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Feasibility of Determining Haze Properties During
High-Speed Titan Entry

H. F. Nelson*
University of Missouri—Rolla, Rolla, Missouri 65401

An international cooperative project between the National Aeronautics and Space Administration and
the European Space Agency is planning to send a probe into the atmosphere of Titan (a moon of Saturn)
as part of the Cassini Mission to Saturn. This article analyzes the feasibility of measuring the intensity of atomic
carbon and hydrogen line emission in the shock layer during the high-velocity portion of the entry to deter-
mine the number density and composition of the organic haze particles in the Titan atmosphere. Analysis in-
dicates that the line radiation signal-to-noise ratios are high enough so that determination of the haze particle
number density and composition appears to be feasible. The analysis may be applicable to other future planetary

Nomenclature
Aul = Einstein coefficient for spontaneous

emission, 1/s
Cp = particle specific heat, 1.80 kJ/(kg-K)
c = speed of light
D = particle diameter, m/x
d{} = gas-molecule diameter, 6.0 x 10~1( )rn
Eu = energy of upper state, J
Fi_2 = view-factor for radiometer
gfl = degeneracy of upper state of transition
H = enthalpy, kJ/kg
h = Planck's constant, J/K
/A = radiation emission, w/(cm3-stradian)
Knp = Knudsen number of haze particle
k = Boltzmann's constant, J-s
L — particle vaporization energy, J/kg
L() = particle heat of evaporation, 360 kJ/kg
N •= number density, I/cm3

P = gas pressure, Pa
P — particle flow rate, particles/(cm'2-s)
Q = total heat transfer, J
Qc = convective heat transfer rate, W
Qr = radiative heat transfer rate, W
qc = convective flux to haze particle, W/cm2

4, = radiative flux to haze particle, W/cm2

R = radius of view-cylinder, cm
S = photons emitted
S = photon emission rate, photons/s
T = temperature, K
71,. = vibrational temperature, K
^vaP = particle evaporation temperature, 300 K
t = time, s
/,. = particle evaporation time, s
V = velocity, m/s
Vvfl = view-volume times solid angle, stradian-cm3

V(} = initial entry velocity, 6220 m/s
x = distance in front of window, cm
Z = electronic partition function
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ac, a.,. — convective, radiative accommodation
coefficient

A = depth-of-field for optics, 0.1 cm
5* = distance for particle to explode, cm
8(t) = Dirac-delta function
50 = shock wave standoff distance, cm
A = wavelength, A
p = density, kg/m3

T = time chop interval, s
cr = standard deviation of signal

Subscripts
g
I
P

shock layer gas
lower state of transition
haze particle
upper state of transition

so = freestream

Introduction

T HE Cassini Mission1"7 will explore Saturn and its system
of rings and satellites as well as the atmosphere and

surface of Titan. Titan is Saturn's largest moon and one of
the few moons in the solar system with a substantial atmo-
sphere. The atmosphere is opaque, with multiple layers of
aerosols, ranging from thin smog-like hazes to thick clouds
of frozen or liquid methane. The organic chemistry in Titan's
atmosphere may resemble the chemistry in Earth's primitive
atmosphere before life began; consequently, Titan is of high
scientific interest.

The Cassini spacecraft includes a Saturn orbiter and a Titan
atmospheric entry probe (Huygens probe). Launch is planned
for the 1995-1997 time period. The spacecraft will be inserted
into an orbit around Saturn. Subsequently, the probe will be
separated from the spacecraft and it will enter and descend
through Titan's atmosphere as shown schematically in Fig. 1.
During the 2- to 3-min high-speed entry the probe descends
to about 200 km and its velocity decreases to about 260 m/s.

Titan's atmosphere is composed mainly of molecular nitro-
gen, methane, hydrogen, and possibly argon, and a number
of minor species containing H, C, and O. Table 1 gives the
best estimate and uncertainty ranges at altitudes above 175
km where the composition is believed to be nearly uniform
with altitude.8 Note the large uncertainties for N2 (65-98%),
CH4 (2-10%), and argon (0-25%). Yung et al.9 performed
a photochemical analysis of the atmosphere and concluded
that the composition of the major species is nearly constant
from about 50 to 850 km. They developed a model for at-
mospheric composition containing 97.2% N2, 2% CH4, and
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Table 1 Titan atmosphere at altitudes above 175 km

Atmospheric
gases

N,
CH4
Ar
H2

Atmospheric haze
particles
Column density, g/cm2

Diameter, /nm
Number density, I/cm3

Particle density, g/cm3

Particle composition

Best
estimate

0.90
0.02
0.00
0.00
Best

estimate
4 x 10-6

0.60
0.20
1.80
H-C

Uncertainty
range

0.65-0.98
0.02-0.10
0.00-0.25
0.00-0.004
Uncertainty

range
2.0-4.0 x 10~6

0.10-1.0

1.0-1.8
H-C-N-0
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Fig. 1 Schematic diagram of the Titan probe atmospheric entry.

0.2% H2. The current model for altitude variation of density
and temperature for Titan was developed by Lellouch and
Hunten.10

Nelson et al.11 have shown that shock layer radiation from
the CN(violet) bands can be used to determine mole fractions
of the three major gases in the atmosphere (N2, CH4, and
argon) to about ±0.015 for N2, ±0.003 for CH4~ and ±0.01
for argon over altitudes from about 350 to 250 km. This is
much better than the present uncertainties in the composition
given in Table 1. The objective of this article is to show that
the atmospheric haze number density and composition can
be determine^ by measuring emission of the hydrogen La
line at 1216 A, and the atomic carbon line at 2478 A.

Titan Atmospheric Haze
Titan's atmosphere contains a thick, orange haze at alti-

tudes above about 150 km.4 The atmospheric haze appears
to consist of three components: 1) a photochemical aerosol
haze in the stratosphere between altitudes of 50-500 km, 2)
a mixture of condensed hydrocarbons (CHs) and nitriles (CNs)
in the lower atmosphere, 50- to 80-km altitude, and 3) meth-
ane clouds between 10 and 35 km.12 The high-speed portion
of Titan entry passes through most of the atmospheric haze
layers.

Rages and Pollack13 used Voyager radiation measurements
and the assumption of spherical particles to determine that
1) the mean haze particle diameter is between 0.40-0.70 /im,
and 2) the haze particle number density was about 0.2 par-

SOdeg
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NOSE
RADIUS = 125cm

Fig. 2 Titan probe with its decelerator extended.

ticles/cm3. The haze appears to be uniformly distributed
throughout the entire atmosphere at altitudes from 300 to 350
km. Thompson and Sagan14 determined the haze layer column
density to be 4.0 ± 2.0 x 10~6 g/cm2 for altitudes above 175
km. Optical properties of synthesized haze particles (called
tholin), have been measured by Khare et al.15 Tholin was
found to contain more than 100 different organic compounds,
mainly complex, high-order hydrocarbons.1617

Hugyens Probe Configuration
The Hugyens probe is described in the Cassini phase A

study.7 Figure 2 presents a schematic drawing of the config-
uration. The forebody is a spherical blunted cone with a nose
radius of 1.25 m when the decelerator is fully deployed. In
this configuration the probe mass is 192 kg and its ballistic
coefficient is 20.2 kg/m2.

Trajectory
The atmospheric entry trajectory considered in this study

is a vertical flight path (entry angle of — 90 deg) with an entry
velocity of 6220 m/s at 1000-km altitude. Table 2 gives specific
trajectory data at 6-s intervals over the altitude range from
about 400 to 200 km where significant optical radiation is
emitted in the shock layer.

Shock Layer Analysis
The shock layer composition and radiation were calculated

using the one-dimensional, nonequilibrium computer code,
Stagnation Point RAdiation Program (SPRAP), which was
developed for shock waves in air. ls~2() It has been shown to
give good results when compared to Earth entry and shock
tube experimental data taken under nonequilibrium condi-
tions. A two-temperature model (T-TV model) is used in the
chemistry portion of the code. In the present work the code
was modified for the Titan atmosphere to include carbon,
hydrogen, and noble gas species.11

Typical shock layer calculations are shown in Figs. 3 and
4. These figures are for a gas mixture with a N2/CH4 ratio of
98/2 and 0% argon, which is very close to Yung's model
atmospheric composition.9 Species mole fractions are plotted
in Fig. 3 as a function of distance behind the shock wave for
the trajectory point at 118 s after the 1000-km entry point
(see Table 2). For this case, 5() = 11.3 cm. This figure also
shows the mole fractions that would result if the shock layer
was in thermodynamic equilibrium. These values are denoted
by the dashed curves that connect with the right vertical axis
labeled <».

All the diatomic molecules that form in the shock layer
(CN, H2, CH, NH, and C2) overshoot their equilibrium values
very near the shock wave, but only CN and C2 maintain these
values across most of the shock layer. The CN concentration
in the shock layer is almost linearly proportional to the amount
of CH4 in the atmosphere for small amounts of CH4. The
mole fraction of CN is about a factor of 5 higher than its
equilibrium value over most of the shock layer, which indi-
cates that nonequilibrium CN radiation is enhanced over its
equilibrium value. CH4 is not shown in Fig. 3, because it
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Table 2 Atmospheric entry conditions for nominal Titan
atmosphere V0 = 6220 m/s, — 90-deg entry

Time,
s

94
100
106
112
118
124
130

Altitude,
km

413.5
377.2
342.1
309.2
279.8
255.1
235.6

v«,
m/s

6122
5973
5699
5231
4535
3678
2825

p.,
kg/m3

0.0000201
0.0000390
0.0000758
0.0001450
0.0002620
0.0004440
0.0006760

P-,
Pa
1.13
2.19
4.23
8.00

14.37
24.03
36.29

Tx,
K

187
187
186
185
183
181
179

So,
cm

13.1
12.1
11.9
12.3
11.3
12.0
13.3

5 10
DISTANCE BEHIND SHOCK WAVE, cm

Fig. 3 Species mole fraction as a function of position in the Titan
probe shock layer for entry time of 118 s. Atmosphere is 98% N2, 2%
CH4 by volume.
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Fig. 4 Temperatures and spontaneous emission from CN(violet) and
CN(red) vs position in the Titan probe shock layer for entry time of
118 s. Atmosphere is 98% N2, 2% CH4 by volume.

dissociates very quickly. This effect is evident in the fast rise
in the mole fractions for species containing C and H atoms
just behind the shock wave. Mole fractions of C and H atoms
tend to be relatively constant across the shock layer and slightly
below their equilibrium values. This trend will be used in the
haze particle analysis.

Temperatures T and Tv and the total spontaneous emission
(W/cm3) from CN(violet) and CN(red), into 4ir sr and inte-
grated over the spectral band from 2000 to 20,000 A, are
shown in Fig. 4 for the trajectory point at 118 s. T and Tv are
significantly different over most of the shock layer. The heavy
particle translational-rotational temperature T decreases as
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Fig. 5 Spontaneous emission from a nonequilibrium shock layer near
its maximum emission point in the shock layer for entry time of 118
s. Atmosphere is 98% N2, 2% CH4 by volume.

energy is transferred into the vibrational and electronic modes
which causes the vibrational-electronic-electron temperature
Tv to increase. Both T and Tv are higher than the equilibrium
temperature of 4881 K across most of the shock layer. Thus,
not only will nonequilibrium CN radiation be enhanced due
to high CN population, but also because the electronic tem-
perature is higher than the equilibrium value. This effect is
evident in Fig. 4 by the increasing magnitude of CN emission
across the shock layer as the electronic temperature increases,
even though CN concentration is nearly constant.

The spectral distribution of spontaneous emission at a point
in the shock layer near the maximum value of emission (—9.5
cm behind the shock wave) is shown in Fig. 5 for wavelengths
from 1000 to 3000 A. The atomic hydrogen La and Lft lines
are easily identified near 1200 A. The atomic carbon line at
2478 A is harder to identify because of the CN(violet) band
structure.

Haze Shock Layer Particle Analysis
Table 1 summarizes the best estimates of several haze par-

ticle properties and gives an estimate of their uncertainty. The
properties of the haze particles are very uncertain. It seems
reasonable to try to reduce these uncertainties.

In order to determine the feasibility of using shock layer
radiometer measurements to determine haze number density
and composition as a function of altitude, several assumptions
are necessary:

1) All calculations are done along the stagnation streamline.
2) Haze particles are spherical and sparsely distributed in

the atmosphere.
3) Haze particle number density is small, so it does not

influence the shock layer thermodynamic state.
4) Haze particles are not affected by passing through the

shock wave.
5) The shock layer has constant thermodynamic properties

and composition along its stagnation streamline which are
representative of the specific time (altitude) along the trajec-
tory.

6) The shock layer is optically thin in the spectral bands of
interest for the haze analysis.
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7) The particles are composed of C6H12 molecules as a
representative high-order hydrocarbon.

8) The particle flow time across the shock layer is approx-
imately VKc-

9) The particles explode in the shock layer, or when they
hit the radiometer window.

10) During an explosion the C and H atoms from the par-
ticles instantly equilibrate with the surrounding gas-atoms and
gas-molecules.

11) During an explosion a detectable spike will occur in the
shock layer emission due to the increased number of C and
H atoms.

12) The number of spikes/s is proportional to the particle
number density, and the magnitude of the spikes is propor-
tional to the number of radiating atoms from the particles.

13) The population of the excited electronic states of the
C and H atoms is determined from the vibrational tempera-
ture in the shock layer.

Concept
The haze radiometer experiment relies on the measurement

of the emission of radiation from the C and H atoms released
when the haze particles explode. The radiation is detected
from a cylindrical volume centered on the probe stagnation
streamline at the probe stagnation point as shown schemati-
cally in Fig. 6. Radiative emission from each explosion event
is collected by optics behind a window at the probe stagnation
point. The collection optics are arranged so that only radiation
emitted in the cylindrical volume at the optical focal point is
detected. The intensity of the emitted radiation is integrated
over small time intervals r to obtain a signal that is a measure
of the total radiative energy emitted during the interval. This
includes radiation from the shock layer gas-atoms and from
the particle-atoms. Radiation from the shock layer gas-atoms
and the particle-atoms can be separated by signal analysis.
The radiation is detected in two small spectral bands located
on the atomic hydrogen La line and on the atomic carbon
line at 2478 A. Consequently, the signal is linearly propor-
tional to the number density of atomic hydrogen and/or atomic
carbon.

Haze Particle Statistics
The haze particle is assumed to have D = 0.6 /-im,13 which

yields a volume (7rD3/6) of 36ir x 10~15 cm3. The particle
density is 1.8 g/cm3 (Ref. 21, p. 216), so the particle mass is
64.877 x 10-15 g. The mass of a C6H12 molecule is 1.39 x
10~22g; thus, there are 1.46 x 109C6H,2 molecules in a typical
haze particle. This yields 8.76 x 109 C atoms and 1.75 x 101()

H atoms per haze particle. If the number of atoms is calculated
per volume instead of per mass, assuming a C6H12 molecule
diameter of 6 A (Ref. 22, p. 53), the volume of a C6H12
molecule is 36?r x 10~24 cm3, and the number of C6H12 mol-
ecules per particle is 1.0 x 109. Therefore, there are 6 x 109

C atoms and 12 x 109 H atoms per particle. Thus, both the
mass and volume analyses yield similar results. In this study
the mass analysis is used.

HAZE MEASUREMENTS

RADIOMETER T

*
BODY SHOCKWAVE

VIEW CYLINDER
Fig. 6 Schematic diagram of the haze radiometer setup. The shock
standoff distance is 50.

Shock layer calculations were made for the nominal at-
mospheric composition at entry times from 94 to 130 s, or
altitudes from 413 to 235 km, to determine the feasibility of
measuring the number density and composition of the haze
particles. A summary of the shock layer conditions used in
the haze analysis is given in Table 3.

Figure 7 shows the number of haze particles that cross the
shock and enter the cylindrical view-volume as a function of
time along the trajectory and the view-volume radius. The
number of particle explosions that are detected per second
can be controlled by varying the radius of the field-of-view.
For R = 0.1 cm, about 4000 to 2000 particles enter the field-
of-view per second, which implies approximately 0.0003 to
0.0005 s between particle explosions.

Particle Vaporization Time
Particle vaporization time is dependent on the flow sur-

rounding the particle. The Knudsen number for the particles
in the shock layer is Kllp = &77(2\/W(

2PD).23 When Knp is
greater than 1, the particle is in a free molecule flow regime.
Kn) is calculated assuming that the shock layer in mainly N2
(d,Q = 6.0 x 10~1() m), and that the particles have D = 0.6
fjum. Table 4 gives the value of Kftp along the trajectory. Clearly,
the particles are in a free molecule flow.

The particles enter the shock layer at Vx with Np = 0.2
particles/cm3. The gas on the other hand is slowed down
as it crosses the shock wave to about VJ10. Thus, the num-
ber of gas-molecules that hit the particle per second is
Q.9V^Ng7rD2/4, where 0.9 V^ is the relative velocity difference
between the particle and the gas, and Ng is the gas-molecule
number density. The energy per gas-molecule is estimated
from energy conservation across the shock wave; thus, H^ +
V2/2 = Hg + V2/2. In the freestream V2/2 » 'Hx, and in
the shock layer Hg » V2/2, so the energy per unit mass in
the shock layer is Hg = V2/2. Each gas molecule has mass
mg, so the energy per gas molecule is mgV2/2. The efficiency
in transferring this amount of energy to the particle during a
collision is given by the accommodation coefficient ac. Con-
sequently, the rate at which energy is convected from the gas
to the haze particles is ac(9VxNg7rD2/4Q)(mKV2/2), J/s. Since
mgNg = pg (shock layer gas density), the approximate haze
particle convective heating rate (W) is

£>,. = 9a(pKirD2Vi/8Q (1)

The particle radiative heating rate per unit area is assumed
to be equal to the vehicle stagnation point heating rate. These
values are taken from Ref. 11 and given in Table 4. Conse-
quently, the haze particle radiative heating rate is

(2)

where ar is the radiation accommodation coefficient.
The energy required to vaporize a liquid haze particle is

L = Cp(Tvap - T,) + L0 (3)

in J/kg, where Tx is the particle temperature as it enters the
shock layer. The haze particle properties are estimated as-
suming they are composed of C6H12 molecules. L{} is assumed
to be 360 kJ/kg (85.6 cal/g, see Ref. 22, p. 130 for cyclo-
hexane). Cp is taken as 1.80 kJ/(kg-K) from Ref. 24. The
vaporization temperature for C6H12 is a function of pressure.
rvap is assumed to be 300 K (Ref. 22, p. 159). Tvap increases
as pressure increases. The shock layer pressures given in Table
3 indicate that this value of Tv.lp may be slightly high. Assum-
ing 7^ is 185 K yields L = 1.80(300 - 185) + 360 = 567
kJ/kg. The energy required to vaporize an organic haze par-
ticle is

Q = ppL7rD3/6 (4)
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Table 3 Shock layer conditions

Time,
s

94
100
106
112
118
124
130

T,
K

13,000
10,000
9,300
8,500
7,000
5,000
3,680

TV,
K

7,600
7,600
8,100
7,700
5,900
2,500
1,350

P,
Pa

733
1,380
2,251
3,603
4,866
5,200
4,494

P,
kg/m3

0.00027
0.00040
0.00070
0.00127
0.00159
0.00328
0.00406

A^c,a
I/cm3

2.04
4.53

10.2
13.4
18.9
43.7
0.007

NH,»
I/cm3

27.0
58.1

111.0
212.0
327.0
298.0
42.9

"Multiplied by 10~13.

Table 4 Shock layer parameters ac = ar — 1

Time,
s

94
100
106
112
118
124
130

P,
particles/(cm2-s)

122,485
119,430
113,955
104,660
90,655
73,595
56,530

5*,
cm

8.96
6.34
3.98
2.60
2.75
2.04
2.80

K»,
319
131
74.5
42.5
25.9
17.3
14.8

<7r,
W/cm2

2,788
3,836
5,831
8,180
6,673
7,344
4,119

qr,
W/cm2

0.60
2.11
6.32

10.64
16.24
3.16
0.70

80,000-

60o
LU
55
COa 40

•20-

0

R = 0.40 cm

0.10 cm

94 100 106 112 118
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Fig. 7 Haze particles crossing the shock wave as a function of time
along the trajectory.

in units of joules per particle, where the nominal density of
an organic haze particle is pp = 1800 kg/m3 (Ref. 21, p. 216).

The time required for the gas-molecules to transfer energy
equal to the vaporization energy to the haze particle is ob-
tained from Eqs. (1), (2), and (4) as tv(Qc + £>,) = Q, so
that

where Vp — Vg is assumed to be 0.9KX at t = 0. Using data
from Table 3, the values of (3Pf/2p,,D) are 115, 151, and 308
m/s, respectively, at the entry points corresponding to 94,
118, and 130 s. These values are clearly negligible compared
to 0.9K*; consequently, particle drag is negligible.

Now it is possible to estimate the distance the particle trav-
els in the shock layer prior to obtaining its required vapori-
zation energy. Since drag is negligible, the particle moves at
constant velocity Vx in the shock layer. The distance traveled
when the particle has absorbed its vaporization energy is
8* = Vxtv. These distances are tabulated in Table 4 for
ac = ar = 1. Since 8(} is 11-13 cm (Table 3), almost all of
the particles will impact the radiometer window for reasonable
values of ac and ar (—0.2). This impact will cause them to
fragment and radiate.25-26

Haze Particle Radiation
The emission of atomic line radiation is directly propor-

tional to the atom number density

/A = NuAulhc/(4TT\) (9)

tv = prLD/[6(a,.qr (5)

Calculations show that the radiative contribution to tv is neg-
ligible compared to the convective contribution. Note that tv
will be sensitive to the value of ac.

Drag on the organic haze particle is estimated from New-
ton's second law as

where 7A is the line emission, and Ntl is the number density
of the upper state of the emission transition. Emission from
the gas- and particle-atoms is given by the same relationship;
however, the value of N,, is different, because it represents
either gas-atom, or particle-atom number density. The gas
emission is relativity steady, so when a particle explodes the
emission will suddenly increase due to the additional radiating
atoms (increase in Ntl). The ratio of the population of the
atom upper state to the total atom population is

NJN = g,,exp[-E,,/(/c7;,)]/Z (10)

- [ppir(D*/6)(Vp - Vg)] = - (6)

If the particle does not vaporize as it moves across the shock
layer, D remains constant, and one has

and integrating this across the shock layer yields

V" ~ V« = + °'9V*

where Z is evaluated at Tv, and N is the number density of
the atom at the specific point of interest in the shock layer.
Nu is a strong function of the electronic temperature Tv. Val-
ues of Nc and NH are given in Table 3 for entry times from
94 to 130 s.

Signal-to-Noise Ratio
The Titan haze particles are thought to be uniformly dis-

tributed throughout the atmosphere at altitudes between about
175-500 km. Thus, the radiometer instrument system should
be designed to operate over most of this altitude range to
obtain altitude resolution of the haze particle number density
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and composition. A measurement uncertainty of less than 1%
should insure adequate resolution of the haze distribution and
evaluate the feasibility of the measurements.

The uncertainty of an optical measurement is usually char-
acterized by its overall signal-to-noise ratio (SNR). The SNR
for this experiment is evaluated by measuring the photon
emission rate and then integrating this rate over short, con-
secutive time periods to calculate the average number of pho-
tons detected in a given time interval. This forms a set of
repeated independent measurements of a random variable.

Since the photon energy is /zc/A, the number of photons
emitted per second in volume Vv and solid angle (1 in the
detector field-of-view is

S = IxVvfl\/(hc) (11)

The radiometer optics are assumed to view a constant di-
ameter cylinder centered on the stagnation streamline and
extending across the shock layer. It is assumed that the optics
are such that the detector is focused on a plane of thickness
A, located a distance ;c in front of the radiometer window as
shown in Fig. 6. The equation for the volume times the solid
angle is

- (27rF1_2)(7r/?2A) (12)

where F t_2 is the view-factor between the detector window
and the focal plane, and the shock layer is assumed to be
optically thin. The value of Fl_2 for this geometry is taken
from Ref. 27, p. 826, configuration number 21. This yields

= 7r2(2R2 + x2 - xVx2 (13)

When the focal plane is at the window (x « 0), Vr£L = 27r2/?2A
and when the focal point is far from the window (x ~ °°) Vv£l
= 2ir2R4Mx2. Note that Vr£l is a function of 1) the distance
to the optical focal plane, 2) the thickness of the optical focal
plane, and 3) the cylinder diameter.

The number of emitted photons in the C and H lines are
counted continuously during the entry as shown schematically
in Fig. 8. The shock layer gas-atoms emit S^ and the particle-
atoms emit Sp photons/s, the difference being due to the num-
ber densities of the gas- and particle-atoms. It is assumed that
the particles explode with equal probability anywhere in the
detector field-of-view. Integrating the photon emission rate
over a short time interval r, as shown schematically in Fig.
8, yields a set of repeated independent measurements of a
random variable (number of photons in r). This set of mea-
surements obeys Poisson statistics if the number of photons
in T is large (1000, or more).28 The mean, or average number
of photons is

S
K = V (14)

where, most of the r have no particle explosions in them. For
Poisson statistics, the mean and variance are equal. Thus, the

DETECTED SIGNAL AS A FUNCTION OF TIME

TIME, SEC
Fig. 8 Schematic diagram of the detected radiation as a function of
time.

noise, which is equal to the standard deviation, is a =
The signal due to the particle-atoms is Sp, which formally can
be expressed as

-L= Sp8(t)dt (15)

It is assumed that the particle instantly achieves equilibrium
with the surrounding gas and emits a spike of radiation as it
explodes. Thus, the SNR is the ratio of the spike-like particle
emission to the magnitude of the fluctuations in the Sg, so

SNR - Spl<r (16)

The statistical SNR analysis compares Sp to or. The r used
to analyze the radiometer data must be large compared to
the time for a particle to explode, but yet be small compared
to the time between successive explosions so that most of the
time intervals have no particle explosions in them. The time
between explosions is related to the rate at which particles
enter the shock layer, and it is controlled by the radius of the
radiometer field-of-view. Figure 7 shows the rate to be roughly
1000-5000 particles per second, which corresponds to 0.001
to 0.0002 s between explosions, depending on the field-of-
view radius, and the probe altitude and velocity.

Figures 9 and 10 show the values of the SNR (in dB) as a
function of altitude for the carbon and hydrogen, respectively.
Each figure shows SNR divided by the diameter of the ra-
diometer field-of-view. Results are given for r = 10~4, 10~5,
and 10~6 s; although, r = 10~4 s is a little large for realistic
applications. SNR values are shown for the particle exploding
on the window and 6 cm in front of the window. Good SNR
values are usually assumed to be larger than 40 dB, but SNR
values as low as 20 dB are acceptable in some cases. The SNR
for both the hydrogen and carbon atoms is large for altitudes
between 450-280 km, so that this analysis implies that mea-
surement of the emission in the atomic lines is a viable way
to measure haze properties. SNR values predicted in this
analysis will be reduced somewhat in real situations; however,
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Fig. 9 SNR divided by view-cylinder diameter for the carbon 2478.56
line for particle explosion at window and 6 cm in front of window.
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Fig. 10 SNR divided by view-cylinder diameter for the hydrogen
1215.67 line for particle explosion at window and 6 cm in front of
window.
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there appears to be ample signal strength to yield accurate
analysis. An optimum design has not been attempted at this
time.

There are three important points of the analysis:
1) The number of "spikes" is equal to the number of particle

explosions. This number should be consistent for both the
carbon and hydrogen line data. In reality, there are two de-
tectors measuring the same phenomena, so accuracy should
be easily maintained.

2) The magnitude of the emission spikes is directly related
to the number of particle-atoms. Thus, the data will allow a
determination of the particle composition.

3) If there is a need to investigate the particle composition
further, one might also measure emission from atomic N and
O lines. This would cover a range of possible particle com-
positions.

The lines used in this conceptual study may not be optimum.
The C and H line radiation may be optically thick in the line
center, where the analysis is undertaken; however, it is pos-
sible to move the detected band slightly away from the line
center and still use the same analysis. The shock layer spectra
is optically thin in the regions surrounding both atomic lines
used in this analysis. Further analysis may determine that
other lines are better suited for radiometer measurements.
Also, the measurements may involve several lines, depending
on the availability of radiometer channels. There may be
problems with detectors and windows at these low wave-
lengths. One may have to use lithium-fluoride windows, or
window-less detectors. Further study will address these situ-
ations.

The time chopper will blackout small time intervals with
each chop. This blackout time can easily be accounted for in
the statistics for counting the particles. Chopping at 105 or
106 chops/s, and storing and returning the data from a space-
craft, may require some creative design.

When the particles hit the window, it is assumed that they
explode in a time interval equal to D/V^, which is the time
interval between the front and rear of the particle hitting the
window. This time is large compared to a Dirac-delta function,
but small compared to r and should not significantly influence
the analysis. Particles impacting the window may pit the win-
dow, causing the window and the optics to deteriorate.29 In
this case an impact sensor can be used to count particles.
These situations have not been investigated at present.

Summary and Conclusions
The Huygens Probe, which is a part of the Cassini mission

to Saturn, offers an opportunity to determine the mole frac-
tions of the major atmospheric species (N2, CH4, and argon),
and the number density and composition of the haze particles
in the Titan atmosphere from shock layer radiometer mea-
surements during the high velocity portion of the entry be-
tween about 200- and 500-km altitude. The concept for de-
termining the atmospheric composition from shock layer
radiometer measurements was demonstrated by the PAET
Earth atmosphere probe,30 and shown to be feasible for Titan
in Ref. 11.

The determination of the haze number density and com-
position as a function of altitude appears to be feasible; al-
though, it is more risky than the gaseous atmospheric com-
position determination. It is a new concept, therefore, it has
not been demonstrated in a realistic situation. The analysis is
based on some critical assumptions like the size of the par-
ticles, the estimated particle composition, the explosion of
the particles, and the "instant" equilibrium of the particle-
atoms with the neighboring shock layer species, and the dis-
crimination of the particle signals from the much stronger gas
signals. The vaporization time is sensitive to the convective
heating accommodation coefficient. If ac is close to 1, the
particle has a high probability of vaporizing in the shock layer
rather than on the radiometer window. This will tend to de-

crease SNR, but it can be compensated for by enlarging the
radiometer view-volume.

This analysis shows that haze composition and number den-
sity can be determined using two radiometer channels, one
on the atomic hydrogen La line at 1216 A, and one on the
2478 A line of atomic carbon. Dedicating additional channels
to other lines of H and C and other possible haze particle-
atoms (possibly N and O), additional information can be ob-
tained.

The shock layer radiometer experiment appears to be fea-
sible. It provides a direct measurement of atmospheric com-
position and haze number density and composition at altitudes
above 170 km. In addition, a radiometer is simple, reliable,
rugged, and relatively inexpensive.
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