laboratory show quite such an isotropy
in this range of scattering angle, we note that some agglomerates that are dielectric
as are all "bird -nests" reported on in this study, show I j I n <3
Agglomerates of more realistic sizes for typical zodzacal-l:ﬁnt part1c1es are

currently being studied, using the "interference" theory.

In the backscattering region 160°< o < 180° there is a rise in It ¢ (Fig. 5.2).
Dumowt estimates the ratio I (1800)/Itot,m1nt° 1.7 for the Tenerif: data
and to 1.9 for the Haleakala data. A rise with a corresponding slope is evident
in several of the gcattering functions for "bird's-nests”, where 1<.Ztot(165 )/

Itot,mlﬁ' $ 1.3 (see Figs. 5.3 to 5.6).

In agreement with Dumont's Fig. 6 in the same reference, thEOIl component

(1 in Dumont's Fig.) is flatter than the I, component (//) for all "bird's-nests"
in this study.
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Fig. 5.2 Reproduced by permission given by Springer-Verlag, from Dumont
‘ (1976, Fig, 4, p. 92). The phase function for interplanetary
dust deduced from the Tenerife (Dumont 1965, Dumont and S#nchez
1975) and Haleakala (Weinberg,_1964) photometric surveys. The
number density n given by n=R “Vuhere R is the heliocentric
distance and v = 1.2 was assumed,
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Fig. 5.3 Measured total brightness per cylinder versus scattering angle
for the single core-mantle grain 12" and the agglomerates IC4b,
IC4c and IC4d of similar grains. For target parameters see the
fold out page. The connecting curves are added for illustration
purposes only.
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Measured total brightness versus scattering angle for
agglomerates TC21R and T21R differing in the silicate
grain number-density and for the agglomerate ICla
containing a mixture of wilicate cylinders and "ice"-
typz material, See the fold out page for target para~
meters., '
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Fig. 5.5
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Measured total brightness versus scattering angle for
the equal volume "bird's~nests" TC21R; triangles, V2iR;
squares and IC4c; open boxes. See the fold out page far
target parameters,
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Fig. 5.6 Measured total brightness versus scattering angle for
the agglomerates IC4b, IC3b and IC4¢ consisting of’
core~mantle cylinders. For target parameters see the
fold out page. '
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Fig. 5.7 Measured total brightness versus scattering angle for

the ensembles T41R, T21R and T11R consisting of x=0,47
silicate type material cylinders, differing only in
elongation. For target parameters see the flod out page.
The solid line is the theoretical computation of the
scattered brightness from an equal mass portion of an
x=0.47, m = 1.618 ~ 0.0052, infinite cylinder averaged
over "random" orientations.
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5.2.2 Degree of Polarization

The similarly deduced degree of polarization (P(8)) is less sensitivi

to the value assigned to v than the photometric curves (Dumont and Sidnchez,
1975, fig. 5). In fig., 5.8 P(6)is reproduced from Dumont (1976, fig. 7),
where t ¢ same value forv (1.2) is used as for inversion of the intensities.
P is gencrally positive at 6 > 60%, the apparent large negative degree of
polarization from the Haleakala data in the poorly reliable left part of
the figure is not believed to be genuine by Dumont. From Dumont's fig. 6

it appears that both curves join in a neutral point at 0 & 35°. The maximum
degree of polarization, Pmax ~ 0.4 occurs close to 6 = 90° in the Haleakala
inversions and closer to 80° for the Temerife data; with Pmax s 0.35, The
values of these curves at 6 = 90° and 6 = € are of special importance
because they are independent of. v (Dumont 1972, 1973). €n is the elongation

of the maximum degree of polarization, 55° ~ 75°.

It can be seen in fig. 5,9 to 5.13 that the general shape of these curves

are reproduced by the "bird's-nests"., P is generally positive, the magnitude . ’

is close to that measured for the agglomerates IC4b, IC4c and IC4d (fig. 5.9)

of "ice'"~coated silicate, for which the two points P(em) and P(90°) are in l
excellent aggreement with the observations. The maximum however occuys at :
higher 6'3 but is expected to shift towards smaller 6's with the Fraunhofer l
diffractiow as the."bird’'s-nests" §ize increases. Pmax for all the agglomerates |
with eroded mantles is substantially higher than those of fig. 5.8 but the {

maximum occurs closer to F%ax in the inverted observations.

Vrep
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Fig. 5.8 Reproduced by peimission given by Springer-Verlag, from Dumont
(1976, Fig. 7, p. 95). The degree of polarization versus
scattering angle for interplanetary dust deduced from the Tenerife
(umont 1965, Dumont and Sdnchez 1975) and Haleakala (Weinberg,
1964) photometric surveys. A number density n given by ne=R V where |
R is the heliocentric distance in A.U., and v = 1.2 was assumed.
The left side of the figure is labelled poorly réliable by Dumont.

" o
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‘ Fig: 5.9 Measured degree of polarization versus scattering angle for the
ensembles IC4b, IC4c and IC4d of similar core-mantle cylinders.
5ee the fold out page for target parameters.
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Measured degree of polarization versus scattering angle for
agglomerates TC21R and T21R differing in the silicate grain
number density and for the agglomerate ICla containing a mixture
of silicate cylinders and "ice'-type material. See the fold out
page for target parameters.




104

10T

m V2IR

& TC2IR
0 [C4c

Fig. 5.11
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_Measured degree of polarization versus scattering angle for the
"equal volume "bird's-nests" TC21R, V2IR and IC4c. See the fold

out page for target parameters.
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Fig. 5.12 Measured degree of polarization versus scactg%ing angle for the
agglomerates IC4c, IC3b and IC4b, of "core-mintle” gylinders. For
target parameters, see the fold out page.
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Measured degree of polarization versus scattering angle for
the ensembles T41R, T21R and T11R of x = 0.47 silicate
cylinders, differing only in elongation. For target para-
meters, see the fold out page. ‘ S
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Measured degree of polarization versus scattering angle for the
single silicate=-core ~ "ice'-mantle cylindrical model of an intex-

stellar grain. See the fold out page for target parameters.
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5.2.3 Colour

If the diameter 0.1 um is assigned to the silicate cores, targets IC4b,

IC4c, IC4d and V21R models scattering of A = 0.4 um light, IC3b scatter at

A= 0,5 ym and ICla, T11R, T21R, T41R and TC21R all scatter 0.7 um light,
.Pure colour is represented in £ig. 5,6, both IC4c and IC3b correspond to 2 um
diameter agglomerates of 44 interstellar grains. The colour is generally blue,

o,ulro.s’” 3, If the sgglomerates reach sizes that are currently believed

to be more realistic for typical zodiacal-light parcicles (10-100 um), the size
parameter of the individual particles might be optically more important than the
size parameter of .he agglomerates. Note that in the limit where the particles
become homogencous, scattering by Mie-particles with a given index of refracrion
is almost coiourless in this size range. We have therefore also compired the
scattering from ensembles of equal~size parameter X while the size x of the
individual grains is varied. Itot.from 1¢3b and IC4b, both with ensemble size
parameter X = 12,65 are also comparcd in f£ig. 5,6 where it is seen that the 23
laxger cylinders scatter more light than the 44 smaller grains in IC3b. It appears
therefore that the blue light (A = 0.4 pm) 1is scattered more efficiently than
green (A = 0,5 ym) light, I “/I; P 2. The degree of polarization (fig. 5.12) /
is lowest in the blue light (164c and IC4b) the position of the maximum

Bm, 0.4'” i20° is shifted to m 50° ac A = 0.5 um. The agglomerates JC2IR an |
V21R of bare cylinders both have X = 15.81 in A\ = 0.7 ym (xed) light and A 1
= 0.4 wr (blue) light respectively. Similarly to séattering by IC4b compared to ?
IC3b, I, . is higher for V21R than for TC2IR, I /* , % 2, suggesting rhat the

light scatteted off the "ice" - free agg]omeratée also is slightly blue (fig. 5.5). |
On the other hand, the run of the degree of polarization looks quite similar for |
both ensembles (colourless) with Pﬁax 7 0.87 around 8 = 90° (fig. 5.11), j

Few differéncea ia the zodiacal light observed at different vigual wave-

lenghts are larger than variations in the same part of the spectrum between |
observations by different astronomers. The colour of the zodiacal light .
is therefore believed to be white or grey. The colours indicated by the ;
microwave measurements might be too prominent to compare favourably with the

observations, As a realistic comparison iuvolves scattering functicns over

a size distribution, more microwave measurements are desirable. It seems,

however, that the scattering efficiency per cylinder decreases as the

agglomierates of core-mantle grains grow in size (fig. 5.3). We see in

figurds 4.30 to 4.35 that the I11 component decrzases faster than Izz resulting

in a lower ddgree of polarization, (fig. 5.9), approaching that of the zodiacal

light. |
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Some astronomers have observed negative polarization at high scattering
angles (Frey et al,, 1974, Wolsteneroft and Rose, 1967). Weinberg and Mann (1968)
found that th¢ neutral point near 160° tends to smaller elongations with increasing

wavelength, Neagative polarization is seep at 0 = 1652 in sevesral of the experimental

graphs for "bird's-nests",

5.3 Comets

The inversion of the brightness intergral is much simpler for comet data

than for the zodiacal light because all light observed in a given direction

(¢) comes from scatterers distributed in a narrow interval of the line of

sight, the scattering angle (8) is essentially constant, To the knowledge

of the author, only observations of the dust tail of comet Ikeya~Seki, 1965

VIIL, (Weinterg and Beeson, 1976, Macyagin et al., 1968), provide informatiom

on Itot and P over an appreciable interval of 6, The angular dependence was
deduced by scanning the dust tail with a photomieter. It follows that in

addition to the dependence on porsible variations in scattering functions

for particles as a function of location in the tail, affecting P(6), the

measured brightness I(8) also depends on the particle number density distribution.
Weinberg and Decson conclude from wodel calcu ‘ veea of polarization
using a Mie-program, that the observations are consistent with grains in a very
narrow size~distribution. Although the observed polarization is very different
from that of light scattered off the single core-mantle cylinder 12 (Fig. 5.14),
the grain parameters are suggestive of those used for the single core-mantle

grains in this study.

Some dust properties can also be inferred from dynamical considerations,
Most dust tails can be resolved im streamers or synchrones and in syndynes.
Streamers coincide with the loci expected for particles ejected simultaneously
from the nucleus and subjected to a particle~dependent heliocentric repulsive
£OECE = mmmmebe
«.‘;’ nﬁz
distance anc mgrain
continuously ejected particles with 4 given u., Conclusions om the optical

srain counteracting the gravitation, (R is the heliocentric

is the mass of the grain). Syndynes correspond to loci for

properties of the particles canbe drown if y = B is assumed, where g is the
acceleration resulting from radiation pressure in units ot the gravitational
attraction,

" Pollowing the.model suggested by Whipple (1951) and formulated by Finson
and Probstein (1968), Sekanina and Farrell (1980) interpret the structure in
the dust t. . of comet West 1976 VI as evidence for fragmentation of strongly
non-gpheérical particles. The parent bodies regulting from a single burst are
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lined up along a streamer, As the particles burst, the fragments lire up in striae.
Sekanina and Farrell (1980) conclude that the repulsive acceleration u was
slightly lower for the parent bodies than the "avexage" on fragments ranging

from 0.6 to 2.7 times the solar gravitational attraction. With the assumption

¥ = B, this relation, which is difficult tuv account for with Mie~theory, leads
Sekanina and PFarrell (1980) to suggest that the parevt particles are chain-1lik(
apglomerates, We note, however, that 8 is gunerally not acting in the radial
direcrion if the scatterers does not posses spherical symmetry as for elongated
structures, This is easily realized by noteing that the scattering pattern is
asymaetric with respect to the incident ﬁéavecCQr for particles which are
asymmetric with respect to this vector. We note &lso that the formation of

discrete striae requires a distinct correlation between the fragmentation

mecha v wmd y, Such a correlation might be expected if p results from inter=-
action witn che sol: wune (Coulomb drag and Lorentz furce, etc,.) in vhich case
-ach striae would correspond to a given charge=-to-mass ratio for which the parent
body is likely to sputter,

Preliminary studies of the dynamics have been carried out for dust assumad
to be released by comet Halley during its 1986 perihelion passage. The computer

code, which also includes radiation and ion pressure is described =lsewhere
(Cuatafnon and Migeani, 1972}, Tha aain o
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during that passage are to reinforce gravitation (countevact B) and to deviat
the dust towards the solar pquatorial plame., For silicates corresponding to the
cores of interstellar grains with an assumed charge as high as 10 Volt, ym 8 ~ 0,1
and the deviation towards the equator is ms 20°, For "ice"~coated silicates the
charge wno estimated to 1.2 Voit, the resulting p = B and the deviation from the
comet 's~orbital plane a 1.5° For larger agglomesates the interaction with the

solar wind seems negligible.

In conclusion, the dynamics of grains with high charge to wass ratio such
as might be expested for the silicate cores resulting from the striped interstellar
core-mantle particles, or for the bare particles, are expected to deviate sufficiently
from ‘central motion to distinguish them from "ice"-coated grains or agglomerates,

B for the parent parti.les are probably compavrable to that for the fragments
forming the striae in comet West,'

We uuie that at the limit, where the ensemble of scatterers is such that
meq <L r i%z-and the scatterers are randomly located, each scatterer approaches
its scat.ering properties as an individual particle. At this limit, B is the same
for the agglomerate as for individual scatterers.

This condition is nearly fulfilled for the "ice"~free agglomerates especially
V21R and TC2%R.
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5.4 Impact Data

Analysis of lunar rock samples {iWugel ot al,, 1975) reveals the existince of

very shallow craters which are indicative of low bulk-density impacting particles,

'‘p 1 gem™?, The relationship between particle density atd crater topology has

futher revealed two groups of particles stony (p ~ 2 - 3 gem™®) and metallic- )
dansity (p m 8 gem™®) meteoroids. The latter create deeper and much more commonly
observed (selection effects?) craters (see also Le Sergeant and Lamy, 1978). Impact

data from the Helios 1 spacecraft provides an independent means of seperating a
low-density component of the interplanctary dust-complex. One of the Helios

impact detectors was protected from direct solar radiation by a screen. The screen

also prevented particles with density lower than s 1 gcmma from penetrating,
Another detector, with an open aperture pointing out of the scliptie plane,
registered a large excess of impacts, The data analysis revealcl a strong compo-
nent of low=-density dust, 30 Z of which may have p as low ag 0.1 gcm-s (Grlin et :

al,, 1980), Some of this dust was identified with the high-speed B~meteoroids I
also detected by the Pioncer 8 and 9 spacecrafts (McDonell, 1975, Berg and Grlin,

1973).

The higher-density "apoex" parcicles are evidently different from the
agglomerates studied jsere which have 1,2 > p > 0.0o gcm”a. The "bird's~nests"
carrespond to a low-density componunt orbiting  lose to the invariable plane,
Such a component wotld be discriminated in the Helios | and 2 data. A low-density
component producing the zodiacal light would also explain the descrepancy between
results from the Meteoroid Penetration Experiment or MPE ("beercans") experiment
onboard Pioneer 10 and 11 spacecrafts, showing a constant penetration rate from
the Earth out to beyond Jupiter (Hums et al., 1974), and the zodiacal light
brightness obscrved from the same spacecrafts (for references, see Weinberg and
Sparrow, 1978, p., 109). On the basis of the present study it might be expected
that the low-density f-meteoroids are clums of a few or single grains. The
existence o .. higher~density component of even smaller grains (the bare grains
in the bi-modal model for interstellar dust by Greenberg and Hong, 1973) is
predicted,
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5.5 Conmclusions

It is concluded on the basis of this study that the following hypotheais are
consistent with the current observations in the intorplanetary medium;

(1) The primordial interstellar dust-complex may be described by the bi-modal
mwodel by Greenberg and Hong (1973), modified in the dense presolar nebula as
described by Greenberg (1979),

(2) Comets aggregate from the thus described interstellar dust (Whipple, 1978),
(3) Some comets may develop an "ice'~free outer ust (3rin and Mendis, 1979),

(4) The zodiacal light results from scattering of sun~light by cometary debris
(Whipple, 1976),

(5) B-metcoroids might be comet and zodiacal-light particle debris.

ihe high degree of polarization reported in cometary dust tails as far from the
comet as the antitail, favours the "ice"~free”agglomerates as representatives of
comet debris. However, comets with large perihclie distances or 'new" comets are
pessibly seeding agglomerates of primordial dust particles. These "bird’s-nests"
mey be successively gtrwipped of their volatiles as they spiral in towards the
Bun wnder the action of the Poynting~Robertson drag. The degree of polarization
might therefore be higher for light scattered by particles closer to the Sun
than by dust observed at large elongations, thus shifting Phax towards smaller

elongations, For numerous reasons (dust-dust collisions, volatile erosion, etc...)
the "bird's-nests" are expected to sublimate at an increasing rate as they approach

the Sun. The smaller or sufficiently "ice"~free debris are expelled from the
Solar System by the radiation pressure or the solar wind and are observed as g~

-meteoroids, Other higher~density dug* particles, such as asteroid fragments, are
more easily observed by impact detectors and through cratering of surfaces exposed
to the interplanetary medium, but do probably not significantly contribute to the

zodiacal light (see also Whipple, 1976). Although the "classical" component of
interstellar grains ave thought to stream through the inner Solar System during
part of the solar .ycle (Gustafson and Misconl, 1979) aud might be trapped in

bound orbits under some conditions (Gustafson, unpublished calculations) they are

not likely candidates for the zodiacal~light narticles.
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5.6 Suggestions for Further Research

Out of the topics that suggest themselves on the basis of the present study,
only the ones that appear to be of the most fundamental character or most

_urgent are mentioned below. No reference is made to their relative importanmce,

~— Observational studies of scottering functions for comet dust®,

—— Investigation of the low density dust component or components detected
by the Helios space-probe (Griin et al., 1980).

~— Renewed studies of Lnterplanetary dust dynamics, and of the evolution
of the zodiacal dust cloud, using the "bird's-nest" particle model?,

w— Determination of the domain of validity of the suggested scattering
approximations.

- Adaptation of the Finson-Probstein (1968) method to the "bxrd's-nost"
type particles, for prediction of shape and structure of comet tails?.

1) To the knowledge of -the author, polarimetry P(0) covering an appreciable
interval of scattering angle (0) has only been performed for comet Ikeya~
sekl 1965 VIII. Whereas no determinations of I~‘L(e) are known., Deduction of

(6) generally involves assumptions regarding the particle number density
dLsErxbutxon. However, an instrument probing the scattered intensity per unit
volume and therefore I (e) has been suggested to fly on the forthcoming
probe to Halley's comef%t

2) The values of the radiation pressure efficiency and the electric charge
of the particles are of fundamental importance in evaluation of dust dynamics
and yet often subject to wide extrapolations and guesses.
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APPENDIX A

Scattering Relations foxr Arbitrary Targets and their Mirrqr Particles.
a:

In accordance with the reciprocity theorem for vector waves, we can invert y
the time without changxng the scatterlng problem, thus replacing k with
-k and k with -k . It follows from simple transformation of coordlnates
0

that I =T s ¥ =1 » I =I and Ip = I where 1¥ axe scattered

11 110 22 22”7 T12 21
intensities from the reciprocal po#ition. The reulpxocal position is reached
by rotating the scatterer 180° around the bisectrix of the complement to

scattering angle,

Assuming that for every particle there is ome particle in the reciprocal
position, X 1'12 -3 I21 over random crientations at any given scattering angle.

b

3

Mirroring with respect to the scattering plane only changes the phase of the
crogs-polarization components, as the transformation only involves a change

of sign of one coafdiﬁata. The attention of the reader is drawn to the fact

that we refer to a second pavticle.
(«}

A fourth related positicn is obtained by successively applying the two

previous transformations a and D.

Uge of the Symmetry Relations in the Laboratory.

Arbitrary Rarticles,

Only the relation described in @ is valid. But with the present orientation
mechanism the .reciprocal position can only be reached when the tilt axis

coincides with the bisectrix to the complement of the scattering angle.

Particles with an Axis of Symmetry.

The particle appropriately reorientated is its own mirror particle. .
The relations a, b and ¢ all prevail. Let a vector parcllel to the axis

of symmetry be our referemnce. Relation a implies that all scattering
information can be deduced as the vector sweeps the hemisphere on either

side of the bisectrix plane, defined as the plane perpendicular to the
scattering plane and containing the bisectrix of the complement to 6.

Relation b implies that it is sufficient to let the vector sweep the
hemisphere on any side of the scattering plane. Thus we need only to

let the vector sweep a solid angle m bound by the scattering plane and

the bisectrix plane. Orientations in the opposite quarter of the sphere
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are related through a, on the opposite side of the scattering plane but
same side of the bisectrix plane are related through » and in the fourth
quarter through e. It is thus sufficiént that measurements be made only

in a 1/4 of the sphere,

Particles with an Axis of Symmetry and a Plane of Symmetry Perpendicular
to this Axis, )

In addition to @, b and ¢, mirroring with respect to the plane'of symmetry gives
an equivalent position. Thus, orientations in the seolid angle 7/2 bound by the
scattering plane, the biseetrix plane, and a plane perpendicular to both and
containing the geometrical center of the target, are equivalent to orien~
tations in the opposite w/2 solid angle. By successively applying relation @

it is realized that it is sufficient to investigate orientations in the /2

‘solid angle bound by the scattering plane and the bisectrix plane on-either

side of the mutually perpendicular plane through the target. Thus for such

particles, only.1/8 of.the oriéntations for arbitrary particles are independent.
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APPENDIX B

Periodicity of the Oscillations in the Scattering Efficiency of "Bird's-nests"

as they sre Rotated

" The optical path difference for light scattered by A and B (see Fig. B.1) is
|»~ql. As x is varied the optical path difference varies. When;

Re{m}l(pxﬂn-qun) -~ (py - qx)l = 7

where A is the wavelength of the incident radiation and m is given by eq. 3.1,
the interference pattern has gone through n periods of oscillations.

~ ~
Il
-y
ko
-t
-
Fig. B.1 Scattering geometry projected on the scattering plane

The period Ay is therefore defined by;

Re{m} b} cos(x + Ax) - cos(yx + Ay + 8) = cos(x) +cos(x+0)| =2

Note that the distances p, q and b are all in the scattering plane, b is the
projection of the distance between two scatterers in this plane. Aay pair of
scatterers separated by the distance a and with the line joining the two cernters
making an angle a with the scattering plane (b = cosa), will interfere such
that they pass through one period of oscillation as the "bird's-nest' is rotated

the angle Ay from some orientation Y.

Consider a particle at the projected distance » in the séattéring plane from
the geometrical centre of the "bird's-nest", all particles at the projected
distance b from this particle will be on the surface of the circular cylinder of

Y
.
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For each pair of interfering particies located each ou one
of the two cylindrical surfaces theire is an orientation of
the spherical ensemble such as the resulting interference

. pattern goes through one period of oscillation as the
conglomerate is rotated by an angle Ay.

rgdius b with the symmetry axis passing through the particle perpendicular to the
séattering plane. As this cylinder is swept around the "bird's-mest” (always with
distance » between the "bird's-nest" centre and the cylinder axis), an other
cylinder is generated also with its symmetry axis perpendicular to the scattering
plane (see fig. B.2). The total number Ptot of particle pairs with the projected
separatiocn b is the number of particles on the first cylindrical surface times
the number of particles on the second surface.

A computer program generating Figs. 8,3 looks for pairs whose individual

projected distance are b + d and where the first particle is at distance » to r

‘tet .
cylinder, times V;, corresponding to the second cylinder, times the number density

: .= AT, P is therefors given by the volume V1’ corresponding to the first

of parcicles. V1 is bound by two cylindrical surfaces and two spherical surfaces
and is computed using Simpsons formula, V2 is also bound by two cylindrical and

_ two spherical surfaces, but in such a way that it can easily be computed by
addition and substraction of simple geometrical figures. It is seen from the Figs.
B.3 that particlé pairs producing short period oscillations exists only at the

| higher scattering angles. See also section 3.5.3 p. 32 and Figs. 4.1 and 4.2 on

p. 40 - 42,

T e
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20000 -

10000 -
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0-30°
50000

25 000 -

Fig. B.3

250000 1

125 000

Total number of interfering pazrs that goes through one period
of osnlllarion as the ensemble is rotated an angle Ax in the
scatterlng plane from some initial orxentatxon. The sperical

X = 10,04 ensemble of 539 cylinders T41A is simulated at some
scattering angles 9.
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APPENDIX C

Scattering from a Cloud of Randomly Orientated gpdepandent Infinite

Circular Cgl}ndera

A computer code to calculate scattering from single infinite circular
cylinders at arbityary orientation, excluding incidence along the axis of
symmetry, as outlined by Lind (1966) and by Kerker (1969) was kindly
pr.vided by Dr, R, T. Wang, Note also the paper by Cohen (1980).
The scattered light propagates along conical surfaczs containing the
i; vector, the symmetry axis of the cone coincides with the cylinder axis,
Thus, ¢nly cylinders whose axis of symmetry fall in thebisectrix plane
, (the plane perpendicular to the scattexing plane and containing the bisectrix
of the complement to 08), will contribute to the scattering in any given
direction, The intensities are given in components tangential and perpen-

dicular to the cone surface.

The geometry is shown in fig. ©C.1 in transfcrmation to the coordinates

Fig. C.1 The gconmetry for scattering by an infinite cylinder.

——— i
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8, ¥, X in the laboratory cystem (£ig.2.!1) the following relationships prevail.

8in(6/2) = cos(w)sin (x/2)

cos{p) cos (a/2)
cos (07,

cos(y) =
X - 0/2

The intensities contributed by individual cylinders to the total scattered
briglitness are added, as the assumption of randommess in location implies
randomness in relative phase,

To transform the second of Stokes parameters to a common coordinate
system the phase relation between the four intensity componente must be
known as they interfere. The angular dependence of this relation is not
yet derived, so we will only compute the total brightness,
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Appendix D

The Infinite Cylinder Approximation for Scattering in the Far~field by

Pinite Cylinders

From Figs. 4.14 and 4,7 it seeme that the angular dependence of scattering by
finite cylinders at perpendicular incidence may be qualitatively approximated
by that of infinite cylinders. Quantitatively the scattering is quite different.
That off an infinite cylinder is concentrated precisely in the scattering cone
so that the intensity at the far-field (r» 1) is inversely proportional to

the distance r» from the scatterer, while the scattering off- finite gyliudersiis

iﬁi’ead by diffraction (Lind, 1966, Greemberg, 1974) the intensity is propottional
to r"2vhen r ¥ A,

(linear scale, arbitrary units) —

o

ot g

45 90 135 180

Fig. D.1 Experimental intensities versus scattering angle for radiation
scattered off x=1.88 lucite cylinders with their-axes of
symzstry pointing towards g =45° (x-45°, w~90°). Dagh~-dot is
for the I; ~component of the 210:1 —elongation cylirder extending
well out:nzle the beam, dashid curve is for the I ,-component
from the same cylinder. Dotted curve i3 for the by y -compoment
scattered of the 4:1 -elongation cylinder C41, gsotld 1ine is
for the I,,~component. The background radiation (appendix E) was
not compensated for.
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The condition for scattering off an infinite cylinder towards a given
direction is therefore that the cylinder symmetry axis is contained in the
bisectrix plane (the plane perpendicular to the scattering plane and bisecting
the complement to the scattering angle). Therefore, an infinite cylinder must
be orientated perpendicular to the scattering plane in order to scatter in all
directions 6 in the scattering plane, An infinite cylinder with the orientation

X» ¥, (see appendix C) scatter in the forward direction 0=0 und 0=2x. In

Fig. D.1 the scattering of a finite but long cylinder (extending outside the

main lobe of both transmitting and receiving antenae) is shown, The cylinder

is orientated such as the axis of symmetry is in the scattering plane and makes
an anglc x = 44,6° with the directiom of propagation of the incident radiation,
The veceiviny antena was gwept from 6= 30° to 1700, as expected ve see a nhlxp
peak in both scattered components I,, and TI,, around 6= 2y = 89,2°, Thé"i‘ndiation
scattered off the finite cylinder is detectable in the whole interval of :. short-
ward of 0w 45° part of the forward scattering peak is seen., In Fig. D.2{the
scattered briglitness from the 4:1 -elongation cylinder averaged over "unifoim" ™
distribution of orientatiqnﬁ is compared qualitatively to the computed 'l_}rightﬁeaa
scattered by uniformly orientated infinite cylinders, normalized at o =90°, It

is seen that the forward scattering peak extends out in gide ecag;ggigg“;hgg

seriously modifying the scattering pattern.

RS © 30 DA

.~
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Total scattered intensities from x= 1,88 lucite cylinders, vesus
scattering angle exept 6= 0°, Dots ave experimental results averaged
over “uniform" distribution of ox.entatioms of the C41 cylinder (see
section 2,7.1). Solid curve is for the uniform distribution of ori-
entations for infinite cylinders, computed as described in appendix
c‘
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Aggendix B

The Background radiation in the Laboratory at S.A.L., and' Detecknr Response

Fig. E.1 shows the background radiation versus scattering angle in the laboratory
virsion A, in units of the potential over the detector as measured by the lock~in
amplifier. If not mentioned otherwise, the background radiation was suppressed as
described in section 2.5 (p. 9~19) to < 0.1 pV. The scattering intemsity 1 in

absolute units corresonds to ~5pV (the apparatus was calibrated using a standard
target before and after each set of measurements and every 6 10 hours during the

course of measurements).,

’

— Iy
cennae I22

OpV -

@

' Fig. E.1 The background radiation versus scattering angle in the
‘ laboratory version A, when the background compensation
waveguide was disconnected.

in the data reduction, a linear relationship was assumed to prevail between the
detector unit response and the intensity of scattered radiation. This assumption
is motivated by the measured linearity (Fig. E.2) in the range up to 10mV used

in the messurements.
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100mV -

10 mV ~

1 mV -

output potential

'°o1 mv -l

0.01 mV -

0.001 MV
0.001uW o1uwW 10.uW

incident power

The response of the detector unit as a function of

Fig. E.2
incident power.
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