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We search and find: 
The Universe has lli2.t been waiting 
On our entrances and exits. 
It celebrates us not, 
N or weeps at our demise. 
It occupies itself with Space 

and Time and Size. 
Shout! 
But, no echo! 
Only Silence hears your cries. 

So ... we must hear ourselves. 
Make answer, touch, and give 
The gifts of fire that in our warm 

bloods live. 
We both the Shouter and the Echo are, 
And we the mirror that we dance before. 
Knowledge is our burden, but our grace, 
Anti, making it a joke, we move in Space. 

And again: 
The stars are a field of clover, 
A meadow of night to wade in, 
and us the Rover. 

Ray Bradbury 
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ABSTRACT 

This work presents scattering measurements and photographs of 

ammonia ice crystals grown at temperatures from 130 to 180 Kelvins. The 

prime candidate for the material making up the visible clouds of Jupiter 

and Saturn is ammonia ice. Spacecraft observations of these planets have 

constrained the single-scattering properties of the cloud particles. To 

further investigate the nature of these particles, ammonia ice crystals 

were grown under conditions simulating the atmospheres of Jupiter and 

Saturn. 

The experimental apparatus used to make these measurements 

includes a glass-walled cylindrical chamber which permits 

measurement of the scattered light over a wide range of scattering angles 

and a temperature control system which uses a liquid nitrogen reservoir 

combined with heaters. The chamber is illuminated by a tungsten lamp 

through a rapidly spinning filter/polarizer wheel which yields 

measurements of intensity and linear polarization in each of three colors. 

A photographic record of the crystals is obtained with a microscope 

objective, and six linear array detectors measure the scattered light. 

A variety of crystal shapes and phase functions were seen. A 

representative selection of scattering measurements and photographs are 

presented. The data do not resemble theoretical calculations for ammonia 

cubes, tetrahedra, or octahedra. They do appear similar to microwave 

analog measurements of the scattering properties of a mix of particle 

shapes as well as of fluffy particles. The ammonia measurements fall 

into two groups: one has wavelength-dependent polarization and for size 
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parameters up to about seven the scattering properties can be fit by Mie 

theory. The second group has wavelength-independent phase functions, 

implying size parameters of 10 to 50, and has a characteristic signature of 

polarization varying from -10% to +10%. 

The data can be used to rule out some models for Jupiter's and 

Saturn's atmospheres and to guide future modelling efforts. For Jupiter, 

models with a cloud of ammonia crystals of size parameter equal to about 

5 (in the red) are suggested. For Saturn, a model is suggested that has a 

thin layer of small ammonia crystals (in the Mie range) over a thicker 

ammonia cloud with the wavelength-independent polarization that is 

characteristic of larger crystals. 
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1 INTRODUCTION 

1.1 Clouds of Ammonia Ice on Jupiter and Saturn 

Spacecraft missions in the last two decades have made familiar 

sights of the cloud-covered planets Jupiter and Saturn. These gas giants 

exhibit varicolored clouds in patterns of bright zones interspersed with 

darker belts. Instruments on board the spacecraft collected a wealth of 

data, enabling researchers to address fundamental questions about the 

planets' chemical compositions, atmospheric dynamics, pressure

temperature structures, and radiation budgets. The clouds playa key role 

in all these aspects of the massive atmospheres of Jupiter and Saturn. A 

considerable amount of material is taken up in the clouds, so their 

chemical makeup must be taken into account in determining the bulk 

composition of the planets. Analysis of atmospheric composition is also 

affected by the very presence of the cloud.s: spectroscopic line shapes, 

which depend on penetration of the radiation, are used to determine 

gaseous abundances. The tracing of dynamic atmospheric structures 

such as bands, spots, and eddies depends largely on the visible properties 

of the cloud particles. Scattering, reflection, and absorption of incident 

sunlight by the clouds affects the local temperatures as well as the 

radiation field above and below the clouds. Thermal radiation emitted by 

the planets is also scattered and absorbed depending on the nature and 

extent of the clouds. Hence a thorough understanding of the 
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atmospheres can only be ar.hieved when some knowledge of the physical 

and chemical properties of the cloud particles is obtained. 

The uppermost clouds of both Jupiter and Saturn are generally 

believed to be composed of ammonia ice. This belief stems from 

cosmochemical studies of the behavior of approximately solar-composition 

atmospheres under the range of temperature and pressure known for 

these planets (Lewis and Prinn, 1984). These equilibrium condensation 

models predict composition and location for the clouds in the Jupiter and 

Saturn tropospheres as shown in Figure 1.1. According to the model the 

ammonia condenses out from adiabatically cooling updrafts. The models 

predict only the location of the cloud base; the vertical extent of the cloud 

and the microphysics of the cloud particles are not addressed. However, 

from the phase diagram of ammonia, Figure 1.2, it can be seen that at the 

temperatures where the upper clouds form ammonia will condense out as 

solid ice crystals. Hence the prime candidate for the particles which 

make up the upper clouds is ammonia ice crystals. 

The mixing ratio of ammonia gas in Jupiter's atmosphere has been 

inferred from spectroscopic measurements made in a wide range of 

wavelengths. The mixing ratio profile is consistent with the presence of 

an ammonia cloud: it reaches saturation levels near 1 bar and is 

undersaturated above that altitude. Spectra of Jupiter have also been 

examined for features arising from solid ammonia. To date the presence 

of ammonia ice has not been directly shown, but these studies are 

hampered by a lack of data on the properties of ammonia ice crystals. 
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Figure 1.1: The pressure-temperature structure of Jupiter and Saturn, 
showing the location and composition of predicted clouds. 
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The tropospheric cloud structure on Jupiter has been addressed by 

quite a disparate set of observations, as summarized by West et al. (1986). 

The atmospheric model which best fits these observations has an upper 

cloud made up of ammonia ice particles mixed with chromophore 

particles. The base of the cloud is at 0.6 to 0.7 bars and it extends up to 0.2 

to 0.3 bars. The particles are 1 micron or less in radius in this extended 

layer, while at the base of the cloud there exists a thinner layer of particles 

of radius 3 to 100 microns. Figure 1.3 shows this model schematically. 

Compared to Jupiter, the amount of gaseous ammonia present at the 

same pressure levels in Saturn's atmosphere is strongly depleted. This is 

generally attributed to loss due to condensation. As seen in Fig. 1.1, 

Saturn's troposphere is much colder than Jupiter's, with ammonia 

beginning to condense at 1.4 bars. Above this level the amount of 

ammonia gas will be limited to the vapor pressure of ammonia ice. Prinn 

et al. (1984) discuss the various observations of ammonia on Saturn and 

the difficulties in interpreting them; they conclude that the data are 

consistent with a mixing ratio equal to or greater than solar at levels 

below the cloud base and equal to or less than saturation above the cloud 

base. Searches for spectral features due to ammonia ice have been 

conducted on Saturn as well. As with Jupiter, conclusive results have not 

been obtained as of yet. 

Models of the tropospheric cloud structure of Saturn vary with 

latitude but all require a significant source of opacity in the region where 

ammonia is expected to condense. Karkoschka (1990) used extensive 

observations of Saturn in visible and near-ir wavelengths to derive an 
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Figure 1.3: A model of Jupiter's tropospheric cloud structure, from West 
et al. (1986). The upper cloud is composed of ammonia ice particles mixed 
with chromophore particles. (EZ is the equatorial zone and GRS is the 
Great Red Spot.) 
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atmospheric model that has a haze of optical depth about 10 extending 

from 100 mb down to an optically thick cloud at the ammonia 

condensation level (near 1.8 bars). The haze is postulated to be ammonia 

crystals forming within the haze layer or convected up from the cloud. 

Further knowledge of the cloud particles comes from observations of 

the intensity and polarization of sunlight reflected from the planets. 

When this type of data is obtained over a wide range of sun-planet

observer angles, as done by spacecraft, information about the scattering 

properties of the cloud particles can be extracted. 

1.2 Light Scattering by Particles 

The scattering properties of particles describe how the particles 

interact with light incident upon them. Following the notation of Hansen 

and Travis (1973) the incident beam is represented by two orthogonal 

components: 
El = atei(wt-kz-et ) 

and 

where at and arare amplitudes, m is the frequency, t is time, k is the 

wave number (2 n/ A.), z is the direction of propagation, and c t and cr are 

the phases. Each of the components of the electric field E t and Er are 

associated with the unit vectors r and I where r x I is in the z direction. 

The polarization state of the beam is characterized by its Stokes 

parameters, often written as a vector: 



I 
Q 

u 
v 

= 

(al +a r
2

) 

(a t
2 -a r

2
) 

2(ata r coS(et - e r ») 
2(ata r sin(et - e r ») 
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where the angle brackets signify time averages. I is the intensity of the 

beam while Q, U, and V combine to represent the degree of linear and 

circular polarization. After the beam of light has interacted with a cloud 

particle its polarization state is changed. The Stokes vector of the 

transmitted beam is obtained by multiplying the incident vector by the 

Mueller matrix which represents the scattering matrix of the cloud 

particle. 

P u P l2 P l3 P l4 Io I 

P 21 P 22 P 23 P 24 Qo Q ., = 
P 31 P 32 P"3 i) P34 Uo U 
P 41 P 42 P 43 P 44 Vo V 

For incident light of any polarization the scattering matrix gives the 

intensity and degree of polarization of the scattered light as a function of 

scattering angle. The scattering matrix depends entirely on the shape, 

size and refractive index (i.e. composition) of the particles. For clouds 

made up of randomly oriented particles, each of which has a plane of 

symmetry, the 16 element matrix reduces to one in which there are only 6 

independent elements: 



Pu P12 0 0 

P12 P22 0 0 

0 0 P33 P34 

0 0 -P34 P44 

P 11 is termed the phase function and it is normalized by 
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dQ f p11-=l. 
4n- 4n 

Sunlight is unpolarized and so is represented by the Stokes vector 

{l,O,O,OJ. Upon interacting with a cloud the Stokes parameters become 

P11 P12 0 0 1 PH 
P12 P22 0 0 0 P12 ., = 0 0 P33 P34 0 0 

0 0 -P34 P44 0 0 

after a single scattering. 

The intensity is Pu and the degree of linear polarization is -Pl21Pu. 

Hence for measurements of the intensity and linear polarization of 

sunlight reflected from the planets the matrix elements Pu and P12 must 

be considered. In the context of planetary studies the phase function Pll 

and the polarization -PU!P12 make up the single-scattering properties of 

the cloud particles. 

U sing data from the Pioneer spacecraft, single-scattering properties 

of the upper cloud particles of Jupiter and Saturn were derived (Tomasko 

and Doose, 1984; Smith and Tomasko, 1984). Further information about 

the cloud particles can be extracted by finding a way to connect the single

scattering properties with physical and chemical properties of the 

particles. If the particles were spherical Mie theory would be applicable. 
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For a range of size and refractive index Pll and P12 could be calculated; 

comparison to the planetary functions would yield constraints on the 

composition and size of the Jupiter and Saturn cloud particles. However 

for nonspherical particles, as in the ice crystals expected in the cold outer 

planets' atmospheres, some other method is needed to connect physical 

properties of the particles with their light scattering properties. 

Theoretical solutions which can, in principle, treat particles of 

arbitrary shape have been formulated. Bohren and Huffman (1983) 

provide a summary of these approaches. For particles very much larger 

than the wavelength geometrical optics is applicable if the particle shape 

is known. For particles very much smaller than the wavelength the 

phase function has little dependence on particle shape and Mie theory can 

be applied. In the regime where particles are comparable in size to the 

wavelength (and are nonspherical) various methods are used; the 

drawbacks to these approaches are 1) particle shape must be known, 2) to 

apply the result to a cloud of particles computations must be repeated 

many times to vary the particle orientation, and 3) computations are 

prohibitively unwieldy. Another approach can be found in the laboratory, 

using the microwave analog technique. Schuerman (1980) describes the 

technique and a working facility. Again, significant shortcomings are 

that a wide range of neither particle shape nor refractive index can be 

feasibly explored and that the shape must be known first. 

The approach pursued in this work is to grow clouds of ammonia ice 

crystals, the prime candidate for Jupiter and Saturn clouds, in the 

laboratory and measure the single-scattering properties directly. With 



photographs to record the particle sizes and shapes, the link between 

particle microphysical properties and scattering properties can be made. 

1.3 Previous Work 

Holmes (1981) constructed a chamber in which clouds of ammonia 

and water ice crystals were grown. Photographs of the particles were 

taken and their scattering properties were measured in red light. The 

work resulted in the measurement of single-scattering phase functions of 

ammonia and water over a range of temperatures down to 160 K as well 

as photographs of some of the crystals. 

1.4 Goals of the Present Investigation 

One goal of this work is to obtain scattering measurements and 

photographs for ammonia crystals grown at a range of temperatures. 

The apparatus built by Holmes, although a successful demonstration of 

the feasibility of making such measurements, had several limitations. A 

new apparatus was built to incorporate several important improvements. 

First, better thermal control of the cloud chamber was achieved so that the 

colder temperatures relevant to the outer planets' atmospheres could be 

reached. Second, the angular resolution of the scattering measurements 

was improved from 10 degrees to about 2 degrees. Third, a rotating filter 

wheel combined with a much larger computer allows a complete dataset 

to be collected in three colors once per second. This capability is important 
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in monitoring cloud properties as they change with time and in collecting 

data on larger crystals which can fall through the beam in a few seconds. 

A second goal of the work is to compare the measured scattering 

properties with the ones derived for Jupiter and Saturn as well as to look 

for correlations between crystal physical properties and scattering 

properties. 



22 

2 MEASUREMENT OF SCA'ITERED LIGHT 

2.1 The Incident Beam 

There are several ways to set up a beam of light incident upon a cloud 

of particles so that Pll and -P12/Pll can be determined. One way is to use 

an unpolarized incident beam and measure the intensity and linear 

polarization of the scattered light. This method is appealing in that Pll 

and P12 IPll are directly measured, but the detection of both the intensity 

and degree of polarization of light at a single detector is difficult. An 

alternative is to use a pair of linearly polarized incident beams: first, one 

that is polarized parallel to the scattering plane, followed in time by one 

polarized perpendicularly to the scattering plane. The two scattered-light 

intensities that result from these two beams can be combined to give Pll 

and -P12/Pll , as can be shown using Stokes algebra. In the convention 

given in Chapter 1 the Stokes vectors for parallel and perpendicularly 

polarized light are {l,l,O,O} and {l,-l,O,O}, respectively. For an optically 

thin cloud scattered light will exit the cloud after having been scattered 

only once. After such a single-scattering the vectors become 

Pll P12 0 0 1 Pll +P12 

P12 P22 0 0 1 P12 + P22 
0 = 0 0 P33 P34 0 0 

0 0 -P34 P44 0 0 

and 



Pu P12 0 0 1 Pu - P12 

P12 P22 0 0 -1 P12 - P22 • = 
0 0 P33 P34 0 0 

0 0 -P34 P44 0 0 

Let the intensity of the first beam be called Ia and that of the second 

beam lb. Then it follows that 

Ia +Ib =(Pu +P12 )+(Pu -P12 ) 

= 2· Pll 

so that Pu = (Ia + I b ) / 2. The difference between the two intensities 

leads to an expression for P12 : 

Ia - Ib = (Pu + P12 ) - (Pu - P12 ) 

= 2· P12 

so that the degree of linear polarization, -P12 / Pn, is equal to 

Hence the intensity phase function and the degree of linear polarization 

can be determined with a combination of linearly polarized incident 

beams. In the laboratory this translates to a set-up where Ia and Ib in 

turn can be shone into a cloud and then the scattered light intensity 

measured. This task is accomplished using a spinning filter wheel 
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placed in between a broadband source lamp and the chamber containing 

the cloud. 

The lamp, made by Oriel, consists of a tungsten filament encased in 

a quartz bulb filled with halogen gas. It uses 1000 watts of power and has 

a color temperature of 3200 K. The filter wheel holds six filters: two each 

in blue, red and infrared bandpasses. The center wavelengths of the light 

transmitted by the filters are 0.4530, 0.6514, and 0.9400 microns and the 

band widths are 0.062, 0.039, and 0.063 microns, respectively. Effective 

wavelengths were calculated by convolving the energy spectrum for a 3200 

K blackbody (U(A» with the transmission curves of the filters (T(A». The 

expression is 

A effective = J A . U (A) . T (A)/ J U (A ) . T (A) 
filter filter 

where the integrals are performed over the entire width of the filter. The 

resulting effective wavelengths are 0.470 /lm for the blue, 0.652 /lm for the 

red, and 0.937 /lm for the infrared. 

Polaroids are placed over the filters so that each color pair has 

orthogonally oriented polaroids. As the filter wheel spins one revolution 

per second the incident beam is blue light linearly polarized parallel to the 

scattering plane, or 'blue parallel', followed by 'blue perpendicular', 'red 

parallel', 'red perpendicular', 'infrared parallel', and 'infrared 

perpendicular' . 

At the point of intersection with the center of the cloud chamber the 

incident beam is collimated with a rectangular cross-section measuring 

12 mm tall and 3 mm wide. Figure 2.1 shows the system of lenses and 

stops which produce this beam. The intersection of the beam with the 
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lamp 

Figure 2.1: The incident beam which is directed into the cloud chamber 
and used to make scattered light measurements. 
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field of view of the detectors constitutes the sample volume; light scattered 

by particles in this volume is measured by the system. The relatively 

large size of the sample volume, e.g. compared to that produced by the 

laser beam in Holmes' work, is an advantage in that fluctuations in the 

number of particles within the sample volume are less severe. 

To allow entry of the incident beam into the cloud as well as exit of the 

scattered light over a wide range of angles, the cloud is contained in a 

cylindrical glass-walled chamber. As described later in Chapter 3 the 

cloud chamber is enclosed in a dewar so that it can be cooled without 

condensation occurring on the walls. The dewar also has cylindrical 

glass walls to allow the passage of the light. In the presence of these 

double glass walls steps must be taken to reduce the number and intensity 

of reflections of the incident beam as it goes through the chamber. To 

accomplish this barnes are in place outside the outer glass wall, between 

the two glass walls, and inside the cloud chamber. The barnes and the 

path of the incident beam are shown in Figure 2.1. The mirror which 

reflects the beam into the inner barne has a transmittance of about 1%. 

This straight-through beam intensity is recorded first with no cloud in the 

chamber and then with a cloud; taking the ratio of the two intensities 

leads to a determination of the optical depth of the cloud in all three colors. 

2.2 Detection of the Scattered Light 

The detectors in the system are Hamamatsu silicon photo diode 

arrays; each array consists of 35 1-mm wide light-sensing elements 
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arranged in a line to give a total sensitive area of 35 by 4.4 nun. With six of 

the arrays spaced out to measure the light scattered from 15 to 165 degrees 

scattering angle, each array of 35 elements covers 30°. A single element 

spans 0.85°, resulting in measurements with angular resolution of about 

2 x 0.85°=1.7 degrees. To limit the field of view of each detector element to 

the sample volume, imaging optics are placed between the cloud chamber 

and the detector arrays. Figure 2.2 is a schematic of the experimental 

setup as seen from above. The field of view is limited vertically by the 

holder of the lens located right outside the dewar windows. The holder is 

solid except for a horizontally-oriented rectangular slit which spans the 

full diameter of the lens. The horizontal limit on the field of view is a stop 

located downstream from the pair of imaging lenses. It is constructed of 

two razor edges mounted to form a slit. The slit width is 3 mm for all but 

the two most extreme optical arms, i.e. the ones at the very largest and 

very smallest scattering angles. For these two the steep angle of 

intersection between the field of view and the incident beam results in a 

greatly increased sample volume. To diminish this effect the slits on 

these two arms are narrowed to 2 nun width. 

The original simple lenses used in the experiment were replaced by 

achromatic lenses. Simple lenses have significant spherical aberration at 

the speed (f/2) at which they are used. The result is that light rays at the 

edges of the lens and light rays from the center of the lens have come from 

different regions of the chamber. When combined with a spatially 

inhomogeneous cloud, this leads to distortion in the angular scattering 



Figure 2.2: The cloud chamber and optics as seen from above. 



measurements. Achromatic lenses have an additional surface and much 

smaller spherical aberration, largely eliminating this problem. 

The detectors are well-suited for this application. There is good 

spectral response throughout visible and near-infrared wavelengths, and 

the detectors have a wide dynamic range. With each array mounted on a 

Hamamatsu driver/amplifier circuit board, a single amplifier serves 35 

detectors. Each of the 210 detector elements integrates for 1/60th second. 

Although the start of the integration periods are staggered, all 210 

detectors integrate the light scattered by the cloud simultaneously. The 

integrated output signal goes to a sample-and-hold circuit followed by a 

16-bit analog-to-digital converter. All detectors are read out every 1/60th 

second, resulting in 12600 measurements in each one-second rotation of 

the filter wheel. The 1/60th second integration time serves as an 

electronic filter against the 60 Hertz noise which originates from wall 

current. Each data set is also phase locked with the filter wheel so that 

the passage of any given filter through the incident beam occurs at the 

same location in the data stream each set. The digital output is sent via a 

parallel interface to a Perkin-Elmer 3240 computer. Figure 2.3 is a timing 

diagram of this sequence of events. 

The CIRRUS program receives the data stream and stores the output 

in files. The data can then be analyzed and displayed using the 

ANALYSIS program. Both these computer programs were written by 

Lyn Doose. CIRRUS requires a map which identifies which data in the 

stream are valid and also a map that assigns scattering angles to 

detectors. To obtain the first map, sample data were taken using a 



0 2 3 4 5 6 

computer five rotations of 
command the filter wheel 

begins are complete; 
data-taking shutter opens to 

allow photos to 
be taken while 
data are written 

Into files 

0 167 msec 

blue............ red blue 
parallel 

filter 
in beam 

perpendicular-"""""" parallel 

210 detectors are sequentially read out 

1'-"'1 1'-"'1 1'-"'1 
o 
I 

7 

red 
perpendicular 

all detectors integrate for 1/60 sec = 16.7 msec 

8 9 

shutter closes; 
data-taking 
resumes 

infrared 
parallel 

Infrared 
perpendicular 

167 msec 

1 .. 

Figure 2.3: Timing diagram for a data collection sequence. 

1 second 



31 

previous program which allowed the counts on any particular detector to 

be displayed as a function of time. The level of counts clearly reflected the 

rotation of the filter wheel; peaks occurred in each of the six filters and 

troughs occurred in between each filter when the light was obscured by 

the solid part of the filter wheel. With this type of data a table was 

constructed which assigns each of the 12600 numbers in the data stream 

to a category. The categories are 1) invalid data, 2) valid dark data (when 

the beam is completely obscured), and 3) valid data, with the filter 

specified. 

The scattering angle for each detector element was determined by 

using a laser beam which was introduced to the test chamber as shown in 

Figure 2.4. The mirror in the center of the test chamber is rotatable and 

its angular position can be read to within 0.01 degree from a vernier scale. 

The table on which the array of detectors rests has a reference mark 

scribed into it at a scattering angle as=83.5. The laser angle 8 is 

proportional to one-half a since the laser beam undergoes a reflection 

from the mirror. The laser angle that corresponds to as is found by lining 

up the spots produced when the laser beam is reflected back on itself. 

This laser angle 8s allows the relationship between 8 and a to be fully 

specified: 

8 =m a + 80 

where m = 0.5 and 8(as)=8s, which is solved for a to give 

a = 28 - 276.0. 

The laser was stepped through all angles 2 degrees at a time. The 

width of the laser beam is such that its light falls on 2 to 3 detector 
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Figure 2.4: The calibration setup using the laser to determine the 
assignment of scattering angle to detector element. 
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elements. The location of the peak of the illumination was found by taking 

the weighted average of the counts received by each of the 2 or 3 elements. 

In this way a map between a and element number was constructed. 

Values of a for each element were then interpolated from this map. The 

relationship between element number and a was found to be highly linear 

(correlation coefficients of 1.000) for all six optical arms. This linearity 

stems from the achromatic lenses. In the previous configuration, with 

simple lenses, there was significant nonlinearity in the element number

to-scattering angle map. 

2.3 Calibration of the System 

To convert counts to intensity and polarization values a measure of 

several properties of the system is needed. For each rotation of the filter 

wheel and each detector, the system measures seven (valid) quantities: 

the number of counts in each of the six filters and the number of dark 

counts. The combination of these seven quantities with factors taking into 

account the responsivity of the system yield intensity and polarization 

values for each of the three colors. The way in which the measured 

counts are converted to intensity and polarization values is described in 

this section. Figure 2.5 is a flowchart of the calibration process. 

Let Mai be the counts measured in detector element i through the 

blue filter and the horizontally oriented polaroid. This is the first filter on 

the filter wheel and it transmits blue light polarized parallel to the 

scattering plane. The number of measured counts is a product of the 
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Figure 2.5: An overview of the calibration procedure. Pu and P12 can be 
solved for with this equation combined with the equation for counts in the 
blue perpendicular filter. 
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intensity of the light scattered to that element and the responsivity of that 

element. 

where la. = (Pu + P12 )i . la} . Tab} 
1 amp ue 

That is, the intensity of the light scattered to detector element i when the 

blue parallel filter is over the lamp is a product of the lamp's intensity, the 

transmission of the filter and polaroid, and the· sum of the elements Pl1 

and P12 of the cloud's scattering matrix. This holds true for light singly-

scattered from a cloud of randomly oriented particles, each of which has a 

plane of symmetry. Single-scattering can be ensured by keeping the 

optical depth across the sample volume to less than about 0.01; it is 

reasonable to expect that a cloud of ice crystals would fulfill the other two 

conditions. The responsivity of detector element i is a product of its optical 

transfer function and its volume fill factor, which allows for the varying 

sample volume with scattering angle. Both Oai and Vi are normalized to 

their values at the reference detector element J. 

For the blue filter with the polaroid oriented to transmit light 

polarized perpendicularly to the scattering plane the 'a' subscript is 

replaced by a 'b' to give M b. = lb .. Rb.' where 
1 1 1 
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These two equations yield expressions for the scattering matrix 

elements: 

P I [Mai Mbi ] d 11. = - + an 
.&oj 2 Sa .Rai Sb·Rbi 

The intensity phase function is simply proportional to the first matrix 

[ 
Ma. Mb'] element: Ii oc 1 + 1 and the polarization phase 

Sa ·Ra · Sb ·Rb· 
1 1 

function is 

p.= 1= 1 _ 1 1 + 1 -P12' (Mb' Ma· J/( M b· Ma· J 
1 PHi S b . Rbi Sa' R ai S b . Rbi Sa' R ai . 

Thus the quantities Sa, Rai, Sb, and Rbi need to be determined in 

order to find the intensity and polarization phase functions. Without an 

additional detector with a known response to parallel and perpendicularly 

polarized light, the quantities Sa and Sb cannot be separately measured. 

However the ratio of the two can be determined as follows. 

The reference detector element J is located directly opposite the 

source lamp and so receives the light which goes straight through the 

chamber. To prevent saturation of the detectors receiving this light the 

inner baffie in the chamber has a mirror which transmits only a small 

fraction of the light. However, for the purpose of this measurement the 

inner baffie was removed and neutral density filters were placed in front 

of the detectors to reduce the amount of light. Unlike the mirror in the 



inner barne, the neutral density filters were exactly normal to the incident 

beam and so had no effect on the polarization of the transmitted beam. In 

this set-up, with T nd denoting the transmissivity of the neutral density 

filters, the measured counts in the first two filters on the filter wheel are 

and 

MaJ = Sa ·Tnd . VJ .OaJ 

MbJ =Sb ·Tnd · VJ .ObJ · 

As stated earlier, the volume fill factor and the optical transfer 

function are normalized to their values at the reference detector J, so that 

their values at J are unity. Thus 

and 

which leads to 

The expressions for intensity and polarization can be written in 

terms of this ratio: 

(2.1) 

(s Mh' Ma· J/(s Mh· Ma· J 
Pi = S: Rh: - Ra: S: Rh: + Rail 

Once the ratio SalSb and the responsivities Rai and Rbi are known the 

measured counts can be converted into intensity and polarization values. 
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Figure 2.6: The calibration setup using the diffuse light source to 
determine optical transfer functions. 
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The measurements made to determine the optical transfer functions 

employed a cell of packed Halon powder to serve as a diffusely reflecting 

surface. Figure 2.6 illustrates the set-up of the Halon cell, the source 

lamp, the filter wheel, and the polaroid. The idea is to illuminate each 

detector element evenly from the center of the chamber and through the 

same filter/polaroid combination as will be used in making scattering 

measurements. The difference in counts between one element and the 

next can then be taken as a measure of the relative transmission of the 

optics for those two elements, i.e. the optical transfer function. 

The purpose of the diffuser measurements is to determine the optical 

transfer function (OTF) for each element relative to the reference element 

30. The diffuser assembly is rotated to illuminate each optical arm in 

turn. The resulting number of counts in each element is divided by the 

number of counts in element 30 to give the OTF. Errors in the 

measurement of the OTF arise from a) variation of diffuser illumination 

with angle from diffuser center, b) variation of diffuser illumination with 

time, and c) variations in transmission across the polaroid sheet. The 

diffuser's variation with angle is plotted in Figure 2.7. It shows that the 

central 15 degrees of the diffuser function are at the same light level to 

within 0.5%. (These data were taken within 10 minutes and no 

corrections for temporal variations were applied.) 

Figure 2.8 shows variation of the lamp with time over one hour. To 

reduce sensitivity to systematic drift in lamp brightness with time during 

the diffuser measurements the following method was used. For each 

diffuser position data were collected over the central, flat part of the 
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diffuser function. The pointing angle of the diffuser was changed in 

small enough increments that the data for each position overlapped by 

several elements. The overlapping elements were used to normalize each 

set to the previous one, thus dividing out any change in counts due to 

lamp variations over time. The data taken with the diffuser in the final 

position will have the highest error since the normalization factor for this 

set is the product of all previous normalization factors; even so the signal

to".noise is higher than if no correction is made for temporal variation of 

the lamp. 

The polaroid sheets suffered numerous scratches during the course 

of the OTF measurements. To gauge their effect, data were taken with the 

diffuser fixed and the polaroid position varied (laterally). The results, 

shown in Figure 2.9, mean that an uncertainty of 3% in the blue and the 

red and 2% in the infrared must be imposed on the OTF measurements. 

Figure 2.10 displays the values for the optical transfer functions for all 

arrays in all three colors. 

The volume fill factor is derived from a geometrical consideration of 

the way the length of the sample volume varies with scattering angle. 

Figure 2.11 is an illustration of this geometry. The height and width of 

the sample volume remain constant for all scattering angles; it is the 

change with scattering angle of the length that must be accounted for. At 

900 scattering angle the length is simply the beam width. From the figure 

it can be seen that for any angle u the length is equal to the beamwidth 

divided by sin u. Hence the volume fill factor Vi for element i is 1/sin(ui). 

The approximation works well because the beam, as seen by one detector 
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element, is very slowly converging, i.e, f/66. Hence the boundaries of the 

sample volume are nearly parallel and the simple geometry applies. (The 

lens, with D=50 and f=95, is fast at about f/2. However one detector 

element has V35th the diameter of the lens and so is about f/66.) 

As described earlier, the tungsten lamp, with its intensity reduced 

by placing neutral density filters in the beam, was used to measure Sa/Sb. 

Data were collected using the CIRRUS program. Values of -the 

polarization were inverted to yield the desired ratio via the relationship 

I-P Ib- I 
which comes directly from P = a 

l+P Ia +Ib 
The values for 

the ratio are 1.421 (±0.005) in the blue, 1.0034 (±0.0017) in the red, and 

1.0108 (±0.0060) in the infrared. 

Errors expected in the measurements of intensity and polarization 

can now be estimated. Errors in intensity and polarization arise from 

uncertainty in the calibration factors and from the measurements of the 

light during data collection on clouds. To evaluate the relative 

contributions to the total error from these two components the expressions 

for intensity and polarization are rewritten. The equations (2.1) are 

simplified to 

I=ax+by and p= by-ax 
by+ax 

where a=VRai, b=(Sa/Sb)/Rbi, x=Mai, and y=Mbi. The uncertainties 

in I and P depend upon the uncertainties in a, b, x, and y as follows. 
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(
til )2 ( til )2 ( til )2 ( til J2 af = tia a; + ax a~ + tib a~ + dy a; 

0'2 = _ 0'2 + - 0'2 + - 0'2 + - 0'2 ( dP)2 (tiP)2 (dP)2 (dPJ2 
P ~ a ax x ~ h dy Y 

til til til til 
Putting in tia = x, ax = a, tib = y, and dy = b yields 

ar = (xaa )2 + (aax )2 + (ya h)2 + (bay )2 

= [(xaa )2 + (yah)2] + [(aax )2 + (bay )2]. 

= e2 +e2 
c m 

Similarly the polarization uncertainty reduces to 

a~ =[(1+P)/l]2 o"f, 
The first two terms in the expression for ar make up the error due to 

uncertainties in the calibration factors and the other two terms equal the 

error in the scattered light measurements. For a typical detector element 

(one located at a scattering angle 66.5°) receiving light from a cloud of 

nominal optical depth it was determined that e c ::;; O.15e m for each of the 

colors. This means that errors in the measurements and not in the 

calibration will be the limiting factor in obtaining good intensity and 

polarization values, at least for a single measurement. When several 

rotations are averaged together, error due to the measurements decreases 

while error due to the calibration remains constant. Fifty rotations would 

have to be averaged together before the error due to the calibration became 

the limiting factor. 

The errors in the measurements decrease with increasing cloud 

optical depth. Figure 2.12 shows how, as optical depth increases, the 
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signal-to-noise of the intensity values increases and the uncertainty in the 

polarization values decreases. The optical depth across the chamber 

must be kept at or below 0.1 to prevent multiply-scattered light from 

becoming significant. For the blue, the SNR for the intensity reaches only 

about 20 at't=O.1. For the red and infrared intensity SNR reaches about 50 

at equivalent optical depths. The same trend is seen in the decrease of 

uncertainty in polarization. The poorer performance in the blue is 

attributed to a lower detector response and the lower lamp output in the 

blue wavelengths. 

The signal-to-noise in all colors is increased by averaging together 

data from sequential filter wheel rotations. With an unchanging cloud 

such as the solution of spheres discussed below as many as 100 filter 

wheel rotations were averaged together, reducing the error in the 

estimates of the scattered light by a factor of -V100 = 10. With ammonia 

clouds conditions can change fairly rapidly and so fewer rotations can be 

averaged. However the increase in SNR is appreciable even when only a 

few rotations are combined; averaging five reduces the error by -J5 = 2.2. 

In general, due to the high angular resolution of the data, the noise of a 

given dataset can be gauged by the scatter of points on the plot. 

Tracings of the six filter bandpasses were obtained with the Perkin

Elmer Lambda 9 spectrophotometer located in the NOAO office in Tucson. 

The results were used to calculate the effective wavelengths as described 

earlier and to locate red leaks in the red and infrared filters. It was found 

that in the wavelength range 1.4 to 2.7 /lm up to 50% of the light was being 

transmitted. Ammonia ice has an absorption feature near 2.0 /lm. It was 
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estimated that the energy absorbed in a few seconds by a crystal 5~m in 

radius would be sufficient to contribute to melting of the crystal. To block 

this energy from reaching the chamber a water filter was placed in the 

beam. It consisted of two pieces of glass sandwiched together with water 

filling up the 0.5 em gap between them. This amount of water has no 

effect on the visible wavelengths, blocks about 85% of the infrared channel, 

and absorbs essentially all of the light near 2.0 ~m. 

The scattering from small latex spheres was measured as a system 

check. A test chamber was constructed to hold liquids where the center of 

the cloud chamber is normally located. The test chamber holds two 

cylindrical pieces of glass identical to the inner and outer windows of the 

cloud chamber. The inner light baffie is fastened onto the floor of the test 

chamber. Water containing the latex spheres is poured directly into the 

inner cylinder. Latex spheres were obtained in three different sizes, with 

mean diameters of 0.13 ~m, 0.399 ~m, and 0.984 ~m. The manufacturing 

company provided information on the size distributions and refractive 

index of the particles. Using this information the expected intensity and 

polarization phase functions were calculated using Mie theory for 

spheres. The original, highly concentrated particle solutions were 

diluted with filtered, de-ionized water to yield solutions which would 

provide an optical depth of near 0.1 across the chamber. This corresponds 

to an optical depth of 0.01 across the sample volume and is an opacity low 

enough to ensure that multiply-scattered light is negligible. 

The measurements are shown in Figures 2.13 and 2.14. The largest 

spheres proved too problematic to use as any check on the system. The 
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phase function of these particles is such that very little light is sent to 

angles other than the very forward-most. As a result, at optical depths 

low enough to ensure single-scattering the amount of light at most of the 

detectors was below detection level. In addition the solution containing 

these spheres was old and had been on the shelf for some time. According 

to the manufacturer this can lead to clumping of the spheres. To 

minimize any clumping in the sphere solutions surfactant was added in 

small amounts. 

The data on the spheres of diameter 0.399 J..Lm also suffered from low 

signal levels at back-scattering angles. Remaining discrepancies in the 

data compared to the Mie curves probably result from scattering from 

dust and other impurities in the water. Each step of dilution, as well as 

getting the spheres in and out of the test chamber, was a potential 

contributor to dust in the solution. A change in the particle refractive 

index with wavelength may also be a factor. 

A stronger confirmation of the correctness of the calibration came 

with some of the ammonia cloud measurements. Clouds grown at 

temperatures warm enough to produce ammonia droplets compared well 

to Mie calculations. In addition, several of the clouds were composed of 

crystals small enough to be described quite well by Mie theory. Figure 2.15 

shows these data sets. The infrared polarization data often exhibit an 

apparent offset of about +5% to +10% (see Fig. 2.15b for example). A 

problem in the calibration seems the likely explanation, but the exact 

cause is unknown. 
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Figure 2.15: Some ammonia measurements compared to Mie curves. 
The temperatures of the ammonia clouds a), b), and c) are 195, 180 and 
160 K, respectively. In the T=195 case the refractive index for liquid 

ammonia was used in the Mie calculations whereas in the others the 
refractive index for ammonia ice was used. 
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3 AMMONIA CLOUDS 

3.1 Cloud Chamber and Dewar 

Ideally one would like to simulate in the lab the conditions found in 

the regions of the outer planets' atmospheres where the upper clouds 

form. This would mean introducing a small amount of ammonia gas into 

a mixture of hydrogen and helium. The temperature of this gas parcel 

would be anywhere from 130 to 160, and the total pressure would range 

from a few hundred millibars to a bar. The ammonia gas level would be 

kept just above its saturation. The scattering properties of the resulting 

cloud of ammonia ice crystals would then be measured. In practice, i.e. 

in the laboratory, some of the conditions described above can be 

reproduced and controlled well and others less well. 

The chamber in which the cloud is grown is a cylinder 

approximately 6 cm in diameter and 4 cm tall. The walls are made of 

glass so that light can get in and out. The top and bottom are made of 

stainless steel and are sealed with indium wire in order to maintain gas

tightness at cold temperatures. A liquid nitrogen reservoir sits above the 

chamber and is connected to it by copper straps. The straps serve as a 

thermal path between the liquid nitrogen and the chamber, allowing it to 

be cooled to near 77 Kelvins. Figure 3.1 is a diagram of the chamber. 

Control of the temperature of the top and bottom of the chamber is 

achieved through the use of two temperature sensors and a temperature 

controller instrument. The controller regulates the temperature at one of 
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Figure 3.1: A cross-sectional view of the cloud chamber. 
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the sensors by varying the amount of power sent to heaters. The heaters 

are resistors connected to the inner chamber's top and bottom along the 

copper straps which serve as the thermal path to the liquid nitrogen 

reservoir. The balance of power between the top and bottom resistors is 

adjusted with a potentiometer circuit. In general the sensor in the 

chamber top is set to be regulated by the temperature controller while the 

sensor in the chamber bottom is controlled with the potentiometer circuit. 

The total heating power available from the temperature controller was 

found to be insufficient in some situations; a separate set of resistors 

powered by an independent power supply was added to heat the chamber 

bottom. With this setup the chamber top and bottom could be kept stably at 

the same temperature or at temperatures differing by 10 to 20 K if so 

desired. 

In Jupiter's and Saturn's atmospheres ammonia condenses out in a 

mix of molecular hydrogen and helium. These gases are chemically inert 

with respect to ammonia under these conditions and so are replaced in 

the lab with nitrogen gas to reduce cost and increase safety. A cylinder of 

high-purity nitrogen gas is hooked up to the system plumbing. Before 

connecting to the cloud chamber the nitrogen line is passed through a 

copper coil immersed in a slushy solution of dry ice in methanol. Any 

residual water in the nitrogen gas is frozen out and removed by this cold 

trap. A 'lecture bottle' of ammonia gas is attached to a second line, while 

a third connects the system to a diffusion oil-type vacuum pump. 

The gas handling system, shown schematically in Figure 3.2, allows 

any proportion of nitrogen and ammonia to be introduced into the inner 
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chamber. Gas is admitted into the 'holding tank' where the pressure is 

recorded from a gauge in units of psi. When the valve between the tank 

and the inner chamber is opened the gas flows into the inner chamber 

where the pressure is monitored by another gauge. A chart recorder is 

used to monitor inner chamber and holding tank pressures. It can also 

be switched over to monitor the temperature being displayed by the 

temperature controller or the power being sent to the wick. 

The general procedure for loading the cloud chamber with gas was 

as follows. First the dewar must be evacuated to a sufficient degree that 

condensation of water in the room air remaining inside the dewar will not 

occur. This critical pressure depends on the humidity but is around 60 

11m of mercury. When the pressure is below this cooling is begun by 

pouring liquid nitrogen into the reservoir. The temperatures of the 

chamber top and bottom are monitored and when they reach 195 and 205, 

respectively, the temperature controller and the heaters are adjusted to 

hold them there. Nitrogen gas is admitted to give an inner chamber 

pressure of a few psi. Ammonia gas is admitted in several bursts. The 

inner chamber pressure rises briefly in response to each burst then falls 

as the ammonia condenses out. At 195 K ammonia gas condenses into 

liquid form. The reason behind the temperature difference between the 

top and bottom is to encourage the ammonia to condense out onto a wick 

which is located in the top of the chamber. The wick consists of a 

Nichrome wire covered by an absorbent fiberglass sheath. When current 

is passed through the wire the resulting heat evaporates ammonia from 



the sheath. Hence the wick is a source of ammonia vapor for 

temperatures at or below 195 K. 

In the Jupiter and Saturn atmospheres it is expected that the crystals 

form in an environment of low saturation levels and hence grow slowly. 

In the lab the crystals cannot be held aloft to give them time to grow 

slowly. They must be grown more quickly, at high saturation levels. The 

means used to grow the clouds involves a source of ammonia vapor and a 

cold finger to create a region of supersaturation. The cold finger extends 

into the inner chamber near the top of the sample volume. The tip is gold

coated copper and is at the end of a stainless steel tube which is filled with 

liquid nitrogen to produce cooling. Following the cooling of the cold finger 

the current to the wick is turned on and clouds of ammonia ice crystals 

result. 

Several shapes were tried for the tip of the cold finger. Ideally it 

would be a straight tip positioned in the center of the chamber directly 

above the sample volume. However since such a tip would block the light 

needed for crystal photography, a ring was used instead. After some 

trials, a ring of the minimum possible diameter (to allow light through) 

was made and used successfully. 

The liquid nitrogen reservoir for the cold finger was initially open to 

room air and so condensation could occur inside it. On humid days it was 

found that the lowermost part of the reservoir would become lined with 

water ice, which is a good thermal insulator. As a result the cold finger 

would no longer be effectively cooled by any additional liquid nitrogen. To 

remedy this situation, a flexible gas line was run from the nitrogen gas 
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cylinder to the mouth of the cold finger reservoir. Nitrogen gas was 

flowed through the reservoir fill tube to purge it of room air at the 

beginning of a run. It also provided a way to warm up the cold finger. 

3.2 Observation of the Cloud 

The ability to obsArve the cloud formation occurring in the inner 

chamber in real time was invaluable in refining cloud growth 

procedures. Viewing of the inner chamber is made possible by a mirror 

inserted between the two imaging lenses in the second optical arm. The 

mirror is flipped out of the beam when scattering measurements are 

being taken; when in the beam it sends light to an eyepiece and provides a 

magnified view of the inner chamber. 

Originally a fixed beamsplitter was placed in the location of the 

mirror. The idea was to be able to view the cloud and collect scattering 

data simultaneously. Calibration of the system with this beamsplitter 

was carried out and the scattering from spheres was measured as a 

check. The calibration appeared to be good, however, subsequent data 

taken on ammonia ice clouds showed a discontinuity in polarization on 

the arm with the beamsplitter. Various tests were conducted to pinpoint 

the source of the problem. To test the possibility of the discontinuity being 

a real feature, cloud of carbon dioxide ice were grown. The same 

polarization discontinuity was observed. The diffuser was tested for 

intrinsic polarization which might have affected the calibration results. 

No intrinsic polarization was found. The answer was found in a 
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consideration of the Mueller matrix representation of the beamsplitter 

and of the two types of clouds measured. The beamsplitter acts as a 

partial polarizer or analyzer. For a cloud with a scattering matrix of as 

high a degree of symmetry as that of the spheres the effect of the analyzer 

can be accounted for in the calibration. For nonspherical ice particles, 

however, the scattering matrix has less symmetry, and the effect of an 

analyzer in the beam is to mix in the matrix element P22 in addition to 

Pll and P12. Hence with the beamsplitter in place the polarization 

measurements of the spheres showed no discontinuity while the 

ammonia crystals did. 

3.3 Photography of the Ice Crysta1s 

In the floor of the inner chamber as well as the dewar are windows 

through which crystals are photographed. The window in the inner 

chamber is a reticle -- a piece of Pyrex etched with a grid pattern to 

provide a size scale. The width of the lines is 11 11m and one square is 250 
, 

11m on a side. The light for the photographs comes from a lamp set on a 

shelf above the dewar. A fiber optic bundle carries the light from the lamp 

to a window in the top of the dewar. Figure 3.3 is a schematic of the 

photography illumination system. Inside the dewar a second fiber optic 

bundle transports the light down to the window in the top of the inner 

chamber. Inside the chamber, just below the sample volume, a Fresnel 

lens receives the light and re-directs it so that the light falling on the 

crystals fills a wide angle. A wide angle of illumination is necessary for 
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high resolution photographs. A hole cut in the center of the Fresnel lens 

allows crystals to fall through onto the reticle. 

A microscope objective, located directly beneath the window in the 

dewar floor, images the reticle and any particles resting on it onto the film 

of the camera below. High quality, fine-grain black and white film is 

used. To maximize the resolution of the photographs a blue filter is 

placed in the beam of the lamp. The resolving power of an image forming 

system is inversely proportional to the wavelength: the smaller 

wavelength yields the highest resolution. Also in the beam is a shutter to 

block off light when scattering measurements are in progress. The 

shutter motion is controlled electronically. It opens and remains open for 

the several seconds after each five rotations of the filter wheel during 

which data are written into files (and no data are collected). When data 

collection resumes the shutter closes. 

The alignment of the Fresnel lens with the microscope objective and 

the camera aperture was achieved as follows. First the microscope 

objective was removed and the Fresnel lens was moved laterally until the 

pattern of illumination was centered over the camera. Then an imaging 

lens was placed above the film plane and centered similarly. Without 

moving the imaging lens the microscope objective was restored. Its tilt and 

lateral position were adjusted to center the pattern of illumination while 

keeping the objective on axis. The resulting image of the reticle was viewed 

and monitored by placing a white card below the imaging lens. Finally, the 

height of the Fresnel lens was adjusted to provide the best illumination. 
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4 RESUL1S 

4.1 Crystal Properties 

Intensity and polarization phase functions for ammonia were 

measured over a range of temperatures from 130 to 200 K. Photographs 

were obtained of some of the larger crystals. A variety of crystal shapes 

and phase functions were seen. 

The intensity phase functions in general showed strong forward 

scattering, falling about 1.5 decades to reach a minimum around 100°, 

and then exhibiting only a moderate increase in the backward scattering 

region. Little wavelength dependence was seen. The polarization was 

more often dependent on wavelength, with the most positive polarization 

occurring in the infrared. Generally the polarization was near neutral. 

The scattering data exhibited some trends associated with 

temperature. At warmer temperatures the intensity and polarization 

phase functions occurred in a wider variety of forms than at colder 

temperatures. At 130 to 140 K significant positive polarization in the 

infrared was rarely seen whereas it occurred fairly frequently at 150 to 160 

K. Phase functions which best match the Saturn phase functions 

occurred at the colder temperatures of 130 to 140 K, while for fitting 

Jupiter the best matches came from clouds formed at 160 K. 

A representative selection of scattering measurements is presented 

in Figures 4.1 through 4.17. The abscissa of the plots is scattering angle, 

and intensity and percent polarization are the ordinates. The intensity 
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data represent unnormalized phase functions that are displayed as they 

were measured unless otherwise noted. The polarization are displaced so 

that the zeroes for each of the three colors are separated by about one

fourth of the plot height; a straight line is drawn at each zero level. The 

blue data are represented by circles, the red by triangles, and the infrared 

by squares. Blue data are always at the bottom of each plot, red in the 

middle, and infrared at the top. 

It was hoped that the high angular resolution of the measurements 

would allow the detection of narrow features which might arise from 

resonances occurring in specific crystal shapes. Such features, once 

associated with a specific crystal size and/or shape, might serve as 

diagnostic tools when analyzing planetary data. No such features were 

seen in the data; however the photographs showed that particle sizes and 

especially shapes within any given cloud were usually quite varied. 

Narrow features might be washed out as a result. 

The photographs reveal crystals in tetrahedral, octahedral, and cubic 

shapes, as well as other less well-formed crystalline shapes where facets 

and sharp edges were still apparent. Crystals as large as about 20 Ilm in 

diameter and as small as the limit of the resolution in the photographs, 

about 2 Ilm, are seen. Figures 4.18 to 4.31 are photographs of ammonia 

crystals accompanied in most cases by scattering measurements. An 

exact link between the scattering data and the crystals seen in the 

photographs is sometimes difficult. As seen in some of the scattering 

measurements, the cloud properties can change over the course of 

minutes or seconds. In addition, the crystals tend to arrive on the reticle 



in bursts or waves rather than a steady fashion which could be marked in 

time. Many clouds had measureable scattering properties but produced 

no crystals on the reticle, or at. least none in the field of view of the 

microscope. Conversely, some photos were obtained of crystals from 

clouds that were too optically thin to provide good scattering data. 

One difficulty of this experiment was getting the larger crystals to .. 
remain aloft long enough to measure the light scattered by them. Figure 

4.32 shows 1) the size parameter (the ratio of the particle circumference to 

the wavelength of light) as a function of crystal size and 2) the residence 

time in the sample volume for crystals of varying size. According to this, 

particles as large as 20 Ilm in diameter should remain in the beam for one 

full rotation of the filter wheel (1 second). In practice, however, the larger 

crystals seemed to fall immediately after cloud growth began while signal 

in the scattering data would not rise to measurable levels until several 

seconds later. 

Other than the temperature, the principal factor in determining the 

size and shape of the crystals in a cloud is the degree of saturation of the 

ammonia vapor. Another difficulty of this experiment was in measuring 

and varying this important parameter. Cloud growth was triggered by 

cooling the cold finger and driving off ammonia vapor from the wick. In 

the region of cloud growth, then, the degree of saturation of the ammonia 

vapor depends on how cold the gas near the cold finger gets and how 

much ammonia vapor is released from the wick. To determine the first of 

these variables, a third temperature sensor was placed in the chamber 

with its tip located less than 2 mm from the cold finger. This sensor was 
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monitored on the chart recorder during cloud formation. The 

temperature dropped 2 to 6 degrees in response to the cooling of the cold 

finger. Subsequently, when current was passed through the wick, the 

temperature near the cold finger would rise as much as 10 degrees. For a 

chamber at a temperature of 150 K, a drop in temperature of 5 degrees 

produces a degree of saturation of about 200%, assuming that since the 

wick is holding ammonia ice the initial vapor pressure is saturated. 

Sometimes this cooling was sufficient to initiate cloud growth .. More 

often, the use of the wick was required. The amount of ammonia vapor 

released into the chamber was far too small to register on the pressure 

gauge. The effect of the wick could be seen only in the resulting heating of 

the gas nearby. Attempts were made to vary both the amount of cooling 

done by the cold finger and the rate of ammonia vapor release from the 

wick. It was found that generally clouds would not form unless the cold 

finger was fully cooled, producing a temperature drop of several degrees, 

and the wick heated enough to increase the temperature by several 

degrees immediately afterward. This is assuming the wick does contain 

ammonia. It is estimated that degrees of saturation of 200-300% were 

needed to initiate cloud growth. The degree of saturation had to be high to 

initiate cloud growth and form crystals which could be observed. 

4.2 Discussion 

Muinonen (private communication, 1989) calculated the intensity 

and polarization phase functions for cubic, octahedral, and tetrahedral 



ammonia crystals in the geometrical optics range. He used a ray tracing 

method described by Muinonen (1989) where the crystals are assumed to 

be randomly oriented, homogeneous, and isotropic. These results are 

shown in Figure 4.33. None of the large-amplitude features in the phase 

functions are seen in the scattering data. It may be that the features 

arising from a specific shape are washed out when the particles occur in 

a mix of several differing shapes. It is interesting to note that the 

polarization curves for these three shapes tend to become more neutral 

with decreasing size parameter. The intensity curves show less size 

parameter dependence but one can see some peaks becoming flatter and 

broader as the size parameter decreases. 

Perry et al. (1978) measured the scattering from salt cubes, shown in 

Figure 4.34. The data for smaller size parameters could be fit fairly well 

with Mie curves while for larger particles the polarization became more 

neutral than that predicted by Mie theory and the intensity phase 

functions became flatter at back-scattering angles. At X=2.6 the data can 

be fit by Mie curves fairly well, with the intensity phase function diverging 

at angles larger than 1500
• The polarization data diverge at angles larger 

than about 900 but still follow the general shape. At larger size 

parameters the agreement with the Mie curves is poor. 

Microwave analog measurements by Zerull and Giese (1974), Figure 

4.35, also show departure from Mie theory as size parameter increases. 

The data on 'small' cubes span size parameters X-2 to 6. The intensity 

agrees with the Mie calculations, but the polarization shows a departure 

already ;.n that it is closer to being neutral at all angles. The 'large' cubes, 
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X-6 to 18 cannot be fit in either the intensity or polarization by Mie curves. 

Zerull et al. (1980) continued the microwave measurements. Data for a 

mixture of cubes, convex and concave particles in a range of sizes such 

that 2 S X S 18 depart from Mie scattering curves as shown in Figure 4.36. 

As might be expected given the mix of particle sizes and shapes seen in 

the photos of the ammonia crystals, these measurements resemble some 

of the ammonia cloud data. The microwave measurements of scattering 

properties of 'fluffy' particles also make an interesting comparison to 

some of the ammonia data. Figure 4.36 shows the Zerull et al. data with 

data from an ammonia cloud grown at 140 K. Both the mix of shapes 

discussed earlier and the fluffy particles fail to exhibit the gradual 

increase in the intensity phase function starting at 1000 which is seen in 

most of the ammonia clouds. 

Two classes of scattering data are seen in the ammonia 

measurements. The first has wavelength-dependent polarization and can 

be described by Mie theory. Data sets were found that fit Mie curves for 

particles of mean radius 0.5 Ilm and 0.2 Ilm, implying that for ammonia 

crystals in this size range (and smaller) Mie theory can adequately 

describe the scattering. Figure 4.37 shows how these data span a range of 

size parameters from X=1.3 to 7.3, hence the applicability ofMie theory for 

these particles extends to a larger range of size parameters than for 

cubes. With one of these sets taken at a temperature of 180 K the 

possibility exists that the particles were supercooled droplets and so 

match the Mie scattering curves due to their spherical shape. However, 

comparison of the data with Mie calculations done using the refractive 
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index of liquid ammonia, seen in Figure 4.1, show that the particles are 

indeed solid ice crystals. 

The second class of scattering data show no wavelength dependence, 

which implies large size parameters (X-10 to 50). In this regime 

Muinonen's calculations for ammonia crystals show distinctive features 

in both the intensity and polarization phase functions. These do not look 

like the ammonia data, which have a characteristic signature as follows 

(see, for example Fig. 4.4, 4.11, 4.14). The intensity decreases gradually by 

about one and a half decades over the first 100 degrees, then turns upward 

to increase by a factor of 2 to 3 by the end of the data at 165 degrees. In the 

polarization, the data have a broad minimum of -5 to -10% from 300 to 1100
• 

They turn up to a broad maximum of 5 to 10% from 1100 to 1500 and from 

there turn back toward negative values. 

The absence of stronger features in the data, polarization especially, 

could be due to several reasons. A mixture of different crystal sizes and 

shapes could account for the washing out of strong features which arise 

from specific crystal types. The width of the size distribution for the 

clouds in the wavelength-independent class of measurements is limited 

on one end by a size of about r=0.3 J.1m. Particles smaller than this 

produce a strong positive polarization which would be seen in the infrared 

data. The limit on the large end of the size distribution is about r=6 J.1m 

due to particle fall speed as discussed below. The data are probably 

affected more by the mixture of shapes, as in seen in the photographs of 

ammonia crystals. The Zerull et aZ. data on a mixture of cubes, convex 

and concave particles also show a lack of strong polarization features. 
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Another possible reason for the low amplitude polarization functions 

seen is that the polarization features in this size range of these ammonia 

crystals, X-5 to 50, are very weak. This is seen in the Perry et al. 

measurements of salt cubes where for X-5 to 20 the polarization varies 

smoothly between a broad maximum of less than 10% and a broad 

minimum near -10%. The Zerull et al. measurements of 'fluffy' particles, 

X-12 to 20, show a similar polarization signature. 

It seems likely that most of the scattering measurements pertain to 

particles of a size less than about 6 Jl.m radius. Particles larger than this 

fall through the beam in less than five seconds (see Figure 4.32), which 

was usually found to be too short a time to obtain good scattering data. A 

particle of radius 6 Jl.m has a size parameter of 80, hence scattering 

measurements were made on ammonia crystals from X=1 to 80. The 

scattering properties would not be expected to change much as the size 

parameter increases upward from 80, as this is approaching the 

geometrical optics limit. Hence it may not be necessary to measure the 

scattering properties of crystals larger than 6 Jl.m in radius (many of 

which appear in the photographs). However, to do so, it would be 

necessary to devise some means of keeping the crystals aloft. Once this 

was achieved, another gain would be that crystal growth could be done 

slowly under conditions of low saturation as are found in the outer 

planets' atmospheres. A microgravity environment, for example, would 

be ideal for this problem. 
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4.3 Implications for Jupiter and Saturn 

The measurements of ammonia clouds can be used to rule out some 

models for Jupiter's and Saturn's atmospheres and to guide future 

modelling efforts. The Jupiter phase functions referred to here are from 

Smith and Tomasko (1984). They derived single-scattering phase 

functions in the blue and red and found that the polarization of the 

ammonia cloud needed to be near -5% in the red and about neutral in the 

blue. Clouds were grown which matched the intensity phase functions 

fairly well. An example is Figure 4.8, showing data on a cloud grown at 

160 K. The polarization data are generally neutral, with some regions 

having a few percent negative polarization, and so could be consistent 

with these Jupiter models. Smith (1986) derives a two-cloud model with 

an ammonia cloud being -20% polarizing in both the blue and the red. 

Mie scattering curves for particles of radius r=0.5 /..lm provide about -15% 

polarization in the blue and red (see Figure 4.1), and the intensity phase 

functions compare favorably to the Smith and Tomasko phase function for 

Jupiter. This work shows that Mie theory describes well the scattering 

properties of ammonia ice crystals in the r=0.5 /..lm size range (X=7 in the 

blue and 5 in the red), and so models with ammonia clouds treated as 

such should be explored. 

Polarimetry and photometry data on Saturn were analyzed by 

Tomasko and Doose (1984) and yielded single-scattering phase functions 

in the blue and red for both a belt and a zone region. The red belt and zone 

functions were nearly identical while the blue showed more distinct 
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differences between the regions. These functions are shown in Figure 

4.38. The polarization phase functions are notable in their significant 

negative lobes near scattering angles of 100 degrees. The amount of 

negative polarization, however, depends on the vertical structure of the 

clouds. The deeper the cloudtop is in the atmosphere (the higher its 

pressure) the more negatively polarizing the cloud particles must be to 

offset the positive polarization of the gas above the cloud. As the cloudtop 

extends higher into the atmosphere the negative lobe required in the 

particles' polarization curves diminishes. Figure 4.25 shows a data set 

for a cloud grown at 140 K where the intensity data follow fairly well the 

Saturn zone phase functions in red and blue. The polarization data 

exhibit the characteristic shape seen in many of the ammonia 

measurements and described previously. The negative polarization 

extends only to -5 to -10%. In all the ammonia measurements made the 

signature shown by Tomasko and Doose (in the case where the cloud top is 

deep in the atmosphere) was never seen. Thus models requiring very 

negatively polarizing particles can be ruled out. Looking at the family of 

curves for a zone in blue light (in Fig. 4.38), this means that models with 

cloudtop pressures of 100 to 150 mb rather than 310 mb are favored. 

Similarly, in red light, the model with a cloudtop pressure of 150 mb 

requires less negatively polarizing particles and so is favored. It would be 

worthwhile to investigate Saturn models that have ammonia clouds with 

the properties measured in this work. The polarization requirements 

suggest, as a starting point, a thin layer of small ammonia crystals (in 

the Mie range) over a thicker ammonia cloud with the polarization that is 
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characteristic of larger crystals, i.e. wavelength-independent and lacking 

in strong negative polarization. 

The varied coloration of the clouds of Jupiter and Saturn cannot be 

explained by clouds of pure ammonia ice. The coloring must come from 

some additional agent, a chromophore, mixed in with the ammonia ice or 

perhaps mantled by ammonia ice. West et al. (1986) discuss sulfur, 

phosphorus, and other candidates for the coloring agent. The addition of 

impurities to clouds of ammonia will likely affect the scattering 

properties. 

Much could be learned from further measurements. Candidate 

chromophore materials could be mixed in to the ammonia clouds and the 

scattering properties measured. The photochemical products N2H4 

(hydrazine) and P2H4 have been proposed as possible cloud constituents 

for Jupiter and Saturn, respectively, and could also be investigated using 

this experimental apparatus. 
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Figure 4.1: Data on an ammonia cloud grown at a temperature of 180 K. 
Twenty rotations of the filter wheel are averaged together. Mie curves for 
particles of ammonia ice with a mean radius of O.E' Jlm are shown by the 
solid curves. Mie curves using the refractive index of liquid am..'1lonia are 
shown as the dashed lines, indicating that the cloud was composed of ice 
crystals rather than supercooled droplets. 
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Figure 4,2: Ten rotations averaged together on a cloud grown at 180 K. 
The polarization peaks at a scattering angle of 1550 hint at the features 
seen in Mie curves for spheres of radius 1.51lm and larger as in Fig. 
2.15a, but the intensity data are much flatter than those Mie curves. 
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collected. 
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Figure 4.4: An average of 18 filter wheel rotations for a cloud grown at 160 
K. During this time convection cells of ammonia 'smoke' were seen in the 
inner chamber. The polarization data are typical of many clouds 
observed. 
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Figure 4.7: The intensity of this data set at 160 K provides a good match to 
the Jupiter phase function (solid curves) in the blue. 
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Figure 4.10: Ten rotations were averaged together to produce this data set 
for a cloud at 150 K 
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Figure 4.16: Data for a cloud at 130 K, produced by averaging 15 rotations. 
The flatter intensity data seen here occur more often at these colder 
temperatures. A smoky cloud was seen in the inner chamber during the 
run. 
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Figure 4.23: Scattering data (a) and photograph (b) from a cloud formed at 
a temperature of 150 K. 
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Figure 4.24: Scattering data (a) and photograph (b) for ammonia crystals 
formed at a temperature of 150 K. 
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Figure 4.26: Scattering data (a) and photographs (b) and (c) from a cloud 
grown at a temperature of 140 K. Again, the initial population of large 
crystals is followed by one of smaller particles. 
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Figure 4.27: Scattering data (a) and photograph (b) from a cloud formed at 
140 K. The polarization data resemble Mie curves for particles of diameter 
about 0.7I1m, but the intensity data are much flatter than the Mie phase 
functions. 
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Figure 4.31: Scattering data (a) and photograph (b) from a cloud grown at 
130 K. Much debris appears on the reticle at this time, including fibers 
from the fiberglass wick sheath and paint flakes from the inner barne. 
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Figure 4.33: Muinonen's calculations of the scattering properties of 
ammonia crystals. 
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Figure 4.34: Scattering measurements of salt cubes from Perry et al. (1978) 
are shown as solid lines. The size parameters are determined from SEM 
photographs of the salt cubes. The dashed curves are Mie calculations for 
the size parameters indicated as well as for XB, a size parameter found to 
provide a better fit in forward-scattering angles. 
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Figure 4.36: Some microwave measurements of irregular particles from 
Zerull et al. (1980) compared to ammonia data. 
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